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ABSTRACT 

α1-proteinase inhibitor (α1-PI) is the most abundant serine protease inhibitor 

(serpin) in plasma. The α1-PI M358R mutant exhibits greatly increased rates of thrombin 

inhibition compared to wild type α1-PI, which predominantly inhibits neutrophil elastase. 

M358R (P1) lies at the reactive centre (P1-P1’) bond of the reactive centre loop (RCL) of 

α1-PI, cleaved by cognate proteases as they become trapped in the serpin-type inhibitory 

complex. The relationship between RCL structure and serpin inhibitor function is 

incompletely understood and has not been subjected to saturation mutagenesis. α1-PI 

M358R is a less potent inhibitor of thrombin than natural thrombin-inhibitory serpins, 

suggesting room for engineered improvement into an antithrombotic protein drug. 

Phage display is a powerful tool for screening mutant protein libraries, but only 

one serpin (PAI-1) has previously been mutated and expressed in this manner. In this 

study the T7Select10-3b (Novagen) phage display system was used to express α1-PI 

variants and PAI-1, fused to the first 348 residues of the T7 10B coat protein. Following 

confirmation that α1-PI M358R retained inhibitory activity when fused to T7Select10-3b 

phage, this system was used to express a library of α1-PI mutant proteins with all possible 

codon combinations at positions P2 (P357) and P1 (M358) (441 mutants). The library was 

biopanned using a novel technique in order to amplify only the α1-PI P2P1 mutants 

capable of forming stable complexes with thrombin. The P357/M358R mutant was the 

only P2P1 mutant enriched, indicating that the α1-PI M358R protein has the optimal P2P1 

sequence for thrombin inhibition. 
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A second T7Select10-3b library of α1-PI mutant proteins was generated to identify 

the optimal sequence at positions P7 through to P3 (amino acids 352-356) for thrombin 

inhibition. The P2 and P1 positions were maintained at P357/M358R, while all possible 

codon combinations at positions P7 through to P3 were represented (>4.08 million 

mutants). The library was biopanned using the protocol developed for the P2P1 library, 

before sequences were inserted into an E. coli expression vector and α1-PI M358R P7-P3 

mutants were screened for thrombin inhibitory activity. 80 individual colonies were 

screened, yielding 22 unique P7-P3 mutants with thrombin inhibitory activity greater than 

the M358R RCL sequence. The consensus observed in sequences with improved activity 

matched thrombin’s known substrate specificity and also general RCL trends: P7-Not 

Aromatic/P6-Hydrophobic/P5-T or S/P4-Hydrophobic/P3-Not Aromatic.  

Kinetic characterization of selected mutants with improved thrombin inhibitory 

activity yielded two mutants, P7-P3 sequence DITMA and AAFVS, with a second order 

rate constant of 1.0 x 10
6
 M

-1
s

-1
. This represents a >2-fold increase in the rate of thrombin 

inhibition versus α1-PI M358R. Both the DITMA and AAFVS mutants were found to 

have a lower stoichiometry of inhibition compared to α1-PI M358R, indicating that an 

improved thrombin inhibitory mechanism was also enriched during biopanning.  

These findings suggest that based on the scaffold of the α1-PI protein, improved 

thrombin inhibitory activity can be engineered and selected via phage display. 

Additionally, this work represents a proof-of-principle for the application of this system 

to screen libraries of up to 10 million mutants in order to better engineer serpins towards a 

desired activity. 
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1. INTRODUCTION 

1.1 Coagulation 

1.1.1 The Coagulation Cascade 

The coagulation cascade is critical to responding to tissue damage, acting to halt 

blood loss rapidly through the coordinated action of several serine proteases. This vital 

biological mechanism is an example of a serine protease cascade, wherein a protease 

initially exists as a zymogen until it is specifically activated by an active protease 

upstream (1). This topology serves to rapidly amplify a local signal, such as tissue 

damage, providing an acute response in the required area. The coagulation cascade can be 

described as two connected pathways, ultimately leading to the formation of a fibrin clot: 

the intrinsic and extrinsic pathways (Figure 1). The extrinsic pathway begins with tissue 

damage which exposes circulation to the transmembrane receptor tissue factor (TF), 

which is normally hidden in the subendothelial space (2). TF binds and activates Factor 

VII (FVII), which also exists in the activated form (FVIIa) in low levels in plasma in 

order to prime coagulation (3). The membrane associated TF-FVIIa complex then 

activates FX via proteolytic cleavage and FXa binds to negatively charged phospholipids 

(i.e. an activated platelet) (2). The proteolytic activity from one molecule of FXa, in 

complex with its protein cofactor FVa (prothrombinase), is able to generate thousands of 

molecules of thrombin (IIa) via the cleavage of its zymogen prothrombin (4). Thrombin 

then completes the end goal of coagulation by converting fibrinogen into fibrin, allowing 

the fibrin monomers to spontaneously aggregate (2). FXIII is also activated by thrombin, 

serving to stabilise fibrin by covalent cross-linking (2). 
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Figure 1: Coagulation Cascade. A schematic illustrating the intrinsic, extrinsic, and 

fibrinolytic pathways including physiological inhibitors. Courtesy of Enzyme Research 

Laboratories, Inc., 2004. Reprinted with written permission of Enzyme Research 

Laboratories Inc., South Bend, IN, provided on July 15, 2013. 
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The intrinsic pathway is a similar serine protease cascade, converging with the 

extrinsic pathway with the activation of FX (5). Contact with negatively charged surfaces 

in vitro activates FXII, initiating the intrinsic pathway (2). Kallikrein is activated by 

FXIIa which acts to amplify the intrinsic pathway response by activating both additional 

FXIIa and kallikrein (6). A sequential cascade then follows, with FXIIa activating FXI by 

proteolysis, and FXIa activating FIX (5). FIXa and its cofactor FVIIIa form a complex 

akin to the TF-VIIa complex in that it also functions to activate FXa and thus generate 

more thrombin (2). The specific function of the intrinsic pathway is poorly defined, as 

while FVIII or FIX deficiency causes haemophilia, FXI or FXII deficiency results in only 

a mild increased bleeding risk (5). This is due to the fact that both FVIII and FIX can be 

activated outside of the intrinsic pathway by thrombin and the TF-FVIIa complex 

respectively, negating a crucial need for FXI and FXII (5). Besides its end goal of 

activating fibrinogen, thrombin also activates FV and the intrinsic pathway proteases 

FVIII and FXI (2). Thus, the actions of the intrinsic pathway play a large role in 

amplifying thrombin generation, and combined with the positive feedback in the extrinsic 

pathway, the rate of thrombin generation increases over 300,000 fold (7).  

Neither the intrinsic nor extrinsic pathway is sufficient to form a stable clot, 

highlighting the interconnectedness within the coagulation cascade. Platelets also play a 

crucial role, as once activated by von Willebrand factor bound to damaged collagen, they 

create the physical basis of the clot on which fibrin is crosslinked (6). Activated platelets 

also serve as a surface for prothrombinase; they release additional coagulation proteases, 

and activate additional platelets to rapidly form a clot (2, 6, 8). Ensuring that the 
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formation of thrombin and the activation of the upstream proteases remain localised is 

crucial to maintaining haemostasis, regulation of which occurs via a variety of proteins to 

counterbalance this rapid response to bleeding. 

1.1.2 Haemostasis 

Like other serine protease cascades, coagulation is tightly regulated via control of 

the proteolytic process that activates the zymogens and by direct inactivation of the 

proteases. Besides activating procoagulant proteins, thrombin also has anticoagulant 

functions. When bound to the cell surface receptor thrombomodulin, thrombin 

preferentially cleaves protein C, yielding activated protein C (APC) (9). The coagulation 

cascade then begins to slow as APC directly degrades FVa and FVIIIa (9). Tissue factor 

pathway inhibitor works further upstream in the coagulation cascade, inhibiting the TF-

VIIa complex in a Xa dependant manor, preventing additional formation of Xa (8).  

Simultaneously activated with the coagulation cascade is fibrinolysis, which 

breaks down the fibrin clot, and is a process governed by another serine protease cascade 

(Figure 1). Following injury, endothelial cells release tissue plasminogen activator (tPA), 

which binds fibrin as the clot is formed (2). The zymogen plasminogen also binds fibrin 

and is converted to its active form plasmin by tPA, which goes on to degrade both fibrin 

and fibrinogen (2). Fibrinolysis is in turn regulated by the serine protease inhibitors α-2 

antiplasmin and plasminogen activator inhibitor-1 (PAI-1), which inhibit plasmin and tPA 

respectively (Section 1.3) (10). Thrombin also controls fibrinolysis through the thrombin-

activatable fibrinolysis inhibitor (TAFI), which removes the terminal lysines from fibrin 

to which both plasmin and tPA bind (2).The serine protease inhibitors antithrombin (AT) 
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and heparin cofactor II (HCII) are the two primary inhibitors of thrombin (Section 1.3.3). 

At the site of injury, glycosaminoglycans (GAGs) expressed in the sub-endothelium 

activate these inhibitors, resulting in a 10
2
–10

5
 fold increase in the rate of thrombin 

inhibition (10). AT also has significant inhibitory activity towards FIXa and FXa, 

reducing additional thrombin generation (10). Thus, much like thrombin activation, 

thrombin inhibition is also localised.  

Haemostasis functions as a fine balance due to the competing actions of clot 

formation and degradation, and the variety of regulatory mechanisms therein. This 

balance can be offset in a variety of disease states including: atherosclerosis, cancer, 

sepsis, and atrial fibrillation. The regulation of haemostasis is a primary focus of 

pharmaceutical development, particularly in the creation of anticoagulants which work to 

impede coagulation and therefore the formation of aberrant clots, thrombosis. Due to the 

critical importance of thrombin in coagulation it is one of the primary drug targets for 

both preventing and treating thrombosis.   

1.2 Thrombin 

1.2.1 Structural Features 

The unique tertiary structure of thrombin affords it a wide variety of interactions, helping 

to explain its critical role within haemostasis. Like many of the coagulation factors, 

thrombin is a serine protease in the chymotrypsin family and circulates as an inactive 

zymogen, prothrombin. Following proteolysis by FXa a 37 kDa product is produced, 

separated into a light (49 amino acid) and heavy (249 amino acid) chain connected by a 

single disulfide bond (11). This fully processed thrombin (α-thrombin, IIa) contains 
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several distinct regions, and the protease’s function varies greatly depending on which 

regions are engaged (Figure 2A) (12). Outside of the active site, two large exosites 

comprised of basic residues host a variety of haemostatic proteins and molecules. Exosite 

I is proximal to where the C terminal residues of a substrate sit in the active site, and via 

exosite I thrombin binds thrombomodulin and it helps to position fibrinogen within the 

active site (13). Exosite II, located further away from the active site, serves as the GAG 

binding domain and also interacts with platelets and several coagulation factors, including 

FVa and FVIIIa (12, 14). In order to prevent prothrombin from competing with active 

thrombin via the exosites, both exosites are blocked prior to processing by FXa, 

prompting Huntington (2012) to observe that prothrombin acts as a “super-zymogen” 

(14). A small Na+ binding pocket nearby the active site is also important for modulating 

thrombin’s function.  Substrate hydrolysis increases when Na+ is bound, but when the 

pocket is unoccupied thrombin binds thrombomodulin with a higher affinity (14). Thus, 

this relatively small change has a central effect on determining whether thrombin acts in a 

procoagulant or anticoagulant manor.  

Approaching the active site, thrombin contains two unique “insertion loops” on 

either side of where the substrate binds, creating a canyon-like cleft (14). This structure 

serves to physically limit access to the active site, and presents a large surface area for 

interactions with the substrate (14). The 147-loop protrudes outwards into the solvent and 

assists in fibrinogen, AT and Na+ binding (15, 16). The 60-loop forms a rigid pocket 

above the catalytic site, comprised of residues Tyr60a and Trp60d (Figure 2B) (17). 

Based on the proximity of the 60-loop to the catalytic site, it is an important factor for 
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Figure 2: A) Tertiary Structure of Thrombin. The active site (*) is flanked by two 

unique insertion loops, 60-loop and 147-loop. Substrate binding pockets S4 through to 

S4’ govern thrombin’s substrate specificity, which can be influenced by ligands binding 

either exosite and when the Na+ pocket is occupied. Surface is coloured based on 

electrostatic potential (red: negative, blue: positive). B) Structural Features Governing 

Substrate Specificity. Several hydrophobic residues (green) within the S4 binding pocket 

govern thrombin’s substrate preference for a hydrophobic residue at substrate position P4. 

Asp189 deep within the S1 pocket preferentially binds arginine residues at P1. Catalytic 

triad is noted in blue, with access to this site limited by two bulky residues within the 60-

loop (orange). Glu39 and Glu192 influence specificity within the S2’-S4’ region, 

preferentially binding basic residues. Ser195 marked with * as the original structure 

contains a mutant alanine at this position. Generated using PyMOL, PDB ID 1JMO (18). 
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determining thrombin’s substrate specificity, as the pocket it forms explains thrombin’s 

strong preference for proline at the P2 position of a substrate (17, 19). When Na+ is 

bound by thrombin the 60-loop opens to allow access to the active site, largely governed 

by the occluding Trp60d residue (20). This provides yet another example of thrombin’s 

“plasticity” and how this enzyme is able to perform a range of tightly regulated functions. 

1.2.2 Specificity and Substrate Binding Pocket  

Thrombin’s substrate specificity profile has been determined by a variety of 

means, which have provided mostly complimentary results. Gallwitz et al. (2012) provide 

a useful summary, with thrombin specificity fitting the general consensus sequence:  

P4-hydrophobic/P3-broad specificity/P2-Pro/P1-Arg/P1’-Ser/P2’-broad specificity/P3’-

Arg/P4’-broad specificity (P side is N-terminal to protease cleavage site, P’ side is C-

terminal) (21). The preferences for the P2-P1’ residues are the most tightly constrained, 

and specificity has not been determined beyond P4-P4’ (19, 21, 22). A structural 

investigation of thrombin’s substrate binding pocket helps to explain these findings. On 

the P side, determinants of specificity are relatively easy to observe as noted in the 

previous section regarding the 60-loop. Similar to FXa and trypsin, the conserved Asp189 

residue within the deep S1 pocket preferentially binds to arginine which orients the 

backbone of a substrate towards the catalytic site, explaining the strong P1 preference 

(Figure 2B) (23). The shallow S4 region of thrombin is highly hydrophobic, which 

accommodates the widely published observation that substrates of thrombin typically 

contain a hydrophobic P4 residue which is inserted into this pocket (19, 21). Promiscuity 

for P3 residues can again be explained by thrombin’s structure, as the S3 region is 
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relatively open and an inserted P3 residue faces away from the body of thrombin leading 

to minimal interactions (17).  

Specificity determinants on the P’ side of the binding pocket are more difficult to 

observe. The preference for serine at P1’ is a result of the confined S1’ region beneath the 

60-loop, supported by the finding that only similarly small uncharged residues can be 

tolerated without significantly reducing the rate of proteolysis (Ala, Gly, Thr) (21, 22). 

Glu39 and Glu192 direct specificity within the S2’-S4’ region, maintaining a preference 

for positively charged residues at the P3’ position and interacting unfavourably with 

acidic residues (24, 25). In general the P’ region can accommodate a wide range of 

residues, though its specificity can be modulated when the nearby exosite I binds a ligand 

(14, 25). In addition to this substrate flexibility, there is a level of cooperativity between 

substrate residues in that they may influence the binding of one another. Gallwitz et al. 

(2012) observed that the absence of a proline at P2 lead to a stronger preference for 

arginine at P3’, which they suggested compensated for the lack of the preferred proline 

residue (21). Understanding the properties of thrombin’s substrate binding pocket is 

critical for the rational design of novel inhibitors for use as anticoagulants, and for 

elucidating the mechanisms of naturally occurring thrombin inhibitors. 

1.2.3 Pharmaceutical Inhibitors of Thrombin 

Clinically approved inhibitors of thrombin either bind it directly to disrupt its 

function or activate the body’s own thrombin inhibitory proteins. Glycosaminoglycans 

(GAGs) are part of the latter category as they help to bridge interactions between serpins 

and thrombin by binding both exosite II of thrombin and a serpin exosite (Section 1.3.3) 
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(26). Heparins, a clinically approved type of GAG isolated from pig intestine, range in 

size from 2-30 kDa and are highly negatively charged which requires them to be injected 

(12). Heparin preferentially binds circulating thrombin over fibrin-bound thrombin, 

although they must contain at least 18 saccharide units in order to form a complex 

between AT and thrombin (12, 27). Hirudins are another class of thrombin inhibitors, 

which inhibit thrombin directly with an extremely high specificity (28). Peptides of ~65 

amino acids in length, hirudins bind exosite I of thrombin via an acidic tail and also insert 

via non-canonical hydrophobic interactions into the active site of thrombin, preventing 

fibrinogen from binding (9, 28). Originally discovered in medicinal leeches, a number of 

recombinant hirudin peptides have been approved for clinical usage. Unlike heparins, 

hirudins can bind both circulating and fibrin-bound thrombin, and do not have the 

associated risk of thrombocytopenia (28). However, because hirudins have a high risk for 

bleeding events, a short half-life in vivo, and high cost of production, the clinical uses 

have been limited and require supervised administration (28). 

In 2010 a new direct thrombin inhibitor, dabigatran, was approved for usage to 

prevent stroke due to atrial fibrillation and to reduce the risk of venous embolism 

following hip and knee replacement (29). The prodrug dabigatran etexilate (Pradax™ in 

Canada, Pradaxa™ elsewhere), is administered orally and can be taken without routine 

monitoring, offering significant advantages over classical thrombin inhibitors (30). 

Unlike peptide-based hirudins, dabigatran is a small molecule drug and binds reversibly 

to only the active site of both fibrin bound and circulating thrombin (30). It was 

developed over the course of 10 years via high-throughput screening of chemical leads, 
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beginning with known active site inhibitors and optimising both their efficacy and oral 

bioavailability (31). No reversal agent or antidote was available at the time of clinical 

approval, and in 2011 542 patient deaths in the U.S. were linked to dabigatran, more than 

any other drug that year (32). Following an FDA investigation, no significant increase in 

bleeding was discovered compared to other anticoagulants, though the need for an 

antidote remained (33). Boehringer Ingelheim, the original producers of dabigatran, have 

recently published evidence that dabigatran can be counteracted using a novel agent. A 

recombinant antibody fragment (Fab) specific to dabigatran was developed by 

immunizing mice with the drug (34). Bleeding models in rats indicated that the Fab 

successfully reversed the actions of dabigatran infusion, decreasing anticoagulant activity 

without an increase in clotting activity (34). This promising reversal agent is now being 

carried forward to human trials, although future thrombin inhibitors will ideally not need 

such drastic countermeasures (35). Better understanding the function of natural thrombin 

inhibitors offers an additional route towards the development of novel anticoagulants, by 

using what evolution has provided and extending protein engineering techniques to better 

direct function. 

1.3 Serpins 

1.3.1 Mechanism of Function 

Serine protease inhibitors (serpins) are primarily inhibitors of proteases in the 

chymotrypsin family and play vital roles in regulating serine protease cascades by 

limiting the amount of active protease present (36, 37). Over 1500 serpin genes have been 

identified in genomes from all forms of life, including viruses, with eukaryotic serpins 
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categorized into 16 clades (38). Of the 36 human serpins, 27 function as protease 

inhibitors while the non-inhibitory serpins’ functions include acting as chaperone proteins 

and hormone transporters (38). The core structure of serpins includes three β-sheets and 

eight to nine α-helices, which is highly conserved across phyla due to the requirement for 

retention of a functional structure (Figure 3A) (38). The majority of variability occurs in 

the reactive center loop (RCL), a ~25 residue unstructured loop which functions as the 

bait for the protease targeted for inhibition (39, 40). Conventional nomenclature labels 

residues N-terminal to the protease cleavage site as P residues (P15-P1) and those that are 

C-terminal P’ (P1’-P10’) (41, 42). A target protease initially forms a non-covalent 

Michaelis-Menten “encounter complex” with the RCL, wherein the active site of the 

protease forms favourable interactions with RCL residues proximal to the P1-P1’ site, 

resembling interactions between the protease and its natural substrate(s) (10). Crystal 

structures of encounter complexes indicate that the RCL inserts into the active site freely, 

with neither the protease nor the RCL undergoing significant conformational change (10, 

26). Via a nucleophile attack from the protease’s active site serine, the peptide bond 

between RCL residues P1 and P1’ is cleaved by the protease, resulting in a covalent acyl-

enzyme intermediate between the hydroxyl group of the serine and the P1 residue’s 

carbonyl carbon (10). As a result of the P1-P1’ cleavage, a “stressed-to-relaxed” 

conformational change occurs, allowing the RCL to insert into the central β-sheet of the 

serpin (39). This process translocates the protease over 70 angstroms to the opposite pole 

of the serpin, distorting the tertiary structure of the protease due to steric hindrance from 
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Figure 3: A) Tertiary Structure of a Serpin (α1-PI M358R). The general structure of 

serpins is highly conserved, consisting of three β-sheets (black) and eight to nine α-

helices (grey). The sequence of the reactive center loop (RCL) is poorly conserved as it 

helps to govern specificity towards a target protease, which cleaves between the P1 and 

P1’ residues. The P side of the RCL is shown in light blue, the P’ side in dark blue. 

