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ABSTRACT 

Proteases, enzymes that catalyze the hydrolysis of amide bonds in peptides and 

proteins, are ubiquitous across all forms of life and affect every protein in its natural life 

cycle. Engineering programmed specificity onto stable protease scaffolds holds promise 

as a route to a new generation of useful enzymes with requisite clinical and 

biotechnological properties. Combinatorial approach of screening targeted protein 

libraries (size > 10
7
) has been successfully applied for engineering the substrate 

specificity of disulfide-free microbial proteases. To date however, the largest size of the 

library screened for any mammalian protease system is 150. This is primarily due to 

paucity of high-throughput screening platforms that are compatible with post-

translational modifications such as zymogen activation and disulfide bond formation 

typically required for functional mammalian proteases. In the present study, we have 

established a comprehensive methodology that allows efficient FACS screening of large 

libraries of recombinant proteases in E.coli by developing and integrating three different 

components: (i) surface display system compatible with mammalian proteases such as 

chymotrypsin and caspase-3, (ii) protease activity assay with single cell resolution, and 

(iii) genotype recovery method to facilitate iterative enrichment of desired phenotype. 

Characterizing post-translational modifications (PTMs) has been of increasing 

interest due to their biological functions and this knowledge is used for novel target 

discovery and drug development. Since PTMs can be labile, proteomic techniques relying 

on tandem MS have difficulty in achieving comprehensive coverage of PTM sites within 

proteins. Proteases which selectively recognize PTMs may improve their identification in 

complex protein mixtures and are easily adaptable to current proteomic methods. Using 
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our FACS-based methodology, we have screened large (> 10
7
) libraries of chymotrypsin, 

and engineered its substrate binding pocket to cleave after Asn residues for mapping N-

linked glycosylation sites. In comparison to the wild-type chymotrypsin, the engineered 

variant displayed a 2 x 10
4
-fold reversal in catalytic selectivity for asparagine at P1 

position over tyrosine. Unlike engineered microbial proteases, we demonstrate that the 

ability of the engineered chymotrypsin variant to cleave after Asn in peptide substrates 

translates to full length proteins, an essential attribute for application to proteomics. Our 

results show that comprehensive engineering of the substrate specificity of mammalian 

proteases is feasible and when executed in the context of chymotrypsin, can enable the 

detection of various kinds of PTMs.  
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Chapter 1 

Engineering substrate specificity of proteases 

1.1 Introduction 

Proteases, enzymes that catalyze the hydrolysis of amide bonds in peptides and 

proteins, are ubiquitous across all forms of life and affect every protein in its natural life 

cycle. By virtue of site-specific processing, proteases have a profound effect on 

biological processes ranging from simple molecular switches altering activities of protein 

substrates (Davie et al., 1991; Kitamoto et al., 1994) to enabling migration and 

differentiation of cells (Lamkanfi et al., 2007; Seeds et al., 1997) and finally to 

orchestrating tissue remodeling and immune responses (Heutinck et al., 2010; Saito, 

2005). Consequently, dysregulated proteases have been shown to be pathological in 

several disorders including hypertension (Mullins et al., 1990), diabetes (Marguet et al., 

2000), rheumatoid arthritis (Jørgensen et al., 2011) and tumor progression (Gialeli et al., 

2011). The increased protease activity in diseased tissues has been utilized for targeted 

delivery of therapeutics and toxins (Choi et al., 2012; Desnoyers et al., 2013). However, 

in most cases, the therapeutic strategy involves inhibition of the pathological proteolytic 

activity. Protease inhibitors account for 5-10% of all drug targets and make a ~$12 billion 

industry (Drag and Salvesen, 2010). Viral protease inhibitors are one of the key 

components of highly active antiretroviral therapy (HAART) which substantially 

decreases mortality in the HIV infected patients (Hernández-Ávila et al., 2015; Wensing 

et al., 2010). 
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Proteases when directly used as therapeutics can inactivate multiple target molecules 

as opposed to the simple stoichiometric drugs such as antibodies and small molecules. 

Urokinase was the first protease approved as a therapeutic for myocardial infarction and 

pulmonary embolism to dissolve clots that block arteries (Brochier, 1978). Since then, 

several proteases involved in the coagulation cascade have been developed as 

anticoagulants to treat ailments such as stroke, heart attack and muscle atrophy depending 

on the location of the clot formation. Factors IX and VIIa which promote clot formation 

have also been developed as therapeutics for platelet dysfunction and hemophilia (Craik 

et al., 2011). Thrombin, a procoagulant protease, is used for control of surface bleeding 

(in patches/bandages) and surgical hemostasis (Bowman et al., 2010). Significant 

improvements in the pharmacokinetic properties have been achieved by engineering the 

native form of the protease. Extension of half-life using several strategies such as Fc 

fusion (Mahlangu et al., 2014), albumin fusion (Mannucci, 2015), domain truncation 

(Bode et al., 1996) and glycosylation (Bolt et al., 2012) and decrease in immunogenicity 

by PEGylation (Liu et al., 2014) and site-directed mutagenesis of epitopes corresponding 

to anti-drug antibodies (Nguyen et al., 2014) have increased the bioavailability of 

therapeutic agents. Protease variants with faster kinetics have also been engineered for 

better efficacy as in the case of factor VIIa for treatment of hemophilia (Holmberg et al., 

2009). 