Residues relevant to this study are shown as sticks (P7-P1, P1’ for reference). Generated 

using PyMOL, PDB ID 1OPH (18). B) The Serpin Inhibitory Mechanism. A protease 

(E) recognizes the RCL (black) of a serpin (I) with a second order rate constant of k1, 

forming an encounter complex (EI). The protease is able to disassociate with rate k -1, but 

it is more likely to cleave the RCL to form an acyl-enzyme intermediate (EI’) with rate 

k2. Cleavage of the RCL allows it to insert as an additional strand in the central β-sheet, 

taking the protease along with it to the opposite pole of the serpin. The serpin mechanism 

then proceeds down one of two opposing paths. If the protease is able to complete the 

hydrolysis reaction (k3), cleaved serpin (E*) and free protease are formed. If the RCL 

completely inserts into the serpin body (k4) the protease is deformed against the base of 

the serpin and trapped, forming the serpin-enzyme complex (E-I*). The hydrolysis 

reaction can eventually complete (k5), although the complex is typically stable for days 

and is cleared before this occurs. This research was originally published in The Journal of 

Biological Chemistry (43). Copyright the American Society of Biochemistry and 

Molecular Biology, academic reuse is licensed. 
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the now proximal lower hemisphere of the serpin (10, 44, 45). Distortion of the protease’s 

active site traps the covalent acyl-enzyme intermediate, resulting in a SDS-stable serpin-

enzyme complex which can be visualized using electrophoresis.  

The serpin mechanism is described as a branched pathway (Figure 3B), as the rate 

of RCL insertion into the central β-sheet is not instantaneous (k4), providing an 

opportunity for the protease to complete the hydrolysis reaction and escape inhibition (k3) 

(10, 46). Using the rates of the two branches, the efficiency of forming a stable serpin-

enzyme complex can be defined as the stoichiometry of inhibition (SI), where SI = (k3 + 

k4)/k4 (10). This value provides the number of moles of serpin required to inhibit one 

mole of protease, thus a value around 1 is expected in vivo while significantly higher 

values are indicative of a poor rate of RCL insertion resulting in cleaved serpin and active 

protease (10). Following RCL insertion and the distortion of a protease’s active site it 

remains possible for the protease to escape and regenerate its activity (10). However, the 

rate of protease release from the complex (k5) is at least 7 orders of magnitude slower 

than normal protease reactions once the serpin-enzyme complex is formed, and the 

complex is cleared before any significant release of protease can occur (36, 47). This 

specific suicide substrate mechanism, where both the inhibitor and target are consumed, 

makes serpins ideal for the regulation of tightly controlled pathways.  

1.3.2 Importance within the Reactive Center Loop 

Despite the variable nature of the RCL, several structural and sequence 

homologies exist within it which provides clues as to the function of the RCL and its 

parent serpin. In all but two human serpins the RCL region N-terminal to the P1-P1’ 
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cleavage site is 17 residues in length (26). The length of this RCL region, which is 

inserted into the central β-sheet, is critical for the correct function of serpins as it ensures 

the protease can be completely translocated and then distorted against the base of the 

serpin (48). Additional residues allow the protease to escape while the deletion of 

residues increases the steric strain leading to poor complex stability, particularly if the 

protease contains large loops proximal to the pole (i.e. thrombin) (48). The length of the 

RCL region C-terminal to the P1-P1’ cleavage site is also significant, and has likely 

evolved to ensure the RCL is in an optimal position for inhibition of its target protease 

(49, 50).  

The hinge region, located from positions P15-P8, contains primarily alanine and 

other small uncharged residues, a pattern which is conserved in all inhibitory serpins but 

not in non-inhibitory serpins which are not required to undergo loop insertion (26). This 

homology is due to physical constraints as the hinge region must remain flexible to allow 

for rapid insertion of the RCL (51). Following RCL cleavage, the highly conserved P14 

threonine residue begins the process of RCL insertion into the central serpin β-sheet (26). 

Gettins (2002) asserts that “the smaller the side chain that needs to be inserted, the 

smaller the cavity that needs to be created in the interior of the serpin body to 

accommodate it and so the lower the activation energy for that step is likely to be” (26). 

As each residue is inserted, the stability of the overall complex increases and assists the 

“zipper-like” addition of the next RCL residue into the β-sheet (26). 

The RCL sequence flanking the P1-P1’ site is hypervariable which reflects the 

evolutionary path of each serpin to have a specific target protease it is able to inhibit. The 
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identity of the P1 residue is a major factor in determining serpin specificity, as this 

residue must favourably insert into a protease’s S1 pocket, leading to the cleavage of the 

P1-P1’ bond (39). For example, AT has Arg at the P1 site making it an inhibitor of the 

Arg-specific proteases thrombin and FXa (52). A variety of mutagenesis experiments and 

natural mutations have revealed that the specificity of a serpin can be significantly 

influenced by changing only the P1 residue (Appendix A). However, 13 of the 27 human 

inhibitory serpins contain Arg at P1 yet their specificity varies dramatically, clearly 

indicating that the P1 residue is not the only specificity determinant (53). X-ray crystal 

structures of serpin-enzyme encounter complexes show that RCL residues in the P4-P3’ 

region are inserted into the active site of the target protease, indicating that this region is 

also likely to influence specificity (10, 54). Alignments of RCL sequences from divergent 

serpin genes provide a useful way to visualize this balance between the structural 

constraints required for hinge flexibility, β-sheet insertion, and the residues required for 

specificity towards a target protease (Figure 4). 

Despite the poor sequence conservation within the hypervariable region of the 

RCL, there are limits to the residues which can be tolerated. A mechanism for insertion of 

the RCL into the central β-sheet suggests that following P8, the RCL begins to displace 

helix F (26). As helix F overlaps the central β-sheet in the native conformation, the 

hypervariable region of the RCL will only continue to be inserted if the net energy change 

of insertion is sufficient to displace helix F (26). Once the final residue of the RCL is 

inserted, helix F acts as a “spring loaded ratchet” returning to its original position 
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Figure 4: Human Serpins Capable of Inhibiting Thrombin. Note the amino acid 

conservation within the hinge region (P15-P8), and hypervariability within the region 

flanking the P1-P1' cleavage site. Second order rate constants of thrombin inhibition (k2) 

of the native serpin or with a cofactor were retrieved from the noted references. “ND” not 

determined, “-” not determined or no increase in rate. Amino acid sequences were aligned 

using ClustalW 2.0 and displayed using Jalview 2.8 (55, 56). Residues coloured based on 

their physiochemical properties (57).  
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resulting in the distortion of the trapped protease (26). Mutations within the RCL support 

this mechanism, as the introduction of bulky or electrostatically unfavourable residues 

into the RCL increases the SI dramatically, presumably by interfering with β-sheet 

insertion (46, 66-68). The observation that evenly numbered hypervariable RCL residues 

(i.e. P6, P4, P2) are typically hydrophobic also coincides with this mechanism as this 

pattern mirrors general β-sheet structure, and crystal structures of RCL-inserted serpins 

indicate these residues are placed in hydrophobic pockets (26, 67, 69-74). Thus, although 

the hypervariable region is more diverse than the hinge region, both parts of the RCL are 

constrained by the functional requirement to insert properly into the body of the serpin. 

The specificity of a serpin towards a protease is a multifaceted interaction and is difficult 

to predict without an X-ray crystal structure of the inhibitory complex, of which there are 

now 10 available for human serpins: 2 covalent complexes and 8 non-covalent encounter 

complexes (10). Notably, the RCL is not the only determinant of serpin function as 

several encounter complex crystal structures indicate the importance of exosites beyond 

the RCL (16, 53). 

1.3.3 Natural Thrombin Inhibitory Serpins 

The serpins which inhibit thrombin provide canonical examples of regions beyond 

the RCL which influence function, and the importance of cofactors in regulating serpin 

activity. AT is the primary thrombin inhibitory serpin and also has significant activity 

towards FIXa, FXa and FXIa, making it the “most important physiological inhibitory of 

the coagulation pathway” (59). AT primarily circulates in a latent form with its RCL 

partially buried within its central β-sheet (26). At the site of injury, heparan sulfate and 
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other GAGs expressed on the subendothelium come in contact with AT, leading to a 

conformational change which frees the RCL (26). However, the rate of thrombin 

inhibition is primarily increased due to the “bridging” GAGs create between exosite II of 

thrombin and a specific GAG exosite within the body of AT, bringing them in close 

proximity to one another and resulting in a >2400 fold increase in the rate of thrombin 

inhibition (26). AT also contains a unique 3-residue insertion on the P’ side of the RCL, 

which accommodates thrombin’s bulky 60 and 147-loops in order to form an optimal 

encounter complex (16). 

HCII is the second most important serpin for regulating thrombin, estimated to 

contribute 20-30% of thrombin inhibition in vivo (59). HCII binds GAGs via an AT-like 

exosite, preferentially binding the GAG dermatan sulfate (26). Binding of a GAG 

cofactor drastically increases the rate of thrombin inhibition by as much as 17,000 fold, 

partially due to bridging interactions but mostly via a mechanism unique to HCII (26). 

The N-terminal region of HCII is a ~75 amino acid extension not found in any other 

serpin, which contains two hirudin-like repeats of acidic residues (75). When activated by 

a GAG, this acidic “tail” is released from stabilising interactions with the serpin body and 

instead associates with exosite I of thrombin. As HCII’s RCL contains leucine at P1, 

which is not expected to interact favourably with thrombin, this mechanism is crucial for 

its thrombin inhibitory activity and helps to explain the drastic increase in the rate 

following the acidic tail release (75). This interaction also reveals why HCII is extremely 

specific to thrombin and does not inhibit any other coagulation protease (59). 
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Protease nexin 1 (PN1) is the final serpin which significantly regulates thrombin, 

and has both the fastest native thrombin inhibitory rate and the fastest rate when in 

complex with heparin (26). Fully activated PN1 inhibits thrombin ~100 times faster than 

AT, and has activity towards FXa, FXIa, and fibrinolytic proteases (76). Paradoxically, 

PN1 is barely detectable in plasma and expression occurs primarily within soft tissue such 

as heart muscle (76). Due to PN1’s dual coagulation and fibrinolytic regulatory abilities, 

overexpression of PN1 is suggested to be a regulatory mechanism to rebalance 

haemostasis in disease states (76). 

A number of other human serpins are capable of forming a stable inhibitory 

complex with thrombin, although likely with little physiological relevance (Figure 4). 

Thrombin’s substrate preferences are evident in their RCL sequences, with arginine found 

exclusively at P1, with the exception of HCII, and most contain the expected P1’ serine. 

Other than the trend towards a hydrophobic P4 residue, any further structure-function 

relationship of an RCL granting thrombin inhibitory activity is difficult to observe. 

1.3.4 α1-Proteinase Inhibitor 

The serpin α1-proteinase inhibitor (α1-PI), also called α1-antitrypsin, is the most 

abundant serpin in human plasma, constituting over 70% of serpins by weight (77). As 

α1-PI was the first serpin discovered, it serves as the archetype for the serpin mechanism 

and the diverse superfamily of serpins (78). α1-PI contains three glycosylation sites and 

appears in several isoforms in vivo, each approximately 52 kDa in size (79). 

Glycosylation is not critical for the maintenance of α1-PI structure nor function, thus 

recombinant α1-PI with comparable activity can be produced using E. coli, resulting in a 
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protein with a size of 45 kDa (80). α1-PI primarily inhibits neutrophil elastase at the rapid 

rate of 6.5x10
7
 M

-1
s

-1
, helping to balance the action of this protease as it degrades the 

extracellular matrix and elastin in the lungs (81, 82). α1-PI also has appreciable inhibitory 

activity towards the proteases: chymotrypsin, cathepsin G, trypsin, kallikrein 14, and 

Factor XIa (81, 83-86). A variety of naturally occurring mutations have been identified, 

the majority outside of the RCL, some of which lead to polymerisation of α1-PI in the 

liver leading to a deficiency in the circulation (82, 87, 88). α1-PI deficiency is believed to 

affect one in every 2000-5000 individuals, and can lead to liver damage due to the 

accumulation of polymerised α1-PI and emphysema due to unchecked elastase activity in 

the lungs (82). The pathogenesis of emphysema caused by smoking has also been linked 

to α1-PI, as the P1 methionine residue is susceptible to oxidation, leading to an imbalance 

of active α1-PI to elastase in the lungs (89).  

The first indication that the function of α1-PI could be modified for a therapeutic 

use was discovered by chance. A mutation from methionine to arginine at the P1 position, 

referred to as α1-PI M358R or “Pittsburgh” mutant, was found to increase its ability to 

inhibit thrombin by 6,500 fold (90).  This property was discovered as it resulted in a rare 

but fatal bleeding disorder with haemophilic-like symptoms due to the AT-like activity 

towards thrombin (91). However, unlike AT and other primary thrombin inhibitory 

serpins α1-PI M358R does not require a cofactor for optimal activity. α1-PI M358R 

inhibits thrombin 17 times faster than AT activated by pentasaccharide, a GAG which 

releases the AT RCL but does not contribute to bridging (54). Following the discovery of 

α1-PI M358R, an in vitro study revealed the mutation also increased the rate of inhibiting 
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the anticoagulant protease APC by over 4,400 fold (92). This anti-APC activity proved 

significant in a second patient identified with the M358R mutation, as the concentration 

of APC in their plasma was found to be significantly reduced (93). Unlike the first patient 

discovered to have the M358R mutation, the second patient did not suffer from fatal 

bleeding, believed to be due to the novel balance between the anticoagulant effect of 

inhibiting thrombin and the procoagulant effect of inhibiting APC (93). Additional in 

vitro studies have indicated that the M358R mutation also grants a significant 

enhancement in the rate of inhibiting coagulation factors IXa, Xa, XIa, and XIIa, along 

with kallikrein and the fibrinolytic protease plasmin (90, 94-97). The structure of 

thrombin’s active site and its natural substrate preferences can help to explain the 

dramatic effect of the M358R mutation. The P2-P1’ residues of α1-PI M358R (Pro-Arg-

Ser), which are the most important for thrombin recognition, perfectly match the substrate 

preferences of thrombin (Section1.2.2). The P4 alanine residue likely forms hydrophobic 

interactions in thrombin’s S4 pocket, and alanine appears more frequently than any other 

amino acid at this position in identified substrates of thrombin (19). The relatively broad 

specificity of α1-PI M358R towards other coagulation proteases is due to the fact that they 

primarily favour arginine at the P1 position as well (17, 19).  

Contemporary to the discovery of α1-PI M358R was a desire for a novel 

anticoagulant for the treatment of sepsis and reducing the associated risk of thrombosis. 

The fact that recombinant α1-PI M358R can be produced in large quantities, that it does 

not require a cofactor, and that it has broad activity towards coagulation proteases 

prompted it to be hailed as an “ideal agent” for fitting this demand (94, 98). Although 
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showing moderate success in a pig model of sepsis, when the use of α1-PI M358R was 

applied to a similar sepsis model in baboons it resulted in a counter intuitive collapse of 

haemostasis and worsening of septic shock (98, 99). The authors reasoned that the 

inhibition of cytoprotective APC overwhelmed the benefits of inhibiting thrombin and 

other coagulation factors, as APC activity remained below 40% following the injection of 

α1-PI M358R (98). The inhibition of α1-PI M358R’s intended target, thrombin, would 

have further contributed to reducing APC levels due to thrombin’s importance in the 

processing of the protein C zymogen. Thus, the broad specificity of α1-PI M358R 

originally touted as an asset served to work against its efficacy, resulting in a reduced 

interest for the use of this protein in the clinic. Attenuating or otherwise improving the 

specificity of α1-PI M358R remains a primary goal before clinical trials can be 

contemplated. It is important to note that the P2-P1’ residues of α1-PI M358R fit the 

substrate specificity of thrombin purely by chance as this serpin did not evolve to inhibit 

thrombin. Additional mutations within the RCL or elsewhere within the protein may 

serve to improve its thrombin inhibitory activity while decreasing its activity towards 

other proteases. 

1.4 Engineering α1-Proteinase Inhibitor 

1.4.1 Primary Engineering Goals 

Due to the unique serpin mechanism and the abundance of pathologically relevant 

proteases, serpins have become important scaffolds for protein engineering. α1-PI 

continues to be one of the principal serpins of interest for engineering, primarily due to 

the relative ease of producing it using E. coli and yeast, and the fact that it does not need a 



28 

cofactor for optimal activity (80, 100, 101). The discovery of the M358R mutant and the 

role of α1-PI in emphysema coincided with the development of DNA manipulation and 

recombinant protein production, circumstances combining to spark general interest in 

engineering α1-PI. Prior to the work outlined in this study, 127 variants of human α1-PI 

have been engineered (Appendix A); PAI-1 is the only serpin to be mutated more 

thoroughly (102). The specific goals of engineering α1-PI, though diverse, can be grouped 

into four key categories: oxidation resistance; identifying structural and functional 

constraints; improving recombinant production; and modifying protease specificity. The 

latter category has been investigated in the most detail, which has concentrated the focus 

of mutagenesis within the RCL due to the importance of its sequence in governing serpin 

function. Knowledge of the serpin mechanism has been greatly enriched through the 

development of these variants, and in concert with modern mutagenesis and protein 

modeling techniques it is possible to envision designer serpins with specifically 

engineered function.  

1.4.2 Improving α1-PI’s Thrombin Inhibitory Function  

A total of 35 variant α1-PI M358R proteins have been created in an attempt to 

further the thrombin inhibitory activity of this protein, aiming also to improve its 

selectivity over other proteases (Appendix A). Hopkins et al. (1995) recognized that 

compared to natural thrombin inhibitory serpins, α1-PI M358R differed throughout the 

P7-P3’ hypervariable region (Figure 4) (58). Although replacing either the P2 Pro or P1’ 

Ser residue was detrimental to the rate of thrombin inhibition, substituting the P7-P3’ 

sequence for that of AT’s resulted in a >1000 fold increase in selectivity for thrombin 
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over APC (58). In addition to this, changing the P2 residue from AT’s glycine back to α1-

PI’s proline increased the rate of thrombin inhibition to near that of α1-PI M358R, while 

keeping the rate of APC inhibition >100 fold lower (58). Hopkins et al. (2000) 

investigated additional AT substitutions, progressively replaced each residue in the P7-

P3’ region to determine the effects on the rate of thrombin, APC, and FXa inhibition 

(103). Replacing the P2 and P3’ residues of α1-PI with those of AT resulted in a 

significant loss of APC inhibition (103). However, the α1-PI mutant with the best ratio of 

thrombin to APC inhibition had AT’s P7-P2’ sequence with the exception of P2, again 

indicating that this proline was important and suggesting that AT’s P3’ asparagine residue 

was not favoured (103). This mutant, termed “RCL 5” by Sutherland et al. (2007), has a 

comparable rate of thrombin inhibition to M358R but with a 26–168 fold decrease in the 

rate of APC inhibition, resulting in an impressive thrombin to APC ratio of 2526–3221 to 

one (103, 104). 

Taking additional cues from nature, Sutherland et al. (2006) fused HCII’s unique 

75 residue N-terminal acidic tail to the N-terminus of α1-PI M385R (105). This mutant, 

dubbed HAPI M358R, has the fastest engineered rate of thrombin inhibition yet with a 

second order rate constant of 3.83x10
6
 M

-1
s

-1
, which is more rapid than any natural 

thrombin inhibitory serpin not maximally activated with a glycosaminoglycan (26, 59). 

Seeking to further improve this mutant by engineering greater thrombin specificity, 

Sutherland et al. (2007) combined previous successes to generate the “HAPI RCL5” 

mutant; α1-PI with the N-terminal HCII tail and the “RCL 5” sequence (104). Although 

the rate of thrombin inhibition was reduced by ~40% compared to HAPI M358R, the rate 
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of APC inhibition collapsed by over 138 fold providing the best thrombin to APC ratio 

yet of 10,769 to one (104). HAPI RCL5 was also found to have a lower rate of FXa, 

FXIa, and FXIIa inhibition, and hence an improved selectivity for thrombin in general 

(97). Recently, animal model work has solidified the in vitro evidence of HAPI RCL5’s 

promising function, as the protein proved effective at reducing clot size, reducing fibrin 

deposition during sepsis, and lengthening occlusion time after injury (97).   

Thus far, engineered α1-PI mutants with improved thrombin inhibitory activity 

have entirely been based on RCLs and exosites from natural thrombin inhibitory serpins. 

As these borrowed sequences did not evolve to interact favourably with the rest of the α1-

PI protein it is unlikely that they can provide the optimal inhibitory activity. Cooperative 

interactions with other portions of α1-PI and subtle differences within the serpin body 

may also contribute to how thrombin interacts with and is inhibited by α1-PI, implying the 

optimal α1-PI RCL for inhibiting thrombin remains unknown.  

1.4.3 Serpin Engineering Challenges 

Few examples of engineering serpins have been met with as much success as 

improving thrombin inhibitory function. As with engineering other proteins, introducing 

novel function or tuning existing activity is difficult. Despite the best thought out 

additions and mutations, proteins rarely behave as expected and engineering serpins is 

further compounded by the complex nature of the serpin inhibitory mechanism (106, 

107). Residues within the RCL must favourably interact with both the target protease and 

the central serpin β-sheet in order for the serpin to act as a functional inhibitor. Even if the 

RCL is cleaved at a rapid rate, poor RCL insertion will hinder the function of a serpin.  



31 

Modification of a serpin’s wild type sequence often leads to a collapse in 

inhibitory activity or serpin-enzyme complex stability. This is despite the recognition of 

the RCL sequence as a critical determinant of serpin function and therefore an ideal target 

for mutagenesis. Several examples highlight that simply replacing the RCL with that of 

another serpin does not guarantee intended activity. For example, two groups have 

replaced the RCL of the serpin α1-antichymotrypsin with various RCL’s from other 

serpins (108, 109). Both groups observed that despite granting modest improvements in 

activity towards new proteases, the activity was only a fraction of the original serpins and 

the inherent specificity was poorly retained. RCL-protease interactions are therefore only 

part of the picture, and despite the highly conserved structure of the serpin body it too 

plays a role in determining function. 

Attempting to rationally introduce RCL mutations also presents challenges. 

Seeking to inhibit the protease furin, Dufour and colleagues have published several 

papers in an effort to direct α1-PI or α1-antichymotrypsin activity towards this protease 

(67, 68). Recognizing that furin preferentially cleaves peptides with arginine at P6, P4, 

P2, and P1 they modified the RCL’s of these serpins to contain various combinations of 

arginine. Unfortunately, the more arginines that were introduced the greater the SI was 

increased, indicative of a poor rate of β-sheet insertion, negating the introduced anti-furin 

activity (67, 68). This was particularly evident when replacing α1-PI’s P6-Leu residue, 

which they reasoned was due to the hydrophobic pocket this residue inserts in within the 

β-sheet, providing an ideal example of the structural restraints of the serpin mechanism 

(67). They also noted that residues interacted cooperatively, as replacing both α1-PI’s P6 
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and P2 residues lead to a nonadditive decrease in the inhibitory rate compared to those 

mutations on their own (67). 

Engineering serpins must take into account the balance between RCL-protease 

interactions, the structural requirements for favourable loop insertion, and interactions 

unique to each serpin scaffold. Saturation mutagenesis throughout the RCL and testing 

each possible combination of amino acids would reveal the changes required to meet this 

balance. As Antalis & Lawrence (2004) note, the challenge facing this approach “lies not 

with the generation of mutants, but with determining the functional significance of the 

mutants generated” (107). Introducing codon degeneracy at only 2 RCL positions 

generates 441 proteins (including stop codons) with unknown function and each 

additional degenerate position increases the number by 21 fold. A method for screening a 

large number of serpin mutants is required in order to engineer optimal activity. 

1.5 Applying Phage Display to Engineering Serpins 

1.5.1 Overview of Phage Display Techniques 

Phage display has been in use for over 25 years, beginning with the first genetic 

fusion of a protein fragment to the coat protein of f1 phage (110). The general technique 

employs an engineered bacteriophage to express a protein or peptide sequence of interest 

fused to the coat of a phage particle. Only those phage expressing proteins capable of 

binding an immobilized target will remain to be amplified in E. coli after washing away 

unbound phage, a process referred to as biopanning. Following amplification, up to 10
11 

plaque forming units per mL (pfu/mL) can be generated, meaning an extraordinarily large 

number of mutants can be screened rapidly (111). However, libraries are typically 
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constrained to 10
8
 unique sequences in order to ensure each sequence in the library is 

represented multiple times during biopanning, and the fact that bias in the sequences can 

develop after multiple rounds of amplification (112). Bias can be introduced due to 

differences in growth rate, nonspecific binding, or for undefined reasons (40, 112-114). 

Improved sequencing technology has helped to address this issue, by identifying insert  

sequences with poor growth but high affinity to the target, which would normally be 

hidden by “parasite sequences” which grow rapidly but do not bind to the target (115).  

Several types of bacteriophage have been adapted for use in phage display, with 

the choice between them based on the design and aim of the study. Filamentous 

bacteriophage, such as f1, fd and M13, were the first to be developed for use in phage 

display due to the relative ease of manipulating their genes (116). M13 phage has since 

been used extensively due to the availability of commercial M13 peptide libraries and the 

development of high-diversity M13 antibody libraries (113, 117, 118). Inserted genes or 

peptides are typically fused to the N-terminus of minor coat protein 3 (p3), though several 

additional coat proteins have been modified to allow inserts in either N-terminal or C-

terminal orientation (117). The number of times the inserted sequence is expressed by 

M13 phage, or the “copy number”, ranges from hundreds of copies of small peptides, to 

only one copy for proteins >100 amino acids (117). As filamentous phage are secreted 

from host E.coli during replication, any sequence fused to a coat protein must also be able 

to pass through the membrane or they will not be assembled to the rest of the phage (116).  

Lytic species of phage, such as T7, T4 and λ, are not limited by inserted sequences 

which cannot pass the bacterial membrane, as lytic phage assembly occurs completely 
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within the infected cell before daughter phage are released by cell lysis (116). Thus, lytic 

phage display systems are typically used in order to express full sized proteins rather than 

comparatively small peptides on the surface of phage (116). If samples of phage lysate 

must remain free of cytoplasmic contents, or if the inserted protein contains many 

disulphide bonds which require E. coli chaperone proteins, filamentous phage display 

techniques would be more appropriate (119, 120). Contrasting filamentous phage, genes 

or peptides are typically fused to the C-terminus of lytic phage minor coat proteins, 

however N-terminal fusions for several lytic phage species have also been developed 

(116). As with filamentous phage, the copy number of the inserted sequence expressed by 

lytic phage depends on the size of the insert, though several commercially available kits 

have been developed to better regulate expression levels (116).  

The T7Select phage display system developed by Novagen has three phage 

display vectors available which differ in the copy number and size limit of the insert. The 

T7Select10-3b vector provides the best of both options, allowing for inserts as large as 

1200 amino acids displayed with a mid range copy number of 5-15 proteins per phage, 

although in practice copy number can be lower (121, 122). Additional benefits of 

T7Select, as reported by the manufacturer, include more rapid replication than other 

phage species and that T7Select phage are more robust, allowing for stringent biopanning 

conditions (121). An independent study also indicated that T7Select libraries contained a 

lower sequence bias than comparable M13 libraries, likely due to the differences between 

lytic and filamentous phage reproduction (123). The T7Select vectors contain a multiple 

cloning site following amino acid 348 of the 10B minor coat protein, resulting in the 
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fusion of the N-terminus of an inserted sequence to the C-terminus of the coat protein 

(Figure 5) (121). To assist with T7Select replication, E. coli strains provided with the 

commercial kit have been specifically selected, including the addition of a plasmid into 

strains BLT5403 and BLT5615 which allows for inducible expression of coat protein 10A 

to help with viron assembly (121). This mirrors the use of “helper phage” to provide the 

necessary phage proteins required for reproduction of many filamentous phage species, 

although T7Select is able to replicate without extra 10A coat protein albeit at a slower 

rate (116, 121). The ability to accommodate inserts up to 1200 amino acids, and without 

being limited by having to cross the bacterial membrane, opens the door to express the 

majority of human proteins, including serpins, using T7Select phage. 

1.5.2 PAI-1 

The benefits of phage display have yet to be fully exploited to screen serpin 

mutants, as only plasminogen activator inhibitor type 1 (PAI-1) has been produced using 

phage display. The selection of PAI-1 for phage display was originally based on its 

successful production using E. coli, that X-ray crystal structures were available, and to 

better understand the unique latent-to-active conformational change PAI-1 undergoes in 

vivo (124, 125). Pannekoek et al. (1993) were the first to successfully express PAI-1 

using phage display, using the pComb3 phagemid vector and M13 helper phage to assist 

in viral assembly (124). This method expressed PAI-1 as a fusion protein, with the 

pComb3 phagemid coding for an immunoglobulin AQVKL sequence N-terminal to the 

mature PAI-1 sequence, followed by a GGGGS linker, and finally the C-terminal half of 

the p3 M13 minor coat protein. With the addition of M13 helper phage, M13 virons with  



36 

 

 

 

 

 

 

 

 

Figure 5: Structure of T7Select Phage and DNA Map of T7Select Vector Arms. Coat 

protein monomers to which the insert is fused are shown in grey. Primers used in this 

study were designed to ensure serpin inserts were fused to the C terminus of the 10B 

minor coat protein in the indicated orientation. Courtesy of Novagen (121, 126). 

Reprinted with written permission of Novagen Inc., Madison, WI, provided on July 16, 

2013.  
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a single copy of PAI-1 expressed on their surface were secreted from E. coli (124). The 

authors’ reason for including the N-terminal immunoglobulin sequence was based on the 

previous success of expressing antibodies using M13 phage (127). Fusing the C-terminus 

of PAI-1 to the cpIII protein was an unintuitive choice, as once the RCL is cleaved the C-

terminal region is no longer covalently bonded to the rest of the serpin, creating the 

potential for PAI-1 to disassociate from the phage (128). However, the M13-expressed 

PAI-1 retained inhibitory activity and remained associated with the phage virons, based 

on the number of phage recovered after incubating with its target protease tPA, and 

biopanned using wells coated with anti-tPA mAB (124). Further supportive of retained 

inhibitory function, was the finding that the activity of tPA was inhibited in a linear 

relationship to the amount of PAI-1 phage in solution (124). A mutant library was then 

generated using error-prone PCR which introduced 1-6 mutations at random positions 

within the full PAI-1 sequence, producing a total library size of 1.7x10
6
 distinct mutants 

(124). The authors noted that the use of error-prone PCR to construct the library “restricts 

the range of amino acid alterations” and that “only a limited set of amino acid 

substitutions will be encountered” (129). Stoop et al. (2000) modestly improved the 

overall diversity of the M13-expressed PAI-1 phage library by using DNA shuffling, 

which introduced mutations via both error-prone PCR and homologous recombination 

(130). This generated a PAI-1 library of 4x10
7
 individual mutants which was then 

biopanned to map sites of interaction with anti-PAI-1 mAbs, and to identify mutations 

which stabilised PAI-1 in its active conformation (130, 131). 
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Berkenpas et al. (1995) used an entirely different phage display technique in order 

to create a library of PAI-1 mutants (125). Error-prone PCR was again used to generate 

random mutations throughout the entire PAI-1 sequence, however rather than producing 

PAI-1 fused to the coat of the bacteriophage, λ-phage was used to introduce the DNA 

library into E. coli for recombinant expression (125). This allowed the PAI-1 mutants to 

be expressed in their native state, not fused to bacteriophage, which likely provided a 

more accurate model for the serpin's in vivo activity (107). Due to the instability of 

natural PAI-1, which is found in both an active and latent (inactive) conformation, 

Berkenpas et al. (1995) aimed to find a mutant within the library in a stable active 

conformation (125). The library was biopanned by incubating lawns of infected E. coli 

overnight at 37
o
C, then probing for PAI-1 mutants which retained their inhibitory activity 

using tPA-coated filters (125). This led to the discovery of a hyperstable mutant 

containing four mutations, which has since been used extensively to better understand 

PAI-1 structure and function (102, 128). Only the four mutations in combination 

enhanced stability, indicating that without the use of phage display it is unlikely that this 

mutant would have been discovered (125).  

These two examples of expressing PAI-1 using phage display highlight the fact 

that even proteins such as serpins which undergo drastic conformational changes remain 

functional when expressed using bacteriophage. However, the methodology employed in 

these examples pales in comparison to more modern protein library construction and 

phage display techniques. The use of error-prone PCR limited the scope of the studies, as 

mutations were introduced with random frequency and at random positions, leaving 
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sequence space poorly defined. PAI-1 contains 349 amino acids, meaning of the 20
349

 

possible amino acid combinations created using error-prone PCR even the largest PAI-1 

phage library (4x10
7
) contained only a fraction (130). In the case of λ-phage, this 

technique is only able to screen an even smaller subset of the mutant library, as it is 

limited to the number of colonies per lawn of bacteria which can be screened at one time 

(10,000 - 100,000) (107). Zani & Moreau (2010) suggest that more modern techniques, 

such as the use of T7 phage, could be used to address these issues in order to extend the 

use of phage display to other serpin proteins (132). 

1.5.3 Modeling Protease Specificity 

Due to the nature of the serpin inhibitory mechanism phage display can also be 

used to engineer serpin function without expressing the entire serpin protein. The RCL of 

a serpin must interact favourably with the active site of a target protease, thus the 

hypervariable region proximal to the P1-P1’ cleavage site typically mimics a protease’s 

natural substrate (26). Phage display is used extensively to elucidate protease specificity 

as it can rapidly generate a wide range of potential substrates (133). This “substrate 

phage” technique utilizes a library of peptides expressed on the surface of phage with an 

affinity domain, such as a His-tag, terminal to the degenerate sequence (40, 134). The 

phage library is immobilized via the affinity domain, such as to nickel resin, before being 

exposed to the protease of interest (40). Phage expressing proteolysed peptides are then 

eluted and sequenced to provide the protease’s specificity profile (40). Recently, this 

technique was used to elucidate the extended substrate specificity of thrombin, indicating 

a level of specificity as far as the P4 and P4’ positions (21). 
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Several studies have extended the use of substrate phage to predict serpin-protease 

interactions and to help engineer designer serpins (40, 86, 135, 136). Deperthes and 

colleagues pioneered the use of substrate phage to modify serpin function, with the goal 

of inhibiting human kallikrein proteases (86, 135). Peptides susceptible to kallikrein 2 or 

kallikrein 14 cleavage were first identified by substrate phage before being inserted into 

the RCL of two scaffold serpins: human α1-antichymotrypsin and α1-PI (86, 135). 

Compared to the wild type sequences, the mutations successfully introduced modest 

kallikrein 2 inhibitory activity and doubled the rate of kallikrein 14 inhibition (86, 135). 

The rate of inhibiting homologous proteases was also decreased, indicative of improved 

specificity (86, 135). Notably, the choice of serpin scaffold affected the rate and stability 

of inhibitory complex formation, with the α1-antichymotrypsin mutants being better in 

both respects than the α1-PI mutants (86). This provides further evidence that residues or 

structural constraints beyond the RCL play a role in determining activity. 

Despite these successes, designing serpins based on protease specificity alone is 

not a reliable method for ensuring optimal activity. Each of the engineered kallikrein 2 

inhibitory serpins had a high SI ranging from 9 to 139, indicating poor complex stability 

leading to the majority of serpin protein being cleaved and inactivated (135). This is 

mirrored by the previously discussed studies which aimed to engineer inhibitory activity 

towards the protease furin, using α1-PI as a scaffold. Though the rate of inhibition was 

increased by mutating the RCL to reflect furin’s known substrate preference again the SI 

was increased significantly (67, 68). Song et al. (2011) rightly caution that “cleavage 

within the RCL region might not result in the inhibition of the participating protease” 
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(40). As summarised in previous sections, other determinants of serpin function such as 

exosites and the speed of RCL insertion affect the specificity and function of a serpin. 

Despite having an RCL that is specific to a target protease, designer serpin RCLs may be 

unable to undergo β-sheet insertion due to bulky or electrostatically unfavourable mutant 

residues. Although phage display is useful in determining a protease’s specificity, it 

cannot identify the optimal RCL sequence required for inhibition unless the entire serpin 

protein can be expressed and functionally screened. 

1.6 Rationale for Study 

The thrombin inhibitory activity that α1-PI M358R exhibits makes it a promising 

candidate for further engineering, with the goal of creating a potent and specific 

anticoagulant protein drug. Improving α1-PI M358R’s thrombin inhibitory activity is 

possible, exemplified by previous projects in the Sheffield lab, with two caveats: α1-PI 

M358R did not evolve to inhibit thrombin; and improvements in its thrombin inhibition 

have solely been based on borrowing sequences from natural thrombin inhibitory serpins. 

The hypervariable region of the RCL of a serpin plays a large role in determining 

inhibitory activity, and must interact favourably with both the targeted protease and the 

unique body of the serpin protein once the RCL is inserted. The optimal engineering 

method would therefore consist of producing every possible combination of hypervariable 

RCL sequences in conjunction with the entire α1-PI protein, and functionally screening 

for thrombin inhibition. Out of the millions of such α1-PI RCL sequences that 

theoretically exist, only 35 mutants have been published with the goal of improving 

thrombin inhibitory activity. Phage display offers a way to express and screen large 
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numbers of proteins, using an in vitro evolution approach where only the sequences with 

the desired function are amplified. The M13 and λ phage display systems have been used 

to express and screen the mutants of one serpin, PAI-1. The reason no other serpins have 

been expressed using phage display remains unknown. For this study, the T7Select phage 

display system was selected as it can express large inserts, it is commercially available, 

and has fewer constraints on the type of protein fused to its coat. Additionally, N-terminal 

fusions of sequences to α1-PI do not hinder inhibitory function (104, 105, 137). My 

rationale for this study was therefore to improve α1-PI engineering methodology by 

applying modern phage display techniques, and to discover the optimal α1-PI 

hypervariable RCL sequence for inhibiting thrombin, which may reveal novel aspects of 

the serpin’s inhibitory mechanism relevant to the successful extension of α1-PI to the 

clinic. 
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1.7 Hypotheses 

1. Randomization of the P2 and P1 residue within the RCL of α1-PI will allow for an 

initial study of the optimal residues at these positions for thrombin inhibitory 

activity; 

2. Phage display of α1-PI will prove to be an efficient means by which to screen for 

thrombin inhibitory activity. Applying the concepts of in vitro evolution, only the 

phage expressing α1-PI mutants which effectively bind thrombin will be 

amplified; 

3. Due to the known efficacy of the α1-PI M358R mutant in binding thrombin, and 

that its P2P1 sequence already fits thrombin’s known specificity, α1-PI M358R 

will be the dominant mutant after screening the P2P1 library; 

4. As the entire α1-PI protein will be expressed by phage display, a larger library will 

lead to the discovery of the optimal residues required both for thrombin specificity 

and rapid RCL insertion. By maintaining the P2 and P1 positions as the optimal 

residues, but randomizing the P7-P3 region, the majority of the hypervariable 

RCL region will be screened for the first time to reveal additional aspects of the 

structure-function relationship of the RCL; 

5. α1-PI P7-P3 mutants which appear after multiple rounds of screening will have an 

improved rate of thrombin inhibition and a lower stoichiometry of inhibition (SI) 

than  α1-PI M358R, as these mutants will have been evolved in vitro for improved 

thrombin inhibitory activity.  
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1.8 Project Outline 

The aim of this project was to apply the versatility of phage display to screen mutants of 

α1-PI which effectively inhibit thrombin. By leveraging previous work in expressing 

serpins using phage display while applying newer phage display techniques, this project 

was thought to offer a rapid way to probe the function of α1-PI and improve its thrombin 

inhibitory activity. My objectives were as follows: 

1. Produce purified PAI-1 (His-tagged) using E. coli, for comparison to phage-

produced PAI-1; 

2. Express PAI-1 on T7Select10-3b phage based on published results expressing 

PAI-1 on M13 phage; 

3. Express α1-PI M358R on T7Select10-3b phage based on the putative success of 

expressing PAI-1 on T7Select10-3b. Attempt to detect SDS-stable phage-

thrombin complexes; 

4. Mock-biopan the T7Select10-3b α1-PI M358R phage mixed with a negative 

control phage in order to assess the effectiveness of a novel biopanning protocol. 

Success of the protocol was planned to be determined based on enrichment of 

T7Select10-3b α1-PI M358R phage after 5 rounds of biopanning with thrombin; 

5. Express a library of α1-PI mutants with degenerate codons at the P2 and P1 (amino 

acids 357 and 358) positions on T7Select10-3b phage, based on the putative 

success of mock-biopanning T7Select10-3b α1-PI M358R. Screen the library for 

mutants which bind to thrombin effectively by biopanning for 5 rounds with 

thrombin, and comparing to results of same library biopanned without thrombin; 
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6. Isolate T7Select10-3b phage which express α1-PI P2P1 mutants of interest and 

perform sequence analysis to determine the identity of the mutations. Insert His-

tagged α1-PI mutants of interest into individual pBAD plasmids and purify the 

products. Quantitatively test thrombin binding/inhibitory activity compared to α1-

PI M358R using kinetic methods; 

7. Express a library of α1-PI mutants with degenerate codons at the P7 to P3 (amino 

acids 352 to 356) positions on T7Select10-3b phage, maintaining the optimal P2 

and P1 residues putatively determined by the P2P1 library. The P7-P3 library 

screening was planned to use the same methods as for the P2P1 library; 

8. Isolate the T7Select10-3b phage which express α1-PI P7-P3 mutants of interest 

and perform sequence analysis to determine the identity of the mutations. Insert 

His-tagged α1-PI mutants of interest into individual pBAD plasmids and purify the 

products. Quantitatively test thrombin binding/inhibitory activity compared to α1-

PI M358R using kinetic methods; 

9. Apply computer assisted molecular modeling to help determine the α1-PI M358R 

and novel α1-PI mutants’ interactions within the active site of thrombin. 
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2. MATERIALS 

2.1 Source of Chemicals and Reagents 

Chemicals and biological reagents were purchased from the following suppliers: New 

England Biolabs (Pickering, ON) Phusion DNA polymerase, calf intestine alkaline 

phosphatase; Thermo Fisher Scientific (Burlington, ON) T4 DNA Ligase, DNA 

restriction enzymes (BspHI, BamHI, NcoI, EcoRI, HindIII, PmlI (Eco72I), SauI 

(Bsu36I)), guanidine hydrochloride, Coomassie Plus Protein Assay Reagent, TMB 

developing solution, NanoDrop Spectrophotometer; Origene (Burlington, ON) human 

PAI-1 cDNA; Qiagen (Carlsbad, CA) QIAquick PCR purification kit, QIAprep Spin 

Miniprep kit, QIAquick Gel Extraction kit, Plasmid Midi kit, HotStarTaq Plus Master 

Mix, nickel-nitrilotriacetic acid (Ni-NTA) resin, HotStar HiFidelity DNA polymerase; 

EMD Millipore (Billerica, MA) pET-11d E. coli plasmid, BL21(DE3) E. coli, Amicon 

Ultra MWCO 10000 centrifugation filter; Promega (Madison, WI) HB101 E. coli, AP-

conjugated goat anti-mouse antibody; Invitrogen (La Jolla, CA) DH5α E. coli, iBlot Gel 

Transfer Stacks, iBlot machine, rabbit anti-human PAI-1 antibody, DSB-X Biotin Protein 

Labeling kit, Qdot 625 streptavidin conjugate, pUC19 E. coli plasmid, streptavidin-coated 

FlowComp Dynabeads, Top10 E. coli; Bioshop (Burlington, ON) ampicillin, bovine 

serum albumin (BSA), electrophoresis grade agarose, Tween 20; GE Healthcare 

(Mississauga, ON) mouse anti-His tag antibody, SP sepharose Fast Flow, DEAE 

sepharose Fast Flow; Roche (Mississauga, ON) nitro blue tetrazolium/5-bromo-4chloro-

3-indolyl phosphate (NBT/BCIP); Gibco (Grand Island, NY) Tween 80; BDH (Toronto, 

ON) β-mercaptoethanol, Triton X-100; Bio-Rad (Mississauga, ON) nitrocellulose paper; 
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Genentech (San Francisco, CA) human tPA; Novagen (Madison, WI) T7Select10-3b 

Vector Arms, T7Select Packaging Extract, T7Select 10-3 Cloning kit, T7Select Control 

Insert, BLT5615 E. coli, provided T7 Elution Buffer; Affinity Biologicals (Ancaster, ON) 

HRP-conjugated sheep anti-human α1-PI antibody; Cedarlane (Burlington, ON) AP-

conjugated goat anti-rabbit antibody; Abcam (Toronto, ON) mouse anti-human tPA 

antibody; Enzyme Research Laboratories (South Bend, IN) human thrombin; Calbiochem 

(La Jolla, CA) phenylalanyl-L-prolyl-arginine chloromethyl ketone (PPACK); Diapharma 

(West Chester, OH) chromogenic substrates S2238 (H-D-Phenylalanyl-L-pipecolyl-L-

arginine-p-nitroaniline-dihydrochloride). All other chemicals and biological reagents not 

specifically listed above were of the highest quality and grade available. 

2.2 Oligonucleotides 

The oligonucleotides listed in Table 1 were synthesized at the McMaster Institute for 

Molecular Biology and Biotechnology (MOBIX) at McMaster University (Hamilton, 

ON). All confirmatory DNA sequencing was also performed at MOBIX. 

2.3 Computer Software 

DNA sequences were analysed with Clone Manager 7.11 and Align Plus 5.11 (Sci-Ed 

Software, Cary, NC). Gels and phage plaques were quantified with Quantity One 4.6.7 

(Bio-Rad, Mississauga, ON). Amino acid sequences were aligned with ClustalW 2.0 and 

displayed using Jalview 2.8 (55, 56). Amino acid conservation was quantified with 

ConSurf (138). Protein crystal structures were manipulated and imaged with PyMOL 

1.3r1 (Schrödinger LLC, Cambridge, MA). Monte Carlo minimizations of crystal 

structures was performed using ZMM (ZMM Software Inc., Hamilton, ON). 
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Table 1: List of Oligonucleotide Primers Used During this Project. Note that primer 

APIP2P1dgnAS modified the P361 codon from CCC to CCA, and APIP7P3dgnAS 

modified the same codon to CCG. These silent mutations were introduced in order to 

differentiate the two libraries from each other, and from the original unmodified DNA.  
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Primer Name Description Primer Sequence (5' - 3') # 

H6PAI1p11S 
Forward primer for addition of 
His-tag and insertion of PAI-1 
into pET-11d vector 

AGCTCATGAGCCATCATCATC
ATCATCATGTGCACCATCCAC
CATCCTAC 

3310 

H6PAI1p11AS 
Reverse primer for insertion of 
PAI-1 into pET-11d vector 

GCTGGATCCTCAGGGTTCCA
TCACTTGGCCCATGAA 

3311 

PAI1T710bS 
Forward primer for insertion of 
PAI-1 into T7Select10-3b phage 

GATCCGAATTCAGTGCACCAT
CCACCATCCTAC 

4120 

PAI1T710bAS 
Reverse primer for insertion of 
PAI-1 into T7Select10-3b phage 

GCTAAGCTTCAGGGTTCCATC
ACTTGGCCCATGAA 

4121 

M358RT7S 
Forward primer for insertion of 
α1-PI M358R into T7Select10-3b 
phage 

GATCCGAATTCAGAGGATCC
CCAGGGAGATGCT 

5918 

M358RT7AS 
Reverse primer for insertion of 
α1-PI M358R into T7Select10-3b 
phage 

GCTAAGCTTCATTTTTGGGTG
GGATTCACCAC 

5919 

LP-PmlI 
Forward primer for generation of 
α1-PI libraries 

CAAGGACACCGAGGAAGAGG
ACTT 

4980 

APIP2P1dgnAS 
Reverse primer for generation of 
α1-PI P2P1 library 

CTTGACCTCAGGTGGGATAG
ANNNNNNTATGGCCTCTAAAA
AC 

5968 

APIP7P3dgnAS 
Reverse primer for generation of 
α1-PI M358R P7-P3 library 

TGACCTCAGGCGGGATAGAT
CTGGGNNNNNNNNNNNNNNN
CATGGCCCCAGCAGCTTC 

0201 

pBADrev 
Reverse primer for sequencing 
pBAD constructs 

AAATTCTGTTTTATCAGACC 6612 
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3. METHODS 

3.1 Cloning H6PAI-1 into pET-11d Vector 

PCR was performed using Phusion polymerase and primers H6PAI1p11S and 

H6PAI1p11AS with cDNA coding for PAI-1 as the template. These primers added a 5’ 

BspHI restriction site followed by a His-tag (6x histidine codons) and a 3’ BamHI 

restriction site. The 1172 bp PCR product was visualized on a 1% agarose gel before 

being purified using the QIAquick PCR purification kit. The pET-11d E. coli plasmid 

vector was subjected to mini-plasmid DNA extraction and purification using the QIAprep 

Spin Miniprep kit in order to isolate it from the HB101 host E. coli strain. The purified 

H6PAI-1 PCR product was digested with BspHI and BamHI, and the purified pET-11d 

plasmid was digested with NcoI (site compatible with BspHI) and BamHI. The fragments 

were visualized on a 1% agarose gel and gel purified using the QIAquick Gel Extraction 

kit. The digested H6PAI-1 gel extraction product was ligated into the pET-11d plasmid 

using T4 DNA Ligase and transformed into DH5α competent E.coli cells. DH5α cells 

containing the pET-11d H6PAI-1 plasmid were subjected to mini-plasmid DNA 

extraction and purification using the QIAprep Spin Miniprep Kit, before being sent to 

MOBIX for sequencing with primers H6PAI1ps11s and H6PAI1p11AS. The pET-11d 

H6PAI-1 plasmid was then transformed into BL21(DE3) E. coli cells for expression. 

3.2 Expression of H6PAI-1 and Purification from E. coli Inclusion Bodies 

3.2.1 Culture Conditions for Expression of H6PAI-1 

50 mL LB containing 100 μg/mL ampicillin was inoculated with 1/50 volume of 

BL21(DE3) pET-11d H6PAI-1 overnight culture, and incubated on a shaker at 37
o
C until 
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OD600 = 0.5. Expression of H6PAI-1 was induced via the addition of IPTG to 1 mM; 

cultures were incubated for 6 hours on a shaker at 37
o
C. 

3.2.2 Confirmation of H6PAI-1 Expression by Immunoblot 

SDS-PAGE gel electrophoresis on BL21(DE3) pET-11d H6PAI-1 samples was 

performed. Resulting gels were transferred to nitrocellulose using iBlot Gel Transfer 

Stacks and an iBlot machine as per the manufacturer’s instructions. The membrane was 

incubated for 1.5 hours in 5% milk/TBST with rocking. Mouse anti-His antibody was 

diluted 1/2000 in 10 mL 5% milk/TBST and added to the nitrocellulose membrane, and 

incubated for 1.5 hours with rocking. The membrane was washed 3 times in TBST for 10 

minutes each. AP-conjugated goat anti-mouse antibody was diluted 1/10000 in 15 mL 5% 

milk/TBST and added to the membrane, and incubated for 1.5 hours with rocking. The 

membrane was washed 3 times in TBST for 10 minutes each. The membrane was 

developed with NBT/BCIP (one tablet in 10 mL ddH2O). 

3.2.3 Purification of H6PAI-1 from E. coli Inclusion Bodies 

The following protocol has been adapted from (139). 500 mL LB containing 100 μg/mL 

ampicillin was inoculated with 1/50 volume of BL21(DE3) pET-11d H6PAI-1 overnight 

culture, and incubated on a shaker at 37
o
C until OD600 = 0.5. Expression of H6PAI-1 was 

induced with the addition of IPTG to 1 mM, and incubated for 3 hours on a shaker at 

37
o
C. The culture was centrifuged at 4300 x g and 4

o
C for 10 minutes using the Sorvall 

RC 5B Plus centrifuge. The supernatant was decanted and cells suspended in 20 mL 

equilibrium buffer (0.5 M NaCl, 0.05% Tween 80, 20 mM NaOAc, pH 5.6). Cells were 

sonicated for 3 minutes (amplitude 30, 6 second pulses), then centrifuged at 9800 x g and 
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4
o
C for 30 minutes to retrieve inclusion bodies using the Sorvall RC 5B Plus centrifuge. 

The pellet was dissolved in 20 mL denaturation buffer (1 M NaCl, 0.01% Tween 80, 20 

mM NaOAc, 4 M guanidine hydrochloride, 0.05% β-mercaptoethanol, pH 5.6) and 

rocked overnight at 4
o
C. The sample was diluted into 500 mL 2x NaCl equilibrium buffer 

(1 M NaCl, 0.01% Tween 80, 20 mM NaOAc, pH 5.6) and stirred at room temperature 

for 1 hour. The solution was further diluted with prechilled 500 mL of the same buffer but 

without NaCl. The sample was applied over a 2 mL SP-sepharose column which had been 

equilibrated with equilibrium buffer, and the column was washed with 25 mL equilibrium 

buffer to remove unbound sample. The sample was eluted with the same buffer adjusted 

to have a NaCl gradient from 0.75-1.5 M with 0.25 M increments, as per (139). SDS-

PAGE gel electrophoresis was performed to determine the purity of eluted fractions. Pure 

fractions were pooled then concentrated using an Amicon Ultra MWCO 10000 

centrifugation filter and centrifuged at 3000 rpm for 20 minutes using the Beckman 

Coulter Allegra 6R. 

3.2.4 Bradford Assay to Quantify Purified H6PAI-1 Protein 

 A protein standard was created using eight dilutions of 2 mg/mL BSA ranging from 0.1  

mg/mL – 1.0 mg/mL. BSA was diluted with the buffer in which the refolded H6PAI-1 

protein was eluted during SP-Sepharose purification (0.75 M NaCl, 0.05% Tween 80, 20 

mM NaOAc, pH 5.6).  Undiluted, 1 in 2 and 1 in 4 diluted samples were created for the 

purified protein. 5 µL of each sample was added in duplicate to a 96 well microtiter plate 

including 2 blanks composed only of buffer. To each 5 µL sample, 200 µL of Coomassie 
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Plus Protein Assay Reagent was added. The plate was read using a BioTek EL808 plate 

reader.  

3.3 Gel Based Serpin-Enzyme Complex Assays (PAI-1 and tPA) 

5 µM of refolded H6PAI-1 retrieved from inclusion bodies with 1 uM tPA in a total 

volume of 100 µL was incubated at 37
o
C. 33 µL samples were taken at for 5, 10, and 20 

minutes. This reaction was repeated for nonfolded H6PAI-1 which was purified using a 

Ni-NTA resin column, described in “The QIAexpressionist” handbook 5
th

 edition, and 

passed over a SP-Sepharose column as described in Section 3.2.3. Reactions were 

stopped with the addition of 4x SDS-PAGE dye. Reaction products were electrophoresed 

on 10% SDS-PAGE gels and stained with Coomassie Blue. Equimolar amounts of the 

purified protein products were used as molecular weight standards.  

3.4 Expressing PAI-1 and α1-PI M358R on T7Select10-3b Phage 

3.4.1 Preparing PAI-1 and α1-PI M358R Inserts 

Two separate PCR reactions using Phusion polymerase were performed using PAI-1 

cDNA and pBAD H6α1-PI M358R (CS) plasmid as the templates (See (140) for design of 

pBAD H6α1-PI M358R (CS) plasmid). Primers PAI1T710bS and PAI1T710bAS were 

used for the PAI-1 reaction, while primers M358RT7S and M358RT7AS were used for 

the α1-PI M358R reaction. These primers added a 5’ EcoRI restriction site, followed by a 

serine residue to ensure the insert was in-frame when fused to the T7Select10-3b phage, 

and a 3’ HindIII restriction site. The 1160 bp PAI-1 and 1205 bp α1-PI M358R inserts 

were visualized and purified as in Section 3.1. The purified PCR product was digested 
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with EcoRI and HindIII restriction enzymes and the fragments were visualized on a 1% 

agarose gel, and gel purified using the QIAquick Gel Extraction kit. 

 3.4.2 Ligating Inserts and Packaging into T7Select Phage 

The purified PAI-1 and α1-PI M358R digested DNA products and provided Control Insert 

(coding for the 15 amino acid S-tag) were each ligated to T7Select10-3b Vector Arms as 

per the T7Select System Manual, using T4 DNA Ligase. Each 5 µL ligation product was 

incubated with 25 µL of the provided T7Select Packaging Extract for 2 hours at room 

temperature. The reaction was stopped by the addition of 270 µL LB and 20 µL of 

chloroform before storing the packaged T7Select10-3b phage at 4
o
C. 

3.5 Plaque Assay to Determine Titer of Phage 

5 mL of M9LB was inoculated with BLT5615 E. coli from the provided glycerol stock, 

and was incubated on a shaker at 37
o
C until OD600 = 0.5. Expression of additional 10A 

coat protein was induced with 1 mM IPTG and the culture was incubated on a shaker at 

37
o
C until OD600 = 1.0. A series of dilutions (10

3
-10

7
) of phage samples was prepared 

using LB as the diluent. 250 µL of BLT5615 cells and 100 µL of diluted phage sample 

were pipetted into a 15 mL sterile tube, followed by 3 mL of melted top agarose (see 

T7Select System Manual) and the solution was poured over a prewarmed (37
o
C) 

LB/ampicillin (100 µg/mL) plate. The agarose was allowed to harden before the plates 

were inverted and incubated overnight at room temperature. The phage titer was 

calculated based on the number of plaques visible on the plate, times the dilution, times 

10, to give a titer value expressed in plaque forming units per mL (pfu/mL). Plaques were 

counted using a Bio-Rad Gel Doc XR imager and Quantity One software. 
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3.6 Amplification of T7Select10-3b Phage 

3.6.1 Plate Lysate Method 

The packaged reaction (Section 3.4.2) was centrifuged briefly to separate chloroform. The 

entire packaging reaction was used to infect 1 mL BLT5615 cells (OD600 = 0.5), before 

10 mL of melted top agarose was added. The solution was poured over two LB/ampicillin 

(100 µg/mL) plates, 5 mL each, and the agarose was allowed to harden before the plates 

were inverted and incubated overnight at room temperature. Each plate was covered with 

10 mL Phage Extraction Buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 6 mM MgSO4), 

before incubating the plates at 4
o
C overnight and the eluted phage were combined.  To 

confirm the presence of the introduced PAI-1 or α1-PI M358R inserts, a PCR reaction 

using the HotStarTaq Plus Master Mix was performed with primers PAI1T710bS and 

PAI1T710bAS for the PAI-1 reaction, M358RT7S and M358RT7AS for the α1-PI 

M358R reaction. 1/10 of the final volume of the PCR reaction was a sample of unpurified 

phage lysate. The product was visualized on a 1% agarose gel and gel purified using the 

QIAquick Gel Extraction kit before being sent to MOBIX for sequencing with the above 

primers. The titer of amplified lysates was determined by plaque assay (Section 3.5). 

3.6.2 Liquid Lysate Method 

A 50 mL culture of BLT5615 in LB/ampicillin (100 µg/mL) (induced with 1 mM IPTG 

when OD600 = 0.5, and incubated for an additional 30 minutes) was infected with 10
7
-10

8
 

plaque forming units of desired phage, as per T7Select System Manual. The infected 

culture was incubated at 37
o
C on a shaker until lysis was observed (1 - 4 hours). The 

lysed culture was then centrifuged at 8000 x g for 10 minutes using the Sorvall RC 5B 
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Plus centrifuge and the supernatant (phage lysate) stored at 4
o
C. The titer of amplified 

lysates was determined by plaque assay (Section 3.5). 

3.7 Purifying Phage 

To precipitate phage 1/6 volume of 50% polyethylene glycol 8000 was added to phage 

lysate and the solution was vortexed before incubating on ice at 4
o
C for 2 hours. The 

solution was then centrifuged for 30 minutes and 4
o
C at 10000 x g using the Sorvall RC 

5B Plus centrifuge. The supernatant was decanted and excess liquid was allowed to drain 

before resuspending pellet in 1.2 mL Phage Concentrating Buffer (1 M NaCl, 10 mM 

Tris-HCl pH 8, 1 mM EDTA). The solution was transferred to a 1.5 mL tube and 

centrifuged at 12000 x g for 10 min in Eppendorf Microcentrifuge and the supernatant 

(purified phage) was transferred to a fresh 1.5 mL tube. 

3.8 Detection of Expressed Serpins using Immunoblotted Plaque Lifts 

A plaque assay plate (Section 3.5) were first chilled for 1 hour at 4
o
C before a circular 

nitrocellulose membrane was applied to the plate and removed after 5 minutes. The 

membrane was air dried for 15 minutes at room temperature then blocked with 10 mL 5% 

milk/TBST for 30 minutes with rocking. The blocking solution was replaced with fresh 

10 mL 5% milk/TBST and 1:5000 dilution of either rabbit anti-human PAI-1 antibody or 

HRP-conjugated sheep anti-human α1-PI antibody before the membrane was incubated 

for 2 hours at room temperature with rocking. The membrane was then washed 3 times 

for 5 minutes each with 10 mL TBST. If probing for α1-PI, HRP-conjugated sheep anti-

human α1-PI antibody was developed with 5 mL HRP detection solution per membrane. 
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If probing for PAI-1, the rabbit anti-human PAI-1 antibody solution was replaced with 

fresh 10 mL 5% milk/TBST and 1:5000 dilution of AP-conjugated goat anti-rabbit 

antibody. The nitrocellulose membrane was then incubated for 1.5 hours at room 

temperature with rocking, before washed as described above and developed by the 

addition of NBT/BCIP, (one tablet in 10 mL ddH2O). 

3.9 Unsuccessful Biopanning Methods 

3.9.1 Protease-Coated Well 

The following protocol was adapted from (121). Wells of a microtiter plate were prepared 

by applying 100 µL of 10 µg/mL tPA diluted in TBS per well before incubating for 3 

hours at room temperature, followed by washing the wells three times with 300 µL TBS 

to remove unbound protein. Wells were blocked with 200 µL of 5% milk/TBS per well 

and incubated for 1 hour at room temperature before being washed 5 times with ddH2O. 

1x10
7
 pfu of T7Select10-3b PAI-1 phage from lysate and 90 µL TBST was then added to 

each well. The plate was incubated at room temperature for 1 hour, and then washed 5 

times with 300 µL TBST. Bound phage were eluted by the addition of 200 µL of T7 

Elution Buffer (1% SDS) and incubated for 20 minutes at room temperature. The 200 µL 

solution of eluted phage was used to infect a 50 mL BLT5615 culture, as per Section 

3.6.2. This biopanning process was repeated for at total of 5 rounds. To judge successful 

biopanning a PCR reaction using the HotStarTaq Plus Master Mix was performed with 

primers PAI1T710bS and PAI1T710bAS, where 1/10 of the final volume was a sample of 

phage lysate. The product was visualized on a 1% agarose gel. 
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3.9.2 Antibody-Coated Well 

The following protocol was adapted from (124). Wells of a microtiter plate were prepared 

by applying 100 µL of 10 µg/mL mouse anti-human tPA antibody diluted in 0.1 M 

NaHCO3 pH 8.3 per well before incubating overnight at 4
o
C, followed by washing the 

wells three times with 300 µL TBS to remove unbound protein. Wells were blocked with 

200 µL of 5% milk/TBS per well and incubated for 1 hour at room temperature before 

being washed 5 times with ddH2O. 6 x 10
5
 pfu of T7Select10-3b PAI-1 phage and 

T7Select10-3b Control Phage from lysate were each incubated with 0.3 nM tPA in 300 

µL LB for 1 hour at 37
o
C. Each reaction was applied to a prepared well and incubated for 

2 hours at 37
o
C, before being washed 5 times with TBST. Bound phage were eluted with 

a pH pulse using 50 µL 0.1 M HCl (ph 2.2) per well, incubated for 1 minute then 

neutralized using 5 µL 1 M Tris-HCl pH 8.0, before used to infect a 50 mL culture of 

BLT5615 as per Section 3.6.2. This biopanning process was repeated for a total of 5 

rounds. To judge success of biopanning, PCR was performed as in Section 3.9.1. 

3.9.3 T25-Direct Infection 

The following protocol was adapted from (141). T25 tissue culture flasks were prepared 

by applying 5 mL of 10 µg/mL thrombin diluted in PBS to each before incubating 

overnight at 4
o
C. The flasks were blocked with 5 mL of 0.4% milk/PBS and incubated for 

2 hours at room temperature before being washed 3 times with ddH2O. 2 x10
11

 pfu of 

purified T7Select10-3b α1-PI M358R or T7Select10-3b Control Phage were added to their 

respective flasks before incubating at room temperature for 2 hours with rocking. The 

flasks were then washed 10 times with 5 mL PBST and 5 times with 5 mL ddH2O. 5 mL 



60 

of BLT5615 cells were added (induced with 1 mM IPTG when OD600 = 0.5, incubated for 

an additional 30 minutes) and incubated at 37
o
C with rocking until lysis observed (1-3 

hours). To judge success of biopanning, plaque assays performed as in Section 3.5. 

3.10 Detection of Phage-Expressed Serpin-Enzyme Complexes 

1x10
10

 pfu of purified T7Select10-3b α1-PI M358R and T7Select10-3b Control Phage 

were each mixed with 20 nM thrombin in PBS to a final volume of 50 µL. Separate tubes 

containing only phage and PBS without thrombin were also prepared. The four reactions 

were incubated at 37
o
C for 30 minutes before being loaded into wells of a 1.5 mm 8% 

SDS-PAGE gel. Following electrophoresis the gel was transferred to a nitrocellulose 

membrane using iBlot Gel Transfer Stacks and an iBlot machine as per the 

manufacturer’s instructions, and the membrane was incubated overnight in 3% 

BSA/TBST with rocking. Sheep anti-prothrombin affinity-purified IgG antibody (137), 

which had been biotinylated using a DSB-X Biotin Protein Labeling kit, was diluted 

1/2000 in 10 mL of 3% BSA/TBST and added to the membrane before incubating for 1.5 

hours with rocking. The membrane was then washed 3 times with TBST for 10 minutes 

each. Qdot 625 streptavidin conjugate was diluted 1/2000 in 10 mL of 3% BSA/TBST 

and added to the nitrocellulose membrane and incubated for 1 hour with rocking. The 

membrane was again washed 3 times in TBST for 10 minutes each. The membrane was 

visualized using a Bio-Rad Gel Doc XR under ultraviolet light (302 nm). To compare to 

serpins not fused to T7Select phage, detection was similarly completed using 20 ng 

purified recombinant α1-PI M358R, with or without 50 ng of thrombin, on a separate gel 

and blot. 
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3.11 Generation of α1-PI P2P1 and α1-PI M358R P7-P3 T7Select10-3b Phage 

Libraries 

See Figure 6 for a schematic of how the libraries were generated. 

3.11.1 Preparing pUC19 α1-PI M358R Plasmid for Sub-cloning 

The pUC19 E. coli plasmid was subjected to mini-plasmid DNA extraction and 

purification using the QIAprep Spin Miniprep Kit to isolate it from the DH5α host E. coli 

strain. To isolate DNA coding for α1-PI M358R, a PCR reaction was performed using 

HotStarTaq Plus Master Mix with the plasmid pBAD H6α1-PI M358R (CS) as the 

template. Primers M358RT7S and M358RT7AS were used to add a 5’ EcoRI restriction 

site, followed by a serine residue to ensure the insert was in-frame when inserted into 

phage, and a 3’ HindIII restriction site. These primers did not include the His-tag. The 

"CS" annotation denotes previous modifications to add ClaI and SauI restriction sites 

within the RCL of α1-PI M358R to assist additional modification (140). This annotation is 

not mentioned in future constructs although they also contain the modification. The 1205 

bp PCR product was visualized on a 1% agarose gel before being purified using the 

QIAquick PCR purification kit. The purified α1-PI M358R PCR product and the purified 

pUC19 plasmid were each digested with EcoRI and HindIII restriction enzymes, with 

cow intestine phosphatase added to the pUC19 digestion reaction. The fragments were 

visualized on a 1% agarose gel, and gel purified using the QIAquick Gel Extraction kit. 

The digested α1-PI M358R gel extraction product was ligated into the pUC19 plasmid 

using T4 DNA Ligase, and transformed into DH5α competent E. coli cells. Transformed 

DH5α cells containing the pUC19 α1-PI M358R  
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Figure 6: Construction of α1-PI Phage Libraries. 1) The entire coding region of α1-PI 

M358R was PCR amplified from the pBAD host plasmid, with the addition of a 5’ EcoRI 

restriction site followed by a serine residue to ensure the insert was in-frame when 

inserted into phage, and a 3’ HindIII restriction site. The resulting PCR product was 

inserted into the pUC19 plasmid via EcoRI and HindIII restriction. 2) Degeneracy was 

introduced at either the P2 and P1, or P7-P3 α1-PI codons via PCR mutagenesis with the 

appropriate degenerate primer and a primer which included the upstream PmlI restriction 

site. The resulting PCR product was inserted into the pUC19 α1-PI M358R plasmid via 

PmlI and SauI restriction, and the plasmid library amplified in E. coli. 3) The plasmid 

library was isolated from E. coli and inserted into the T7Select10-3b phage vector arms 

via EcoRI and HindIII restriction. 4) The T7Select10-3b phage vector containing the α1-

PI library was packaged into phage as per manufacturer’s instructions, producing the final 

T7Select10-3b α1-PI phage library. 
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 plasmid were subjected to mini-plasmid DNA extraction and purification using the 

QIAprep Spin Miniprep Kit, before being sent to MOBIX for sequencing with primers 

M358RT7S and M358RT7AS. 

3.11.2 Generation of Plasmid Libraries using PCR Mutagenesis 

A PCR reaction for each desired library was performed using purified pUC19 α1-PI 

M358R as the template. HotStarTaq Plus Master Mix was used with primers LP-PmlI and 

either APIP2P1dgnAS or APIP7P3dnAS, to generate the α1-PI P2P1 and α1-PI M358R 

P7-P3 libraries respectively. These primers introduced silent mutations at amino acid 

P361 (for rationale see Table 1). The products were visualized on a 1% agarose gel 

before being purified using the QIAquick PCR purification kit. PCR products and 

purified pUC19 α1-PI M358R plasmid were each digested with PmlI and SauI restriction 

enzymes, with calf intestine alkaline phosphatase added to the pUC19 α1-PI M358R 

digestion reaction. The fragments were visualized on a 1% agarose gel, and gel purified 

using the QIAquick Gel Extraction kit. The digested α1-PI P2P1 and α1-PI M358R P7-P3 

gel extraction products were each ligated into the pUC19 α1-PI M358R fragment using T4 

DNA Ligase, and each transformed into 50 µL DH5α competent E. coli cells. In order to 

observe the degeneracy of the α1-PI M358R P7-P3 library, 1% of the cells transformed 

with the pUC19 α1-PI M358R P7-P3 plasmid were plated on a LB/ampicillin (100 

µg/mL) agar plate.  

3.11.3 Propagation of Plasmid Libraries 

Rather than the standard protocol of plating transformed cells, the entire volume of 

transformed cells was added to 200 mL LB/ampicillin (100 µg/mL) and incubated 
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overnight at 37
o
C. The pUC19 α1-PI P2P1 and pUC19 α1-PI M358R P7-P3 plasmid 

libraries were each isolated using Plasmid Midi Kit. Each plasmid library was digested 

with EcoRI and HindIII and the fragments were visualized on a 1% agarose gel, and gel 

purified using the QIAquick Gel Extraction kit.  

3.12 Inserting DNA Libraries into T7Select10-3b Phage 

The α1-PI P2P1 and α1-PI M358R P7-P3 EcoRI/HindIII fragments were each ligated to 

T7Select10-3b Vector Arms as per the T7Select System Manual, using T4 DNA Ligase. 

Each 5 µL ligation product was incubated with 25 µL of the provided T7Select Packaging 

Extract for 2 hours at room temperature. The reaction was stopped by the addition of 270 

µL LB and 20 µL of chloroform before storing the packaged T7Select10-3b phage at 4
o
C. 

Libraries were amplified as in Section 3.6.2.  

3.13 Confirming Degeneracy of Libraries 

3.13.1 α1-PI P2P1 Phage Library 

Plaque assays were completed to determine the titer of the amplified libraries, followed 

by immunoblotted plaque lifts to identify plaques expressing the α1-PI insert (Section 3.5 

and Section 3.8). In order to observe the degeneracy of the T7Select10-3b α1-PI P2P1 

library, the top agarose from 5 random plaques expressing the α1-PI insert were scraped 

using a sterile pipette tip, and resuspended in 20 µL ddH2O. The plaque solution was 

incubated at 65
o
C for 15 minutes, cooled to room temperature, and centrifuged at 14000 x 

g for 3 minutes. PCR was performed using 4 µL plaque solution, HotStarTaq Plus Master 

Mix, and primers M358RT7S and M358RT7AS. PCR products were visualized on a 1% 
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agarose gel before being purified using the QIAquick PCR purification kit. Purified PCR 

samples were sent to MOBIX for sequencing with primers M358RT7S and M358RT7AS. 

3.13.2 α1-PI M358R P7-P3 DNA Library 

Prior to inserting sequences into phage, 10 colonies of DH5α containing clones from the 

pUC19 α1-PI M358R P7-P3 plasmid library were randomly selected and amplified in 5 

mL LB/ampicillin (100 µg/mL) incubated overnight at 37
o
C. The colonies were subjected 

to mini-plasmid DNA extraction and purification using the QIAprep Spin Miniprep Kit, 

and sent to MOBIX for sequencing with primers M358RT7S and M358RT7AS.  

3.14 Biopanning Using Magnetic Dynabeads 

See Figure 7 for a schematic of the biopanning procedure used.  

3.14.1 Mock-Biopanning T7Select10-3b α1-PI M358R 

The following protocol was adapted from (122). T7Select10-3b α1-PI M358R was mixed 

1/300 with T7Select10-3b Control Phage, to a final titer of 1x10
10

 pfu/mL based on 

immunoblotted plaque lifts. In a 1.5 mL microcentrifuge tube, lysate containing 1x10
9
 pfu 

of the mixed phage were combined with 0.5 pmol (0.5 nM) thrombin to 1 mL in 3% 

BSA/PBS, and the reaction was incubated at 37
o
C for 30 minutes. A separate tube 

without the addition of thrombin was used as a control. PPACK was added to 10 nM, 

along with 2 µL of biotinylated sheep anti-prothrombin antibody, and incubated at room 

temperature with constant rotating for 30 minutes. 75 µL of streptavidin-coated magnetic 

Dynabeads were added, with an additional 30 minute incubation at room temperature 

with rotating. Tubes were placed against a magnet for 3 minutes, and the supernatant  

 



67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Biopanning Procedure. 1) T7Select10-3b expressing serpin library was 

exposed to thrombin (green block). 2) The solution was exposed to an active site inhibitor 

of thrombin (PPACK) and a biotinylated anti-prothrombin antibody. 3) The solution as 

exposed to streptavidin-coated magnetic beads, and 4) only those phage expressing 

thrombin inhibitory serpin were selected by magnet. 5) The nonspecific phage were 

removed via washing, while selected phage are amplified in a culture of E. coli. 
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containing unbound phage was removed. The beads were washed 5 times with PBST 

(0.05% Tween 20), with each wash step lasting 5 minutes with rotating. Beads were 

resuspended in 500 µL PBS, and added directly to a 35 mL culture of BLT5615 E. coli 

(induced with 1 mM IPTG when OD600 = 0.5, incubated for an additional 30 minutes) in 

LB/ampicillin (100 µg/mL). The infected culture was incubated at 37
o
C on a shaker until 

lysis was observed (1-4 hours). The lysed culture was centrifuged at 8000 x g for 10 

minutes using the Sorvall RC 5B Plus centrifuge. Phage lysate was stored at 4
o
C for the 

next round of biopanning, with a total of 5 rounds performed. Round 5 was completed 

using three different washing protocols. The tubes were replaced after every other wash to 

minimize non-specific binding. 

Wash A: 10 times with PBST (0.05% Tween 20), for 5 minutes each wash with rotating. 

Wash B: 10 times with PBST (1% Tween 20), for 5 minutes each wash with rotating. 

Wash C: 10 times with PBS made to 1M NaCl and 1% Triton X-100, for 5 minutes each 

wash with rotating. 

A 6
th

 round of biopanning was performed using only the “Wash C” method, with or 

without the addition of thrombin. After each round, plaque lifts were immunoblotted as 

described in Section 3.8 in order to assess the quality of enrichment. 

3.14.2 Biopanning α1-PI P2P1 and α1-PI M358R P7-P3 Libraries 

Using the "Wash C" method outlined in Section 3.14.1, biopanning was otherwise 

performed identically, using the T7Select10-3b α1-PI P2P1 and α1-PI M358R P7-P3 

libraries (+/- thrombin). 1x10
9
 pfu of phage were used for each round, or ~20 µL of 

unpurified phage lysate. Phage lysate was stored at 4
o
C for the next round of biopanning. 
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Libraries were annotated as "Rd5 +IIa" if thrombin was added during biopanning or "Rd5 

–IIa" if thrombin was not. 

3.15 Determining Optimal P2 and P1 Residues for Thrombin Inhibition 

3.15.1 Sequencing Plaques from Biopanned α1-PI P2P1 Library 

Following 5 rounds of biopanning, DNA from individual plaques was obtained as 

outlined in Section 3.13.1. A total of 20 plaque PCR reactions from the T7Select10-3b α1-

PI P2P1 library biopanned for 5 rounds with thrombin (P2P1 Rd5 +IIa), and the same 

number from the library biopanned for 5 rounds without thrombin (P2P1 Rd5 –IIa) were 

sent to MOBIX for sequencing, with primer M358RT7AS. 

3.15.2 Inserting Sequences into pBAD Expression Plasmid 

Unique PCR products from Section 3.15.1 and purified pBAD H6α1-PI M358R (CS) 

plasmid were each digested with PmlI and SauI restriction enzymes, with calf intestine 

alkaline phosphatase added to the pBAD H6α1-PI M358R (CS) digestion reaction. The 

fragments were visualized on a 1% agarose gel, and gel purified using the QIAquick Gel 

Extraction kit. Each unique sequence was ligated to the pBAD H6α1-PI M358R (CS) 

vector fragment using T4 DNA Ligase, and transformed into competent Top10 E. coli 

cells.   

3.15.3 ELISA-Based Lysate Screen 

Each unique pBAD H6α1-PI P2P1 construct in Top10 E. coli (Section 3.15.2) was 

individually grown from a glycerol stock in 6 mL LB/ampicillin (100 µg/mL) overnight 

at 37
o
C. Each culture was induced with a final concentration of 0.002% arabinose and 

returned to the shaker for 3 hours to allow for expression of the mutant serpin. A 1 mL 
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sample of cells was harvested and resuspended in 0.5 mL PBS. Each sample of cells was 

lysed using the microtip of a Fisher Scientific Sonic Dismembrator 100, and centrifuged 

at 13000 x g at 4
o
C for 20 minutes. 100 µL of each lysate was applied to microtiter wells 

(in duplicate) that had previously been coated with 5 µg/mL of thrombin, and blocked 

with 5% milk powder/PBST. Lysates were incubated for 1 hour at room temperature, 

washed 3 times with PBST, before 100 µL of a 1/5000 dilution of HRP-conjugated sheep 

anti-human α1-PI antibody in 5% milk powder/PBST was added. The antibody solution 

was incubated for 1 hour at room temperature, washed 3 times, and exposed to TMB 

developing solution as per manufacturer’s instructions.  

3.15.4 Purification and Quantification of Recombinant Proteins 

α1-PI P2P1 mutant P357/M358R (which is identical to α1-PI M358R) and P357/M358P 

were selected for further characterization. 1 L of LB/ampicillin (100 µg/mL) was 

inoculated with Top10 E. coli containing the appropriate pBAD H6α1-PI P2P1 plasmid. 

Each culture was induced with a final concentration of 0.002% arabinose when the OD600 

reached 0.5 and returned to the shaker for 4 hours to allow for expression of the mutant 

serpin. Purification was completed using standard nickel affinity column as in (142), 

although the elution fractions were dialyzed overnight in 20mM sodium phosphate pH 6.8 

prior to ion exchange chromatography using DEAE Sepharose. A NaCl gradient ranging 

from 50 to 200 nM in 20 mM sodium phosphate pH 6.8 was utilized for DEAE Sepharose 

purification. Fractions containing the protein of interest as determined by SDS-PAGE 

were pooled and concentrated using an Amicon Ultra MWCO 10000 centrifugation filter 

and stored at -80°C. Protein concentration was determined by Bradford assay.     
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3.15.5 Gel Based Serpin-Enzyme Complex Assays 

1 μM of α1-PI P2P1 mutants P357/M358R or P357/M358P with 0.2 or 0.5 μM thrombin 

brought to a total volume of 20 μL was incubated at 37
o
C for 1 minute and 5 minute 

intervals. Reactions were stopped with the addition of 4x SDS-PAGE dye. Reaction 

products were electrophoresed on 10% SDS-PAGE gels and stained with Coomassie 

Blue.  

3.16 Determining Optimal P7 to P3 Residues for Thrombin Inhibition 

3.16.1 Inserting Sequences into pBAD Expression Plasmid 

Following 5 rounds of biopanning, a PCR reaction was performed using 2 μL lysate from 

the 5
th

 round (~1.4x10
8
 pfu of Rd5 +IIa biopanned with thrombin, and a separate reaction 

for Rd5 –IIa biopanned without thrombin), HotStar HiFidelity polymerase, and primers 

M358RT7S and M358RT7AS. Following purification, the PCR product was digested and 

inserted into the pBAD H6α1-PI M358R (CS) vector as in Section 3.15.2. Two subsequent 

pBAD H6α1-PI M358R P7-P3 plasmid libraries resulted: one enriched for thrombin 

inhibition (P7-P3 Rd5 +IIa), and the other acting as a negative control (P7-P3 Rd5 –IIa). 

Each was transformed into competent Top10 E. coli cells.     

3.16.2 ELISA-Based Lysate Screen 

Randomly selected colonies that had been transformed with either the pBAD H6α1-PI 

M358R P7-P3 Rd5 +IIa or Rd5 –IIa plasmid library were analyzed as per Section 3.15.3. 

80 colonies were selected from the Rd5 +IIa library, and 40 colonies were selected from 

the Rd5 –IIa library. Colonies which indicated a greater level of thrombin complexing 

than the α1-PI M358R protein were screened a second time using this method.   
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3.16.3 Sequencing Biopanned α1-PI M358R P7-P3 Library 

3.16.3.1 Randomly Selected Plaque Method 

DNA from individual plaques was obtained as outlined in Section 3.13.1. A total of 40 

plaque PCR reactions were sent to MOBIX for sequencing with primer M358RT7AS, 

from each of the T7Select10-3b α1-PI M358R P7-P3 Rd5 +IIa and Rd5 –IIa libraries. 

3.16.3.2 Sequencing based on ELISA-Based Lysate Screen Results 

Colonies which indicated a greater level of thrombin binding than the α1-PI M358R 

protein were subjected to mini-plasmid DNA extraction and purification using the 

QIAprep Spin Miniprep Kit. Samples were then sent to MOBIX for sequencing, using the 

pBAD specific primer pBADrev. Unique sequences were input into ConSurf to quantify 

amino acid conservation at each position in order to observe trends, using α1-PI M358R 

as the template sequence and PDB ID 1OPH as the template structure (138). 

3.16.4 Purification and Quantification of Recombinant Proteins 

α1-PI M358R P7-P3 mutants of interest were selected based on their apparent thrombin 

inhibitory activity (Section 3.16.2) and the frequency in which they appeared in 

sequencing results (Section 3.16.3). Five mutants were ultimately selected and purified as 

in Section 3.15.4. Final protein concentration was determined using a Thermo Scientific 

NanoDrop Spectrophotometer, calibrated to the extinction coefficient for α1-PI (19940 M
-

1
 s

-1
) and molecular weights unique to each mutant protein.  

3.16.5 Gel Based Serpin-Enzyme Complex Assays 

Assays were completed as in Section 3.15.5 for α1-PI M358R P7-P3 mutants of interest. 
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3.16.6 Kinetic Analysis of α1-PI M358R P7-P3 Mutants of Interest  

α1-PI M358R P7-P3 mutants of interest or native α1-PI M358R (200 nM) were incubated 

with thrombin (10 nM), in PPNE buffer (20 mM Na2HPO4, pH 7.4, 100 nM NaCl, 0.1 

mM EDTA, 0.1% polyethylene glycol 8000) for up to 70 seconds with 10 second 

intervals. Chromagenic substrate S2238 was added to 10 μM for native α1-PI M358R or 

25 μM for α1-PI M358R P7-P3 mutants to improve the accuracy of results by slowing the 

reaction between serpin and thrombin. Reactions were quenched with chromogenic 

substrate (150 μM S2238) to determine residual protease activity. The change in 

absorbance over 5 minutes at 405 nm was measured with a BioTek EL808 plate reader 

and second order rate constants (k2) were determined. This was performed by graphing 

the time in seconds (x-axis) by ln(Po/Pt) (y-axis): Po, initial thrombin activity; Pt, 

thrombin activity at time t. Linear regression was performed; data were only included in 

cases where the regression coefficient (R
2
) ≥ 0.9.  The slope was used in the equation 

k2=slope/[serpin]x(1+[S2238 to slow rxn]/Km), where the Km was determined previously 

to be 2.9 μM by Jason Sutherland in his PhD thesis (McMaster University, 2007). 

Stoichiometries of thrombin inhibition (SI) of the recombinant serpins were determined 

by incubating inhibitor (range of concentration 0-500 nM initially, then focused to 

100nM, 75nM, 50nM, and 25nM) with 50 nM thrombin for two hours at room 

temperature, proteins diluted in PPNE. This reaction was quenched with 150 μM 

chromogenic substrate S2238. Residual thrombin activity was measured by reading the 

absorbance at 405 nm over 5 minutes. The number of serpin molecules required to inhibit 
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one molecule of thrombin was calculated by plotting the percent activity of thrombin vs 

the ratio of serpin to thrombin. 

3.17 Molecular Modeling of α1-PI Interactions with Thrombin 

The following files were imported into PyMOL, with waters and other non-amino acids 

removed: Encounter complex between α1-PI M358R and S195A trypsin (PDB ID 1OPH), 

encounter complex between HCII and S195A thrombin (PDB ID 1JMO). Thrombin’s 

amino acid 195 was mutated back to the wild type serine. HCII was selected due to its 

similar P2 proline residue, and when aligned it had the smallest root-mean-square 

deviation (RMSD) compared to AT and PN1 thrombin encounter complexes (PDB ID 

2BEH and 4DY7), calculated by the PyMOL align command. The RCL residues P7-

P3’ of α1-PI M358R and HCII were aligned, which placed α1-PI M358R in a comparable 

orientation within the active site of thrombin (RMSD = 0.227Å). Due to irresolvable 

steric clashes between α1-PI M358R and thrombin the following mutations were 

introduced using PyMOL in α1-PI M358R: R282G, S283G; and in thrombin: R221a 

rotated 97
o
. To generate P7-P3 mutants of interest, mutations were manually introduced 

using PyMOL with mutant residues rotated to limit the steric clashes. Mutants were 

selected based on their kinetic data and on consensus sequences in sequenced plaques and 

mutants with improved thrombin binding. The α1-PI-thrombin encounter complexes were 

exported as PDB files and loaded into the ZMM program. The ZMM program was 

modified to accept multiple ligand identifiers, and the ligand was defined as α1-PI 

residues P7-P3’ (352-361). Full-fledged Monte Carlo minimizations (MCM) were 

completed using ZMM as outlined in (143), 5000 MCM of a single trajectory.  
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4. RESULTS 

4.1 Purification of H6PAI-1 from E. coli Inclusion Bodies   

The protocol developed by (139) with modifications as described in Section 3.2 

was applied. Sonicated bacterial cells were subjected to denaturing to free H6PAI-1 

believed to be contained within inclusion bodies, and purified via SP-Sepharose column. 

5 fractions eluted from the SP-Sepharose column with 0.75 M and 1 M NaCl buffer were 

pooled, as described in section 3.2.3. A Bradford assay determined the concentration to 

be 0.5 mg/mL, indicating 0.375 mg of refolded H6PAI-1 was retrieved from a 500 mL 

culture. Comparatively, sonicated bacteria not subjected to denaturing but purified via 

nickel column and SP-Sepharose column yielded a pooled fraction containing 2.3 mg/mL 

Soluble H6PAI-1, or 3.45 mg from a 500 mL culture.  

4.2 Purified H6PAI-1 Forms SDS Stable Complexes with tPA 

H6PAI-1 purified from inclusion bodies or soluble H6PAI-1 was incubated with 

tPA and SDS-PAGE gel electrophoresis was performed. The H6PAI-1 purified from 

inclusion bodies effectively formed SDS stable serpin-enzyme complexes, while only a 

small fraction of soluble H6PAI-1 was capable of forming serpin-enzyme complexes 

(Figure 8). Refolding of soluble H6PAI-1 was not attempted as for the purposes of this 

study as the objective to retrieve functional PAI-1 protein was met.  

4.3 Expression of PAI-1 and α1-PI M358R on T7Select10-3b Phage 

The PAI-1 and α1-PI M358R inserts were successfully separately cloned into 

T7Select10-3b phage, fusing it to the C-terminus of the 10B coat protein, with the correct 
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Figure 8: Purified H6PAI-1 Forms SDS Stable Complexes with tPA. Lane 1, 1 uM 

tPA; Lane 2, 5 µM purified soluble H6PAI-1; Lane 3, 5 µM purified H6PAI-1 from 

inclusion bodies; Lane 4, PageRuler Protein Ladder (Fermentas); Lane 5-7, 5 µM 

purified soluble H6PAI-1 and 1 uM tPA incubated for 5, 10 and 20 min at 37
o
C; Lane 8-

10, 5 µM purified H6PAI-1 from inclusion bodies and 1 uM tPA incubated for 5, 10 and 

20 min at 37
o
C. Each well volume is 33 µL. SEC, serpin-enzyme complex; E, enzyme; S, 

unreacted serpin; CS, cleaved serpin. Molecular weight markers are shown in kDa. 
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DNA sequence confirmed by PCR amplification from phage lysate. An immunoblotted 

plaque lift confirmed the presence of PAI-1 and α1-PI M358R on the surface of phage 

particles prior to biopanning, with an average of 2% of phage detectably expressing PAI-

1 or 13% of phage detectably expressing α1-PI M358R (Figure 9). Sequencing of plaques 

which did not detectably express serpin protein indicated that they also contained the 

inserted sequence (data not shown). This suggests that either the copy number expressed 

by those plaques was too low to detect by immunoblot, or these plaques did not express 

the serpin for an undefined reason. 

4.4 Phage-Expressed α1-PI M358R Forms a Stable Serpin-Enzyme Complex with 

Thrombin 

Thrombin was incubated with samples of purified T7Select10-3b α1-PI M358R and 

T7Select10-3b Control Phage. SDS-PAGE gel electrophoresis and immunoblotting using 

a biotinylated antibody to thrombin was performed, and the nitrocellulose membrane 

exposed to streptavidin-conjugated nanocrystals that were illuminated by UV light. This 

process revealed the presence of phage-expressed α1-PI M358R-thrombin complexes at 

approximately 124 kDa (Figure 10). This was the expected size of the full complex as α1-

PI M358R is fused to the surface of T7Select10-3b phage (10B coat protein 398 amino 

acids/42 kDa, α1-PI M358R 394 amino acids/45 kDa, thrombin 295 amino acids/37 kDa). 

No such complexes were observed without the addition of thrombin, nor were they 

observed in incubations between T7Select10-3b Control Phage and thrombin. 

Recombinant native α1-PI M358R was also able to form a complex with thrombin, 

detected using the same methods on a separate immunoblot. 
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Figure 9: Immunoblotted Plaque Lifts A) Detection of T7Select10-3b Expressing 

PAI-1. i) Plaque assay of amplified T7Select10-3b PAI-1 phage, ~2040 plaques. ii) 

Immunoblotted plaque lift of plate shown in i), 26 visible hits indicating expression of 

PAI-1. Average detected expression of PAI-1 found to be ~2% of plaques. B) Detection 

of T7Select10-3b Expressing α1-PI M358R. i) Plaque assay of amplified T7Select10-3b 

α1-PI M358R phage, ~1340 plaques. ii) Immunoblotted plaque lift of plate shown in i), 

206 visible hits indicating expression of α1-PI M358R. Average detected expression of 

α1-PI M358R found to be ~13% of plaques.    
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Figure 10: Detection of Phage-Expressed Serpin-Enzyme Complexes. 1x10
10

 pfu of 

purified T7Select10-3b α1-PI M358R and T7Select10-3b Control Phage were each 

incubated with or without 20 nM thrombin (50 µL reaction), before immunoblotted with a 

biotinylated anti-prothrombin antibody. Complex formation was detected only between 

T7Select10-3b α1-PI M358R phage and thrombin (~124 kDa). Purified α1-PI M358R 

protein-thrombin complexes are indicated for reference (~82 kDa), detected using the 

same methods on a separate immunoblot (20 ng α1-PI M358R, with 50 ng of thrombin). 

Molecular weight markers are shown in kDa. 
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4.5 Generation of α1-PI P2P1 and α1-PI M358R P7-P3 T7Select10-3b Libraries 

Mutagenesis required to generate both the α1-PI P2P1 and α1-PI M358R P7-P3 

libraries was accomplished using PCR mutagenesis to introduce every possible codon 

combination at desired sites: amino acids 357 and 358 for the P2P1 library, and amino 

acids 352 through to 356 for the P7-P3 library. The resulting α1-PI P2P1 library therefore 

contained 21
2
 or 441 possible mutants, while the α1-PI M358R P7-P3 library contained 

21
5
 or 4,084,101 possible mutants.  The pUC19 plasmid in E. coli was used to amplify the 

amount of DNA to assist with insertion into T7Select10-3b bacteriophage. The supplier 

of the degenerate primer noted that the manufacturing process introduced a nucleotide 

bias within the degenerate region, with a T>G>C>A ratio of approximately 30:26:24:20, 

instead of the natural 25:25:25:25. As this was the reverse primer, A would be expected 

to occur 10% more often within codons than T. The potential amino acid frequency is 

summarised in Figure 11A, with arginine expected to represent the most codons with a 

frequency of 10%, and tryptophan expected to represent the least with a frequency of 1%. 

The successful creation of each library was determined by DNA sequencing prior to 

biopanning, which indicated that the correct mutations were introduced (Figure 11B, 

11C). Amino acids proline and leucine were observed in higher frequencies than expected 

in the sampled sequences, suggesting a bias for codons containing C instead of the 

expected frequencies noted in Figure 11A. No contamination with α1-PI DNA sequences 

commonly used in the laboratory was also confirmed, as the silent mutation introduced at 

amino acid P361 was specific to the phage library construction scheme: CCC to CCA for 

the P2P1 library, and CCC to CCG for the P7-P3 
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Figure 11: Confirmatory Sequencing of α1-PI Libraries A) Expected Amino Acid 

Frequency in Degenerate Region. Based on a T>G>C>A ratio of approximately 

30:26:24:20 within the degenerate region of the reverse primers used to construct the 

libraries. B) Randomly Selected α1-PI P2P1 Sequences before Biopanning. Five 

T7Select10-3b plaques containing the α1-PI P2P1 insert each had a unique P2P1 

sequence. C) Randomly Selected α1-PI M358R P7-P3 Sequences before Biopanning. 

Ten pUC19 plasmids containing the α1-PI M358R P7-P3 insert each had a unique P7-P3 

sequence. Clone 1 and 9 contained a mixed signal within the degenerate region but the 

introduced C to G silent mutation at P361 was observed, indicative of the correct library 

construction. Residues coloured based on their physiochemical properties (57). 
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library. P7-P3 Clone 1 and 9 contained a mixed signal but the introduced C to G silent 

mutation at P361 was observed, indicative of correct library construction. 

4.6 Mock-Biopanning T7Select10-3b α1-PI M358R 

A novel protocol for biopanning was developed in order to select only the T7Select10-3b 

phage which expressed functional α1-PI M358R, out of a background of inactive 

T7Select10-3b Control Phage (1/300 mix). The protocol centered on the use of a 

biotinylated antibody to prothrombin (that also reacted with thrombin) and streptavidin-

coated magnetic beads, so that in theory only the phage which formed a stable serpin-

enzyme complex with thrombin would be retrieved and amplified. As a proof of concept, 

the 1/300 mixture of α1-PI M358R phage to inactive control phage was biopanned for 5 

rounds, with or without the addition of thrombin for the first two rounds. The biopanning 

procedure ultimately resulted in a successful enrichment in the percentage of T7Select10-

3b α1-PI M358R in the mixture, approximately 4% per round as determined by 

immunoblotted plaque lift (Figure 12). No enrichment was observed when the phage 

mixture was biopanned without the addition of thrombin. In order to improve enrichment 

and to remove a greater percentage of non-specific phage, the protocol was refined for the 

5
th

 round of biopanning. The use of a more stringent washing protocol, the “Wash C” 

method, improved biopanning significantly resulting in an approximate enrichment of 

15% in only a single round. A 6
th

 round of biopanning using the Wash C method 

confirmed that it was able to decrease non-specific binding compared to the original 

washing methods, and therefore was chosen as the biopanning method for the P2P1 and 

P7-P3 libraries.    
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Figure 12: Enrichment of α1-PI M358R during Mock-Biopanning. The amount of 

phage expressing the α1-PI M358R protein was enriched after each round of biopanning 

with thrombin, as detected by immunoblotted plaque lift. The number of plaques 

expressing α1-PI M358R is represented as a percentage of the total plaques. Biopanning 

without thrombin (–IIa) resulted in no enrichment. Refinement of the washing methods 

increased the enrichment in rounds 5 and 6, while decreasing the amount of non-specific 

binding. 
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4.7 Determining Optimal P2 and P1 Residues for Thrombin Inhibition 

4.7.1 Sequencing Plaques from Biopanned α1-PI P2P1 Library  

Following 5 rounds of biopanning the T7Select10-3b α1-PI P2P1 library either 

with thrombin (Rd5 +IIa) or without thrombin (Rd5 –IIa), the RCL sequences from 20 

randomly selected plaques from each biopanned library were determined (Figure 13). 

The P2P1 mutant P357/M358R, which is identical to α1-PI M358R, appeared with a 50% 

frequency in the Rd5 +IIa plaques and did not appear in any Rd5 –IIa plaques. Codon 

usage varied between the P357/M358R sequences. The P2P1 mutant P357/M358P 

appeared with a 20% frequency in the Rd5 +IIa sequenced plaques, and in 55% of Rd5 –

IIa plaques. The remaining novel P2P1 sequences did not appear in more than 10% of 

sequenced plaques and no other sequence was found to overlap between the two 

biopanned libraries. Mutant “QDSN” appeared due to an unintended point mutation 

introduced at P2’, resulting in the mutation L360N at this position in addition to the novel 

P2P1 sequence. 

4.7.2 ELISA-Based Lysate Screen of Unique α1-PI P2P1Sequences 

An ELISA-based screen was employed to semi-quantitatively assess the ability of 

each α1-PI P2P1 mutant to bind to immobilized thrombin. Each unique mutant identified 

by sequencing plaques was inserted into an arabinose inducible E. coli expression 

plasmid. Following induction of α1-PI P2P1 production, cultures were lysed and the 

lysate incubated directly on thrombin-coated microtiter wells. Unbound protein was 

washed away and remaining α1-PI P2P1 protein was detected using an HRP-conjugated 

antibody.  



91 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Frequencies of α1-PI P2P1 Sequences after Biopanning. After biopanning 

the T7Select10-3b α1-PI P2P1 library for five rounds either with thrombin (+IIa) or 

without thrombin (-IIa) 20 plaques were sequenced from each biopanned library. The 

P2P1 mutant “PR”, which is identical to α1-PI M358R, appeared in 50% of plaques 

biopanned with thrombin, and did not appear in the library biopanned without thrombin. 

The P2P1 mutant “PP” appeared in 55% of plaques biopanned without thrombin, and 

20% of plaques biopanned with thrombin. Mutant “QDSN” was the result of a point 

mutation at the P2’ codon, resulting in a mutant P2P1 and P2’ sequence, while 

maintaining the wild type P1’ serine residue. 
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Only the P357/M358R mutant protein was able to bind to the thrombin coated wells, with 

an identical efficiency as separately produced α1-PI M358R lysate (Figure 14). 

4.7.3 Gel Based Serpin-Enzyme Complex Assays 

The P2P1 mutants P357/M358R and P357/M358P were selected for further 

characterisation based on their frequency in sequenced plaques. To determine if these 

mutants were capable of forming a SDS-stable serpin-enzyme complex with thrombin, 

DNA was amplified from phage and inserted into an arabinose inducible E. coli 

expression plasmid. It should be noted that the mutant P357/M358R has an identical 

protein sequence to α1-PI M358R but the codons used at the mutant positions were unique 

to the phage-derived sample.  Recombinant P357/M358R and P357/M358P mutant 

proteins were then purified using a nickel affinity column and a DEAE sepharose column. 

Equimolar amounts of each serpin were incubated with thrombin, and complex formation 

was assessed via SDS-PAGE electrophoresis. Serpin-enzyme complexes were observed 

between the P357/M358R mutant and thrombin, while no complex formation was 

observed in reactions with the P357/M358P mutant (Figure 15). As such, the optimal α1-

PI P2P1 sequence for thrombin inhibition was determined as P357/M358R, which had 

previously been identified as reasonably rapid thrombin inhibitor and was known to 

match the substrate specificity of thrombin (21, 90). 
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Figure 14: Amount of α1-PI P2P1 Mutant Protein Bound to Thrombin. E. coli cells 

containing expression plasmids for each corresponding mutant were lysed, and exposed to 

thrombin coated wells. The relative amount of each serpin protein bound to thrombin is 

represented as an OD450 value on the y-axis (i.e. amount of anti-α1-PI antibody bound). 

Only the “PR” mutant, which is identical to α1-PI M358R, was found to bind to thrombin 

effectively. Mutant “QDSN” was the result of a point mutation at the P2’ codon, resulting 

in a mutant P2P1 and P2’ sequence, while maintaining the wild type P1’ serine residue. 

Each mutant was tested in duplicate, error bars represent SD. 
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Figure 15: Serpin-Enzyme Complexes between α1-PI P2P1 mutant P357/M358R and 

Thrombin. P2P1 mutants P357/M358R and P357/M358R (at 1 μM) were incubated with 

thrombin (indicated as “IIa” at 0.2 μM) for one minute or five minutes at 37
o
C before the 

reaction was stopped with 4x SDS dye. These samples were then electrophoresed on a 

10% SDS-PAGE gel and stained with Coomassie Blue. SEC, serpin-enzyme complex; S, 

unreacted serpin; CS, cleaved serpin; E, enzyme. Molecular weight markers are shown 

and labeled in kDa.   
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4.8 Determining Optimal P7 to P3 Residues for Thrombin Inhibition 

4.8.1 Sequencing Plaques from Biopanned α1-PI M358R P7-P3 Library  

The optimal P2 and P1 residues for α1-PI’s ability to inhibit thrombin were found 

to be proline and arginine respectively, as determined by biopanning the α1-PI P2P1 

library. These residues were therefore maintained in the P7-P3 library (T7Select10-3b α1-

PI M358R P7-P3). Following 5 rounds of biopanning the T7Select10-3b α1-PI M358R 

P7-P3 library, with thrombin (Rd5 +IIa) or without thrombin (Rd5 –IIa), 40 plaques were 

randomly selected from each of the Rd5 +IIa and Rd5 –IIa libraries. The P7-P3 sequences 

within these plaques were determined in order to look for trends, such as certain 

sequences appearing frequently and conservation of physiochemical properties between 

residues at a certain position (Figure 16). The sequences from the Rd5 +IIa library were 

highly diverse with 33 unique sequences out of 40 plaques, fitting the general trend: P7-

Not Aromatic/P6-Hydrophobic/P5-T or S/P4-Hydrophobic/P3-Not Aromatic. This 

matches thrombin’s known specificity and also fits the general serpin trend to have 

hydrophobic residues at the P6 and P4 positions (21, 26). Named after the P7-P3 

sequence, the following mutants appeared in more than one sequenced plaque: DITMA, 

DAFVT, QPPPS, PLFVS, SLELK, NLIPT. A consensus sequence based on the amino 

acid appearing most frequently at a given position was found to be DLTVS, although it 

did not appear in any of the sequenced plaques. 

 The sequences from the Rd5 –IIa library had poor diversity, with only 10 unique 

sequences out of 40 plaques, and no discernable trends were observed. One sequence, 

PKSEG, was also found in the Rd5 +IIa sequenced plaque samples.   
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Figure 16: P7-P3 Sequences from Plaques following Biopanning A) Randomly 

Selected T7Select10-3b α1-PI M358R P7-P3 Plaque Sequences after Biopanning with 

Thrombin. 33 unique sequences were found out of 40 plaques. A total of 53 plaques 

were sequenced, with nine PCR or sequencing failures, three plaques containing the 

original M358R sequence identified due to the unmodified P361 codon, and one plaque 

containing a sequence with a stop codon. Consensus sequence: DLTVS B) Randomly 

Selected T7Select10-3b α1-PI M358R P7-P3 Plaque Sequences after Biopanning 

without Thrombin. 10 unique sequences were found out of 40 plaques. A total of 43 

plaques were sequenced, with three PCR or sequencing failures. Plaques numbered in 

order out of the total number of plaques screened. Note that these numbers do not match 

sequences in Table 2. Amino acid sequences were aligned using ClustalW 2.0 and 

displayed using Jalview 2.8 (55, 56). Residues coloured based on their physiochemical 

properties (57). 
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4.8.2 ELISA-Based Lysate Screen as a “6
th

 Round” of Biopanning 

Due to the high sequence diversity remaining after five rounds of biopanning, an 

ELISA-based screen was employed to semi-quantitatively assess thrombin binding 

activity of randomly selected α1-PI M358R P7-P3 mutant proteins. To better represent the 

results of biopanning this larger library random sequences from the Rd5 +IIa and Rd5 –

IIa were retrieved via PCR of the phage lysate rather than individual plaques, allowing for 

a greater number of candidate sequences to be screened. Sequences were inserted into an 

arabinose inducible E. coli expression plasmid. After transforming the plasmid libraries 

into competent E. coli cells, 80 colonies containing the Rd5 +IIa sequences and 40 

colonies containing the Rd5 –IIa sequences were randomly selected. The lysate from 

these colonies was applied in duplicate to thrombin coated wells, incubated then washed 

to remove non-specific binding, before being probed with an anti-α1-PI antibody to 

observe the amount of bound α1-PI M358R P7-P3 protein. Samples which initially 

indicated thrombin binding greater than α1-PI M358R were analysed again to confirm 

their activity. Out of the 80 Rd5 +IIa colonies screened, 27 were found to have greater 

thrombin binding than α1-PI M358R, while none of the 40 Rd5 –IIa colonies had 

thrombin binding activity greater than α1-PI M358R (Figure 17). Colonies with improved 

thrombin binding activity were then sequenced, yielding 22 unique P7-P3 sequences with 

greater activity than α1-PI M358R (Table 2). Six of these 22 sequences were previously 

found when sequencing random plaques from Rd5 +IIa, as indicated in Section 4.8.1. 

Based on this semi-quantitative ELISA-based screen, the top sequence AAFVS indicated 

a level of thrombin binding 3-fold greater than α1-PI M358R.  
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Figure 17: Amount of α1-PI M358R P7-P3 Mutant Protein Bound to Thrombin 

Relative to α1-PI M358R. A) From Sequences Biopanned with Thrombin (Rd5 +IIa). 

Out of 80 colonies 27 indicated an improved level of thrombin binding over α1-PI 

M358R. B) From Sequences Biopanned without Thrombin (Rd5 –IIa). None of the 40 

selected samples had thrombin binding activity greater than α1-PI M358R. Each sample 

performed in duplicate, with samples that showed an initially greater level of thrombin 

binding repeated. Error bars represent SD. 
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Table 2: α1-PI M358R P7-P3 Sequences Found to Have Greater Thrombin Binding 

Activity than α1-PI M358R. OD450 is the mean value out of two determinations, each 

performed in duplicate. “vs α1-PI M358R” is the relative amount of thrombin binding 

versus unmodified α1-PI M358R, and ranked out of 27. “40seq” notation marks whether 

the sequence appeared in the 40 randomly sequenced plaques; six out of the 22 unique 

sequences matched those found in plaques. Consensus sequence: LATVS. Colonies 

numbered in order out of the 80 Rd5 +IIa colonies screened. Note that these numbers do 

not match plaque sequences in Figure 16. Displayed using Jalview 2.8 and residues 

coloured based on their physiochemical properties (56, 57).  
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Colony P7-P3 OD450 
vs α1-PI 
M358R  

Rank 40seq 

α1-PI M358R 

 

0.71 1.00 - 
 

+27 2.13 3.01 1   
+46 1.84 2.61 2   
+51 1.58 2.23 3 * 
+60 1.53 2.16 4   
+52 1.51 2.13 5   
+23 1.48 2.09 6   
+67 1.41 1.99 7 * 
+30 1.35 1.90 8   
+66 1.24 1.75 9   
+19 1.16 1.64 10 * 
+32 1.15 1.63 11   
+58 1.12 1.59 12 * 
+4 1.12 1.59 13 * 
+39 1.10 1.55 14   
+38 1.09 1.54 15   
+2 1.07 1.51 16   
+42 1.05 1.49 17   
+5 1.05 1.48 18   
+35 1.04 1.48 19   
+56 1.02 1.45 20   
+17 1.00 1.42 21 * 
+22 1.00 1.42 22   
+31 0.97 1.37 23   
+28 0.96 1.36 24 * 
+33 0.91 1.28 25   
+72 0.84 1.19 26   
+15 0.77 1.08 27 
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4.8.3 Analysis of Sequences with Improved Thrombin Binding 

A trend within sequences with improved thrombin binding was observed, 

matching the trend initially observed in the 40 randomly sequenced Rd5 +IIa plaques;  

P7-Not Aromatic/P6-Hydrophobic/P5-T or S/P4-Hydrophobic/P3-Not Aromatic. A 

consensus sequence based on the amino acid appearing most frequently at a given 

position was found to be LATVS, which varied slightly from the consensus sequence 

DLTVS determined from randomly sequenced Rd5 +IIa plaques. Again this consensus 

sequence did not appear in any of the sequenced plasmids. The 22 unique sequences with 

improved thrombin binding were uploaded to ConSurf (138). This bioinformatics 

program is typically used to help determine evolutionary conservation within proteins, 

indicative of a functional significance. For the purposes of this study, ConSurf scored 

each RCL position P7 through to P3 based on amino acid conservation within the 

sequences with improved thrombin binding (Figure 18). Positions P6 and P5 were found 

to be highly conserved, position P4 was found to be moderately conserved, position P3 

was found to be moderately variable, and position P7 was found to be highly variable. 

4.9 Functional Characterisation of α1-PI M358R P7-P3 Mutants of Interest 

4.9.1 Selecting Mutants of Interest 

α1-PI M358R P7-P3 Mutants AAFVS and EISLQ were selected solely based on 

the results of the ELISA-based screen, as they indicated the best and second best 

thrombin binding activity respectively. Mutants DITMA, EATVS, and HATVS were 

selected based on both their increased activity versus α1-PI M358R in the ELISA-based  

screen, and that they appeared within the sequenced Rd5 +IIa plaques several times, or 
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Figure 18: Frequencies of Each Amino Acid for α1-PI M358R P7-P3 Sequences 

found to have Greater Thrombin Binding Activity than α1-PI M358R. The outside 

circles represent the number of times a designated amino acid appeared at the indicated 

RCL position, while the interior circle represents the level of conservation at each site, as 

determined by ConSurf (138). The general trend required for optimal thrombin inhibition 

was determined as: P7-Not Aromatic/P6-Hydrophobic/P5-T or S/P4-Hydrophobic/P3-Not 

Aromatic. Positions P6 and P5 were found to be highly conserved, position P4 was found 

to be moderately conserved, position P3 was found to be moderately variable, and 

position P7 was found to be highly variable. 22 unique sequences, with residues coloured 

based on their physiochemical properties (57). 
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were similar to a sequence which was also represented in this group. EATVS did not 

appear in Rd5 +IIa sequenced plaques, but appeared twice in colonies with improved 

thrombin binding. Additionally, EATVS only differed from HATVS at the P7 position 

and therefore offered an opportunity to determine the functional significance of this RCL 

position.  

4.9.2 Gel Based Serpin-Enzyme Complex Assays 

Grown using the same colonies analysed in the ELISA-based lysate assay, 

recombinant α1-PI M358R P7-P3 mutants DITMA, AAFVS, EISLQ, EATVS and 

HATVS were purified using a nickel affinity column and a DEAE sepharose column 

(from colonies +19, +27, +46, +66 and +67 respectively). The total purified protein 

retrieved from a 1 L culture of each α1-PI M358R P7-P3 mutant, as determined by the 

extinction coefficient method, were as follows: DITMA 0.53 mg/L of bacterial culture, 

AAFVS 0.72 mg/L, EISLQ 0.60 mg/L, EATVS 0.70 mg/L, HATVS 0.60 mg/L. Each 

purified serpin was incubated individually with thrombin for one minute, and complex 

formation was assessed via SDS-PAGE electrophoresis. Serpin-enzyme complexes were 

observed between each of the α1-PI M358R P7-P3 mutants and thrombin, which provided 

a qualitative measure of their effectiveness as thrombin inhibitors (Figure 19; HATVS 

data not shown). A faint band which appeared just below the ~45 kDa serpin band 

suggested cleaved serpin product, although the majority of serpin protein formed a stable 

serpin-enzyme complex. 

4.9.3 Kinetic Analysis of α1-PI M358R P7-P3 Mutants of Interest  

The second order rate constants (k2) of thrombin inhibition were determined for 
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Figure 19: Formation of Serpin-Enzyme Complexes between α1-PI M358R P7-P3 

Mutants and Thrombin. Each serpin (at 1 μM) was incubated with thrombin (indicated 

as “IIa” at 0.5 μM) for one minute at 37
o
C before the reaction was stopped with 4x SDS 

dye. These samples were then electrophoresed on a 10% SDS-PAGE gel and stained with 

Coomassie Blue. SEC, serpin-enzyme complex; S, unreacted serpin; CS, cleaved serpin; 

E, enzyme. Molecular weight markers are shown and labeled in kDa.  
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each of the α1-PI M358R P7-P3 mutants of interest and for unmodified α1-PI M358R 

(Table 3). The α1-PI M358R P7-P3 mutants DITMA and AAFVS were each found to 

have an approximately 2-fold enhancement in the rate of reaction with thrombin, as 

compared to α1-PI M358R. The mutant EISLQ was found to have a 1.6 fold improvement 

over α1-PI M358R, while mutants EATVS and HATVS did not have significantly 

increased rates of thrombin inhibition. The second order rate constant determined 

independently for α1-PI M358R in this study matches previous published data (97). 

 The stoichiometry of inhibition (SI) was determined for each of the α1-PI M358R 

P7-P3 mutants of interest and for unmodified α1-PI M358R (Table 4). This value 

provides a measure of how many moles of serpin are required to inhibit one mole of 

thrombin (26). The SI values for mutants DITMA and AAFVS were found to be 

significantly lower than the SI of α1-PI M358R, approaching the theoretical minimum of 

1, while the other selected mutants did not show a significant difference compared to α1-

PI M358R. 

4.10 Molecular Modeling of α1-PI Interactions with Thrombin 

  Based on the crystal structures of serpin-enzyme encounter complexes, computer 

assisted modeling was used to help identify interactions between α1-PI mutants and 

thrombin. As α1-PI has not been crystallised with thrombin, models were built based upon 

the closest matching encounter complexes: α1-PI M358R with S195A trypsin (PDB ID 

1OPH); and HCII with S195A thrombin (PDB ID 1JMO). Models were then minimised 

using ZMM, which revealed the interactions between α1-PI’s RCL residues P7-P3’ with 

both thrombin and other α1-PI residues (Figure 20 details P7-P3 interactions).  
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Table 3: Second Order Rate Constant of Thrombin Inhibition. The mean ± SD of 5 

determinations is reported. Statistical significance compared to α1-PI M358R was 

determined by Tukey-Kramer Multiple Comparisons test. “ns” not significant. The rate 

for wild type α1-PI was determined by Sutherland et al. (2006) (105). 
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 Protein k2 (x 105 M-1s-1) Significance 

  α1-PI  0.0005 ± .00003 - 

  α1-PI M358R 4.86 ± 0.43 - 

α1-PI 
M358R 
P7-P3 

DITMA 10.0 ± 0.68 *** P<0.001 

AAFVS 10.1 ± 0.73 *** P<0.001 

EISLQ 7.83 ± 0.93 *** P<0.001 

EATVS 6.16 ± 0.52 ns 

HATVS 5.03 ± 0.85 ns 
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Table 4: Stoichiometry of Inhibition with Thrombin. The mean ± SD of 5 

determinations is reported. Statistical significance compared to α1-PI M358R was 

determined by Tukey-Kramer Multiple Comparisons test. “ND” not determined, “ns” not 

significant. 
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Protein SI Significance 

  α1-PI  ND - 

  α1-PI M358R 2.00 ± 0.03 - 

α1-PI 
M358R 
P7-P3 

DITMA 1.57 ± 0.11 *** P<0.001 

AAFVS 1.74 ± 0.17 * P<0.05 

EISLQ 1.97 ± 0.17 ns 

EATVS 1.86 ± 0.12 ns 

HATVS ND - 
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Figure 20: Energy Minimised Encounter Complexes between α1-PI Variants and 

Thrombin. α1-PI RCL residues P7-P1’ (352-359) and all other residues contributing       

≥ 0.5 kcal mol
-1

 to stabilising RCL residues P7-P3 (352-356) are shown as sticks. P7-P3 

residues which contribute to stabilising interactions are labelled in black font. Dashed 

lines indicate salt bridges. Arg358 salt bridge with Asp189 is shown for reference. α1-PI 

residues coloured based on distance from N terminus. Thrombin’s surface is coloured 

based on electrostatic potential (red: negative, blue: positive). Structural features of 

thrombin are labeled. Each P6 residue (353) interacts with thrombin’s Glu146 via van der 

Waals interactions. A) α1-PI M358R. Phe352 is stabilised by Pro197, Thr354 and Ala347 

via van der Waals interactions. Glu354 forms salt bridges with Arg196, Arg223, and 

Arg281. B) DITMA. Asp352 forms a salt bridge with Arg196 and Arg223, and van der 

Waals interactions with Thr345. Met355 is stabilised by Glu217 and Gly219 via van der 

Waals interactions. C) AAFVS. Phe354 and Val355 are stabilised by Met226 and Ile174 

respectively via van der Waals interactions. D) EISLQ. Glu352 forms a salt bridge with 

Arg223 and van der Waals interactions with Arg196. Leu355 is stabilised by Glu217 via 

van der Waals interactions. Generated using PyMOL (18).  
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The total free energies of the minimised α1-PI-thrombin encounter complexes were within 

1000 kcal mol
-1

 of the minimised HCII-thrombin encounter complex, indicating that 

although the HCII-thrombin complex was more stable, no significant steric clashes or 

defects occurred when the encounter complexes were generated (Table 5).  

Treating RCL residues P7-P3’ as the “ligand” and all other residues as the 

“receptor”, of the α1-PI variants examined α1-PI M358R was found to have the lowest 

ligand-receptor energy indicating the most favourable interactions. This was primarily 

due to the Glu354 residue at RCL position P5, which granted at least a 5.9 kcal mol
-1

 

improvement in free energy compared to the α1-PI P7-P3 mutants. Glu354 inserted into a 

basic pocket facing away from thrombin, forming salt bridges with α1-PI residues 

Arg196, Arg223, and Arg281, matching the results of previous studies (144, 145). The 

P7-P3 mutants that were investigated had uncharged residues at this position, thus their 

P5 residues were not stabilised in this manor. However, mutants DITMA and EISLQ 

were found to interact with the same α1-PI basic pocket via their respective acidic 

residues at the P7 position. In contrast, the α1-PI M358R P7 residue Phe352 was 

stabilised primarily by van der Waals interactions while the AAFVS P7 residue Ala352 

did not extend into the same area and consequently had a less favourable free energy. The 

P6 residues did not contribute significantly to the stability of the encounter complexes, 

interacting primarily with thrombin’s Glu146 residue via van der Waals interactions. The 

total free energy at the P4 position was most favourable for α1-PI M358R, due to fewer 

steric clashes with residues within thrombin’s hydrophobic S4 subsite. The AAFVS 

mutant’s P4 Val355 residue interacted favourably with thrombin’s Ile174 within the  
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Table 5: Specific Energies of Serpin – Thrombin Encounter Complexes. “Total” 

column is the total free energy (ΔG) of the encounter complex. “LR” columns are the 

ligand receptor energies, with the ligand defined as the indicated RCL residues (P7-P3’; 

P7-P3) and the receptor defined as all other residues. Individual columns for P7-P3 

indicate the contribution of each residue to the ligand receptor energy. All values in kcal 

mol
-1

, coloured from most favourable (green) to least favourable (red) energies. 
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ΔG (kcal mol-1) 

Protein 
P7-P3 
Seq 

Total  
LR 

P7-P3’ 
LR 

P7-P3 
P7 P6 P5 P4 P3 

HCII TVGFM -11776 -7.0 -2.7 3.5 -1.5 -0.2 -3.2 -1.3 

α1-PI M358R FLEAI -10722 -17 -13 -4.2 1.0 -6.1 -1.7 -2.3 

α1-PI M358R     
P7-P3 

DITMA -10693 -0.57 0.6 -5.1 4.3 0.8 1.5 -0.9 

AAFVS -10701 4.1 4.1 0.0 1.8 1.1 2.3 -1.2 

EISLQ -10767 -4.6 -2.3 -4.8 3.2 -0.2 0.6 -1.1 
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hydrophobic S4 subsite, although the total free energy at this position was not favourable 

due to steric clashes with thrombin’s Glu217. The DITMA mutant’s P4 Met355 residue 

however interacted favourably with Glu217 and Gly219 via van der Waals interactions. 

Despite the relative diversity of the P3 residues investigated (Met, Ile, Ser, Ala, Gln) the 

stability of the complex was not drastically affected, supporting previous findings that 

thrombin can accommodate a variety of residues at this position (17, 21, 22). RCL 

residues P2-P3’ were also investigated, and primarily interacted with thrombin’s 60-loop, 

Asp189, and Glu192 (refer to Figure 2). These interactions were also identified in 

previous studies, and mirror canonical thrombin-substrate interactions (17, 146, 147). 
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5. DISCUSSION 

 Previous studies have indicated that the serpin α1-PI M358R is a rapid inhibitor of 

thrombin and that mutations based on known thrombin inhibitory serpins can improve 

this activity. Due to the unique structural characteristics of the serpin inhibitory 

mechanism, the RCL sequence has evolved to be specific to a serpin-protease pair and 

therefore these borrowed sequences are likely sub-optimal. Limited mutagenesis within 

the functionally significant hypervariable region has left the structure-function 

relationship poorly defined, thus rationally introduced mutations could not be made. 

Additionally, no method previously developed was able to screen the large number of α1-

PI mutants required to test every possible codon combination in the hypervariable region. 

It was hypothesised that phage display, which had been used to screen mutants of the 

serpin PAI-1, could be extended to better engineer α1-PI mutants. Using T7Select10-3b 

bacteriophage and an in vitro evolution approach, in theory only the α1-PI mutants with 

improved thrombin inhibitory activity would eventually be enriched. These novel α1-PI 

RCL mutants will have been selected to both favourably bind thrombin as well as insert 

rapidly into the body of the serpin. Any conservation between the RCL sequences of 

these mutants would also offer insight into the function of the hypervariable region, and 

serpin inhibitory mechanism in general. The first step was to produce recombinant PAI-1 

protein as well as expressing PAI-1 using T7Select10-3b phage in order to demonstrate 

that this unmodified serpin can be produced in our lab, and that modern phage display 

techniques can replicate previous serpin engineering work. 
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5.1 Recombinant PAI-1 must be Refolded and can be Expressed using T7Select10-3b 

Mirroring the results published by Lee & Im (2003), from which the protocol for 

producing PAI-1 was adapted, PAI-1 was required to be released from E. coli inclusion 

bodies and refolded for optimal function (139). The majority of PAI-1 was produced as 

soluble protein though primarily in an inactive latent conformation. Refolding of this 

soluble fraction could be attempted if more protein was required, but for the purposes of 

this study functional PAI-1 was successfully obtained from inclusion bodies.  

Using the commercially available T7Select10-3b bacteriophage, the full length 

PAI-1 sequence was successfully fused to the 10B minor coat protein and expressed, 

although with only 2% of plaques detectably expressing the PAI-1 insert. The reason for 

this poor expression level was not clear. The manufacturer stated that 5-15 copies of a 

protein up to 1200 amino acids in size can be expressed per phage. As the T7Select 

system had not previously been used to express serpins no comparison was available, 

although Dai et al. (2008) noted that the expression of green fluorescent protein (GFP) 

variants by T7Select were limited to only 1-3 copy per phage (122). GFP is 238 amino 

acids in size or approximately 40% smaller than PAI-1. This size difference may account 

for the further reduction in expression levels, despite the manufacturer’s assertions, or the 

copy number was below the detectable limit of the antibody that was used. The function 

of phage-expressed PAI-1 was not assessed, as the biopanning procedures employed at 

this stage of the study (Protease-Coated Well and Antibody-Coated Well methods) were 

not able to enrich PAI-1 expressing phage. As the focus of the project was on the serpin 

α1-PI, no further experiments were performed using T7Select10-3b expressing PAI-1. 
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5.2 α1-PI M358R can be Expressed using T7Select10-3b and Forms Stable Serpin-

Enzyme Complexes with Thrombin 

Applying the same techniques used to generate T7Select10-3b PAI-1 phage, the 

serpin α1-PI M358R was successfully expressed on the surface of T7Select10-3b. This 

represented the first time that phage display was extended to α1-PI, making it only the 

second serpin to be produced using this method. T7Select10-3b expression of α1-PI 

M358R was found to be greater than PAI-1, with an average of 13% of plaques detectably 

expressing the α1-PI M358R insert. The difference in expression remains undefined, but 

may have been influenced by either the ligation or packaging efficiency when 

constructing the phage. The two proteins are of similar size, indeed α1-PI M358R is a 

slightly larger protein than PAI-1 (394 amino acids versus 379), thus the size of the 

inserted sequence likely did not play a role. 

The definitive test of a serpin’s function is its ability to form a SDS-stable serpin-

enzyme complex with its target protease. In this study, such complexes were directly 

observed between α1-PI M358R fused to the coat of T7Select10-3b and thrombin, as 

detected by an immunoblot. Previous studies suggested that phage-expressed PAI-1 could 

form a stable complex with tPA, but they were not observed directly (124, 129). The 

observed phage-expressed α1-PI M358R-thrombin complexes provided the first evidence 

that not only can the T7Select system express serpins, but that they also retain their 

function when fused to coat protein 10B. N-terminal fusion to a large complex such as a 

phage viron does not disrupt α1-PI M358R’s activity, mirroring previous work tethering 

this serpin to mammalian cells (137). 
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5.3 Mock-Biopanning Successfully Enriches T7Select10-3b α1-PI M358R phage 

Several biopanning protocols based on the T7Select manual and previously 

published work were initially employed, but none was able to successfully enrich serpin-

expressing phage (121, 124, 141). A novel biopanning protocol was therefore developed, 

based on the method used by Dai et al. (2008), centering on the use of streptavidin-coated 

magnetic beads and a biotinylated anti-prothrombin antibody (122). This antibody was 

shown to bind phage-expressed α1-PI M358R-thrombin complexes, thus these complexes 

and the phage associated with them could be pulled down via the biotin-streptavidin 

interaction. After washing the beads several times, E. coli was directly infected with the 

bead-phage solution to ensure the tightest interactions were not lost during an elution 

step. As the serpin was expressed on the non-infective half of the phage, interaction with 

the protease, antibody, and beads were not expected to influence infection. 

This method proved effective during mock-biopanning of T7Select10-3b α1-PI 

M358R purposely mixed 1/300 with T7Select10-3b expressing a 15 amino acid “Control 

Insert”. Only modest enrichment of the α1-PI M358R phage was observed for the first 

four rounds, so the protocol was modified for the fifth round of mock biopanning. Due to 

the resistant nature of the serpin-protease and antibody-bead interactions (covalent and 

strong non-covalent interactions respectively), a stronger washing solution was employed 

in an effort to decrease all weaker nonspecific interactions.  The success of this modified 

biopanning protocol laid the foundation for the rest of the study, as additional mutations 

within α1-PI could now be screened for thrombin inhibitory activity. 
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5.4 The Optimal P2 and P1 Residues for Thrombin Inhibition 

To test the effectiveness of biopanning a library of α1-PI mutants using this novel 

phage display approach, the P2 and P1 RCL positions were investigated first. The α1-PI 

M358R mutant had previously been identified as a rapid inhibitor of thrombin, so the 

appearance of this mutant would be a useful gauge of successful biopanning. Although 

arginine is highly conserved at P1 in thrombin inhibitory serpins proline is not conserved 

at P2, and previous mutagenesis experiments had not investigated every P2P1 

combination (Appendix A). Therefore, the phage library was constructed so that every 

codon combination was represented at the P2 and P1 positions, to generate a total of 441 

possible mutants. The library was biopanned with thrombin, and separately without the 

addition of thrombin so that overlapping sequences could be ruled out. Results from 

biopanning the P2P1 library indicated that the only mutant capable of forming a stable 

inhibitory complex with thrombin was α1-PI M358R. The varied codon usage in the 

sequenced α1-PI M358R expressing plaques suggested that this mutant was functionally 

significant and not preferred due to bias. This result was generally expected as the P2P1 

sequence of α1-PI M358R already fit thrombin’s known substrate specificity, and other 

amino acids do not interact as favourably in thrombin’s S2 and S1 subsites (21, 22). The 

observation that no other thrombin inhibitory serpins have this P2P1 sequence is likely 

due to their own evolutionary path. AT, HCII have unique RCL sequences and exosites 

which specifically evolved to interact with thrombin, while the thrombin inhibitory 

activity α1-PI M358R was the result of a rare mutation, thus the P2P1 residues more are 

tightly constrained (16, 75).  
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The P357/M358P mutant persisted through biopanning, representing 20% of 

sequences when biopanned with thrombin but over 50% of sequences in the negative 

control biopanning in which thrombin was not added. These frequencies were higher than 

expected, despite results that this mutant is incapable of forming a stable complex with 

thrombin. The nucleotide cytosine appeared with a greater frequency than expected in the 

degenerate region, and this bias lead to an over representation of the proline codon 

(CCN). Improved library construction methods with more evenly distributed nucleotides 

may eliminate this issue. Ultimately the codon bias did not influence the finding that the 

P2 and P1 residues must be proline and arginine respectively in order for α1-PI to inhibit 

thrombin, providing proof of concept that thrombin-specific α1-PI mutants could be 

enriched using this novel phage display method.  

5.5 The P7 to P3 Region Influences Thrombin Inhibition 

 A second T7Select10-3b library was generated using the same methods as the 

first, maintaining the optimal P2P1 residues while randomising RCL positions P7 through 

to P3. This region of the RCL was selected based on previous mutagenesis studies which 

indicated that its sequence affects the function and protease specificity of a serpin (58, 67, 

103, 104, 109, 148, 149). With five degenerate codons, the α1-PI M358R P7-P3 library 

contained over 4.08 million (21
5
) possible mutants. Based on the novel biopanning 

protocol which was developed for this study, 5 degenerate positions was the maximum 

number that could be investigated in a single library. This was to ensure at least 100 

copies of each mutant were present during biopanning, and 1x10
9
 pfu screened per round.  
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Following biopanning with (Rd5 +IIa) or without thrombin (Rd5 –IIa), a collapse 

of sequence diversity was observed in the Rd5 –IIa samples retrieved from randomly 

selected plaques due to the lack of a selection pressure. Unlike the results of the P2P1 

library, no single mutant was dominant within the Rd5 +IIa sequences though they were 

found to fit a general trend: P7-Not Aromatic/P6-Hydrophobic/P5-T or S/P4-

Hydrophobic/P3-Not Aromatic. No nucleotide bias for cytosine, leading to an abundance 

of proline residues, was observed in the P7-P3 Rd5 +IIa results. This was likely a result 

of the P7-P3 region’s greater tolerance for diversity; a greater number of functional 

mutants meant that biased sequences were eventually outgrown and removed. In order to 

further refine results to uncover the best possible P7-P3 sequence for thrombin inhibition, 

biopanned sequences were inserted into a bacterial expression vector and semi-

quantitatively tested. The results of this screen, acting as a 6
th

 round of biopanning, 

mirrored the randomly sequenced plaques; the general trend at positions P7 through to P3 

matched, and the consensus sequences were remarkably similar (DLTVS and LATVS 

respectively). This suggested that thrombin inhibitory function was enriched via 

biopanning as intended, supported by the observation that colonies containing Rd5 –IIa 

sequences did not retain thrombin binding activity while the majority of Rd5 +IIa 

sequences had thrombin inhibitory activity equal to or greater than α1-PI M358R.  

Notably, neither consensus sequence was found as an individual sequence. This may have 

been a result of the limited number of plaques and colonies screened, or could suggest 

cooperative interactions between residues. 
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 The bioinformatics program ConSurf was used to help quantify the conservation 

of the observed trend, using only sequences found to have a greater level of thrombin 

binding than the original α1-PI M358R. Based on the evolutionary concept that 

conservation is linked to function, the conserved P6, P5, and P4 positions played a 

significant role in determining the thrombin inhibitory function of α1-PI. Positions P7 and 

P3 were not well conserved and therefore did not substantially influence function. The 

relatively high diversity of sequences found after screening the P7-P3 library suggests 

that this region is an important but not a crucial determinant for thrombin inhibition. 

Unlike the P2P1 residues, the P7-P3 region acts to fine-tune the α1-PI RCL and can 

accommodate a wider, albeit restricted, range of amino acids. 

5.6 Phage Displayed Serpins account for Protease Specificity and RCL Insertion 

 The trend observed following biopanning of the P7-P3 library is consistent with 

the known substrate specificity of thrombin. A hydrophobic P4 residue is required to 

favourably interact with thrombin’s S4 subsite, while thrombin can tolerate a variety of 

residues at the P3 position (17, 21, 22, 26). Anecdotally, serine appeared frequently at P3 

while aspartic acid did not, matching some indications of thrombin’s substrate specificity 

(21). The substrate specificity of thrombin N-terminal to P4 is not known, however 

general serpin structure provides an indication of preferred residues at these RCL 

positions. As discussed by Gettins (2002), there is a trend within serpins towards a 

hydrophobic residue at position P6 which also matches general β-sheet structure (26, 69). 

This trend was clearly evident, as P6 was conserved as a hydrophobic residue both in P7-

P3 sequences with improved thrombin binding ability and the majority of sequences 
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identified in randomly selected plaques. This finding suggests that a hydrophobic P6 

residue is important for serpin function in general and not simply in order to inhibit 

thrombin. 

 Surprisingly the P5 residue indicated a strong preference for either serine or 

threonine, with 14 of the 22 improved mutants fitting this criterion. The P5 position is not 

conserved among natural thrombin inhibitory serpins, so this finding likely reflects a 

thrombin inhibitory mechanism unique to α1-PI. In wild type α1-PI, the P5 glutamic acid 

residue faces away from the protease to form salt bridges with a basic pocket in the body 

of the serpin, adding a level of rigidity to the RCL structure (144). Chaillan-Huntington & 

Patston (1998) concluded that these P5 interactions position the RCL into the optimal 

position for neutrophil elastase and trypsin inhibition (144). The molecular modeling 

performed in this study also identified these interactions, although they were not observed 

in the models of the P7-P3 mutants with improved rates of thrombin inhibition. 

Therefore, in order for α1-PI to inhibit thrombin it may be more favourable if the RCL is 

flexible in order to manoeuvre into the active site, entrance of which is sterically hindered 

by thrombin’s unique insertion loops (14). It is also possible that an uncharged P5 residue 

is more favourable during  RCL insertion into the central β-sheet (26). Although mutating 

the P5 residue negatively impacts the SI for neutrophil elastase and trypsin inhibition, 

thrombin is not a natural target of α1-PI and is also known to be sensitive to RCL 

insertion due to its bulky loops proximal to the active site (48, 144). Cooperative 

interactions between RCL residues or undefined compounding factors may also affect 

RCL insertion, which may be strengthened by replacing the P5 glutamic acid residue. 
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The P7 residue, which is furthest from the active site of thrombin, did not appear 

to influence activity significantly as the physiochemical properties of amino acids varied 

considerably. This is exemplified when the mutants EATVS and HATVS are compared. 

These mutants differ in only the P7 position, and accordingly their rates of thrombin 

inhibition were not found to be significantly different from each other (Table 3). The 

single constraint appears to be that P7 cannot be an aromatic residue, which are 

physically larger and would likely impede loop insertion. Although not found to be 

significant, non-aromatic hydrophobic residues and acidic residues appeared frequently at 

the P7 position. In the molecular models of DITMA and EISLQ encounter complexes 

with thrombin, several P7 interactions were observed. The acidic P7 residues of these two 

mutants formed salt bridges with the same basic residues in α1-PI that interact with the 

wild type P5 glutamic acid residue. These interactions may position the RCL more 

favourably in thrombin’s active site, such as improving the fit of the P4 residue or pulling 

the RCL away from steric clashes with the 60-loop. Evaluation of additional P7-P3 

mutants may reveal more information about this trend. 

The trends observed in this study are unique to α1-PI, particularly at the highly 

conserved P5 residue. This supports the hypothesis that borrowing RCL sequences from 

natural thrombin inhibitory serpins would not create an optimal thrombin inhibitor, due to 

the unique interactions within the body of α1-PI or elsewhere between the serpin and 

thrombin. As such, rationally introducing these mutations would have been extremely 

difficult, especially without the use of phage display which exponentially increased the 

ability to screen engineered mutants.  
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5.7 Characterisation of Selected Mutants of Interest 

 Five P7-P3 mutants were selected for further characterization with each matching 

the apparent trend required for optimal thrombin inhibition. The mutant AAFVS was an 

exception to the trend as it did not contain a P5 threonine or serine residue, and was 

selected solely based on its thrombin binding activity in the lysate assay. Mutants EATVS 

and HATVS were also selected based on their similarities to the observed consensus 

sequences, DLTVS and LATVS, from randomly sequenced plaques and mutants 

indicating improved thrombin binding respectively.  

Mutants DITMA and AAFVS were found to have the most rapid rate of thrombin 

inhibition, granting an over 2-fold increase in their rates of thrombin inhibition as 

compared to α1-PI M358R, with second order rate constants of 1.0 x 10
6
 M

-1
s

-1
. Their 

rapid rate of thrombin inhibition is comparable to the most active α1-PI mutant previously 

engineered, which contains the AT-based “RCL5” mutation (103, 104). Both DITMA and 

AAFVS were also more rapid thrombin inhibitors than PN1 (8.3 x 10
5
), the fastest native 

thrombin inhibitor (64). However, serpins that have evolved specifically to inhibit 

thrombin remain an order of magnitude faster than these engineered mutants (10). An 

important caveat is that these natural serpins require glycosaminoglycan activation to 

achieve these higher rates, which is not required for the engineered mutants of α1-PI (26). 

This difference can also be attributed to additional exosites and regions beyond the RCL 

which improve binding, which could be added to α1-PI to attribute both improved rates of 

thrombin inhibition and greater specificity (53, 104). 



136 

The failure of the EATVS and HATVS mutants to significantly improve thrombin 

inhibitory activity is likely a result of the biopanning methods employed. The phage 

display technique effectively amplified functional sequences but not necessarily the 

optimal sequences for thrombin inhibition. Thus, many mutants end up being “good 

enough” rather than optimal thrombin inhibitors, leading to a consensus sequence of 

middling activity. Normalising the results of the ELISA-based lysate assay to expression 

levels of serpin may alleviate this bias to reveal only the top inhibitors of thrombin. This 

would be particularly useful in helping to eliminate the discrepancy in activity between 

mutants EISLQ and DITMA, in which the former indicated a higher activity than the 

latter in the lysate assay, which did not follow through when the mutants were purified. 

The SIs of both the DITMA and AAFVS mutants were significantly lowered 

compared to α1-PI M358R, indicating a greater propensity to form a stable complex with 

thrombin as opposed to being cleaved. Despite the fact that the P7-P3 sequences of 

DITMA and AAFVS vary considerably, they have similar activities. The structural 

differences between DITMA and AAFVS make it difficult to draw conclusions as to why 

both the k2 and SI was improved. The smaller P7 and P6 residues of AAFVS versus 

DITMA may have been enough to compensate for the energy required to insert the 

bulkier P5 residue. Indeed, such cooperative interactions between the residues, noted in 

previous studies, likely play a role (21, 103). Based on the mutants selected for kinetic 

characterisation, a functional trend for P5 is difficult to determine. Both the DITMA and 

AAFVS mutants were found to have a significantly lower SI despite widely dissimilar P5 

residues, while EATVS did not have a lower SI. 
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One feature maintained in the characterised P7-P3 mutants was the larger, more 

hydrophobic P4 residue, compared to wild type α1-PI’s alanine. Based on the molecular 

models, the mutant P4 residues occupied more of the hydrophobic S4 pocket. 

Paradoxically, the ZMM program interpreted α1-PI M358R as having the most favourable 

free energy at the P4 position. Instead of being due to stabilising interactions, this 

favourable energy was due to the lack of steric clashes, which masked the probable 

hydrophobic interactions between the larger mutant P4 residues and thrombin. HCII’s P4 

phenylalanine residue interacted the most favourably, despite being physically larger than 

any of the α1-PI P4 residues investigated. This was likely because the HCII-thrombin 

encounter complex was a proper crystal structure, while the α1-PI-thrombin encounter 

complexes were manually generated. Modifications of the α1-PI and thrombin structures 

were introduced in order to perform energy minimisation of the encounter complexes, and 

therefore do not represent optimal interactions.  A crystal structure of the α1-PI M358R-

thrombin encounter complex would help to alleviate these discrepancies, although the 

developed models were useful in identifying some interactions.  

Overall, the rapid rates of thrombin inhibition combined with lower SI values 

support the original hypothesis: that this phage display technique is able to enrich RCL 

sequences matching thrombin’s substrate preferences and also maintain the constraints of 

the serpin mechanism. In effect, RCL sequences were evolved in vitro to interact 

favourably with both the target protease, and the unique body of the serpin in order for 

the RCL to properly insert. 
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

This study has successfully shown that two serpins can be expressed using the 

T7Select phage display system, that α1-PI M358R retained its thrombin inhibitory activity 

when fused to the surface of the phage, and that improved activity can be engineered 

using an in vitro evolution approach. By expressing the full length protein, modifications 

to the RCL were screened for both specificity and the stability of complex formation. 

This represents significant advantages over previous serpin engineering techniques, which 

relied on natural sequences and the specificity profiles of target proteases in order to 

introduce function. Due to the high-throughput nature of the phage display technique, it 

successfully enriched desired activity out of over 4 million possible mutants which is over 

30,000 times the total number of α1-PI mutants screened in all previously published 

studies (Appendix A). Importantly, the mutations were focused within a specific region 

of the RCL which tightly controlled the sequence space investigated. This generated 

specific evidence of relationships between RCL structure and function, unlike initial 

phage display studies with the serpin PAI-1 which introduced mutations randomly 

through the entire protein.  

The sequences enriched for thrombin inhibition helped to both confirm the crucial 

importance of the P2 and P1 residues for thrombin inhibitory function, and to elucidate 

previously unknown specificity and functional requirements in the P7-P3 RCL region of 

α1-PI. These findings aide general understanding of serpin biology and may lead to the 

development of novel thrombin inhibitory serpins with therapeutic relevance. Further 
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towards that goal, several steps could be taken to extend the use of the developed phage 

display method, and refine the results. 

There are two primary functional limits to the phage display screen which could 

be addressed in future studies. Due to the size of the P7-P3 library, only a small fraction 

of the enriched mutants were sequenced and functionally characterised. Next generation 

sequencing techniques could provide additional information, helping to elucidate 

remaining P7-P3 mutants with a possible improvement in thrombin inhibition. These 

“deep sequencing” methods can screen hundreds of thousands of sequences, and may 

reveal additional trends not observed in this study due to a smaller sampling size (113, 

115). Work is currently being performed to analyse the sequences from this study using 

such methods. Secondly, although the ELISA-based lysate screen was useful as a semi-

quantitative screen, it is labour intensive and can not completely screen every sequence 

which was enriched after five rounds of biopanning. Thus, steps could be taken to limit 

the sequence diversity by introducing additional selection pressures. The P7-P3 mutants 

were only screened against thrombin and not against any other coagulation protease. α1-PI 

M358R is known to inhibit several other proteases, particularly APC, which has held it 

back from clinical uses (98). To further refine the thrombin inhibitory activity of the P7-

P3 mutants, a negative selection using the same phage library could be performed. This 

would involve biopanning against a protease known to also inhibit α1-PI M358R, such as 

APC, and only amplifying the mutants which do not bind to the protease. Alternating 

between positive selection rounds with thrombin and negative selection rounds would 
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ensure sequence diversity does not collapse, while removing sequences with broad 

specificity. 

Using the methods outlined in this study, up to 10 million variant serpins could be 

screened for a desired activity. Additional libraries could be developed to investigate the 

function of other regions within the RCL. Positions C-terminal to the P1-P1’ cleavage 

site, the P’ region, have also been shown to influence specificity (49, 58, 103). 

Modification of the P2’ and P3’ residues can improve the specificity towards thrombin 

over APC, thus a library investigating these positions and up to three more positions, 

could be screened (103). Borrowing from previous engineering successes, the unique 

HCII tail region could be added to the P7-P3 mutants with improved activity to improve 

their thrombin selectivity over APC. Two mutants with promising activity, HAPI RCL5 

and HAPI M358R provide clues as to how such mutants would behave. HAPI RCL5 has 

the best thrombin to APC ratio yet, while HAPI M358R has the best rate of thrombin 

inhibition (104, 105). Using one of the mutant P7-P3 RCL sequences which was evolved 

in vitro to inhibit thrombin, it may be possible to engineer a “HAPI DITMA” or “HAPI 

AAFVS” variant which is both an exceptionally selective and rapid inhibitor of thrombin. 

Now that these phage display methods have been developed, the doors have been 

opened to using α1-PI as a scaffold for additional engineering. Other proteases relevant to 

disease, which do not have readily available inhibitors, could be targeted using these 

methods. Indeed, this novel phage display system could be extended to engineering other 

serpins as well. 
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APPENDIX A 

This appendix provides a summary of every published α1-PI mutant, as of August 2013. 

Table A: List of Mutations made at α1-PI RCL Positions P17 – P10’. “+ w. mut.” 

column indicates how many of the α1-PI mutants contain a mutation at the corresponding 

RCL position. “Out of 21” column indicates the diversity of mutations made at the RCL 

position, scored out of 21 for each possible amino acid or a deletion. The other columns 

correspond to how many times the indicated amino acid has been introduced at the 

position, with the wild type residues outlined with a single line, and naturally occurring 

mutations outlined with a double line. The P1 RCL position has been investigated the 

most thoroughly, with 89 mutants containing a mutant P1 residue, and with 10 of the 

possible 21 amino acids or a deletion having been introduced. Coloured based on 

frequency (white: low, black: high). Table B: Goals of α1-PI Mutants and References. 

A summary of the goals for engineering α1-PI mutants is presented. Modifying protease 

specificity has been the primary goal, representing 73 of the 127 mutants. PubMed IDs of 

the source papers are listed for reference.  
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