Proteases collectively account for > 40 % of total enzyme sales worldwide with the 

major consumers being laundry detergent and food industries for processes such as milk 

clotting, meat tenderizing and gluten removal (Feijoo-Siota and Villa, 2010; Li et al., 

2013). Several applications are emerging in the field of sustainable biotechnology. Use of 
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serine proteases in enzymatic hydrolysis of wastes from fishing industry to produce 

bioactive peptides and as a nitrogenous source for microbial media has been recently 

demonstrated (Najafian and Babji, 2012; Safari et al., 2009). Similarly, keratinases and 

collagenases are used in processing recalcitrant wastes such as feathers and hides from 

poultry and meat industries (Gupta et al., 2013). With rise in the awareness about 

environmental impact of conventional pesticides, the possibility of using proteases 

identified from plant defense systems, from microbes which infect insects and from 

venoms of arthropod predators is currently being explored (Harrison and Bonning, 2010). 

Initial engineering efforts modifying the natural enzymes mainly focused on improving 

thermal and chemical stability for better performance in non-native environments using 

different techniques such as random mutagenesis, introduction of disulfide bonds and 

surface charge optimization (Jakob et al., 2013; Vojcic et al., 2015). Recently variants 

with active site mutations are also characterized for their ability to catalyze non-

amidolytic reactions such as ligation and perhydrolysis (Despotovic et al., 2013; Franke 

et al., 2013). Such enzymes could lead to manufacturing processes with green chemistry 

and less energy-intensive operating conditions apart from higher yield of fractions with 

desired regioselectivity. PT121 protease isolated from P. aeruginosa has been used in the 

enzymatic synthesis of Z-aspartame (low calorie sweetener) by ligation of  N-protected 

aspartic acid and L-phenylalanine methyl ester (Liu et al., 2015). It has also been used in 

enzymatic synthesis of the analgesic protein endomorphin-1 from dipeptides Tyr-Pro and 

Trp-Phe (Sun et al., 2011). 

Thus, proteases are an extremely useful class of proteins, and protease engineering 

has substantially increased their usability potential. In the present review, we will focus 
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on a subset of protease engineering studies which aim to modify the native substrate 

specificity for various clinical and biotechnological applications (Table 1.1). Protease 

specificity is described using the nomenclature outlined by Berger (Schechter and Berger, 

1967) where amino acids N-terminal to the scissile bond are designated P1, P2, P3 etc. 

starting at the scissile bond and moving outwards. Similarly, amino acids C-terminal to 

the scissile bond are designated P1’, P2’, P3’ etc. The corresponding substrate binding 

pockets on the protease are designated S1-Sn, and S1’-Sn’ respectively. 

1.2 Significance of engineering the specificity of proteases 

1.2.1 Engineering therapeutic proteases to overcome endogenous inhibitors  

Serpins refer to a superfamily of proteins classified based on phylogeny and the 

majority of them are large (330 - 500 amino acids), irreversible serine protease inhibitors 

though some of them affect cysteine proteases as well. In vivo, they perform a variety of 

functions such as regulation of inflammatory response, prevention of unregulated 

apoptotic activation, tumour immunity, inactivation of pathogen-derived proteases and 

even non-inhibitory roles such as hormone transport (Law et al., 2006; Mangan et al., 

2008). Serpins, plasminogen activator inhibitor-1 (PAI-1) and α2-antiplasmin, regulate 

the anticoagulant proteases, Tissue-type plasminogen activator (tPA) and plasmin, to 

control the process of fibrinolysis i.e dissolving blood clots (Figure 1.1) (Rau et al., 

2007). Life-threatening conditions such as heart attack, stroke and pulmonary embolism 

could ensue if blood clots blocking fine arteries in essential organs are not immediately 

removed by fibrinolysis. The standard of care treatment for such emergencies involves 

administering tPA in an initial bolus dose within 60 min of onset of symptoms followed 

by a constant infusion for 90 min (Jauch et al., 2010).  
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Table 1.1 Proteases with therapeutic potential improved by engineering native substrate specificity. 

Protease Enzyme 

classification 

no.  

Engineering Target 

disease 

Publication Stage of 

development 

Tissue-type 

plasminogen 

activator (PA) 

3.4.21.68 Decreased activity 

towards PA inhibitor 

type 1 without loss in 

activity towards 

plasminogen 

Acute 

myocardial 

infarction 

(Tachias, 

1997) 

Clinical use 

Granzyme B 3.4.21.79 Decreased activity 

towards serpin B9 

without loss in activity 

towards pro-apoptotic 

substrates  

Tumor (Losasso et 

al., 2012) 

Pre-clinical 

Activated 

protein C 

3.4.21.69 Decreased activity 

towards factor Va 

(coagulant) without loss 

in activity towards 

protease-activated 

receptor 1 (pro-

inflammatory) 

Septic shock (Mosnier et 

al., 2007a) 

Withdrawn  

Thrombin 3.4.21.5 Decreased activity 

towards fibrinogen and 

protease-activated 

receptor 1 (pro-

coagulant) without loss 

in activity towards 

protein C (anti-

coagulant) 

Ischemic 

stroke 

(Marino et 

al., 2010) 

Pre-clinical 

Neprilysin 3.4.24.11 Decreased activity 

towards 8 off-target 

substrates such as 

neurotensin and 

angiotensin while 

improving activity 

towards amyloid beta 

peptide by 20-fold 

Alzheimer`s 

disease 

(Webster et 

al., 2014) 

In vitro 

Kumamolisin - 

As 

3.4.21.B48 Switched P2 specificity 

from R to Q to cleave 

gluten-derived 

immunogenic peptides 

Celiac 

disease 

(Gordon et 

al., 2012) 

In vitro 

 

tPA binds to the fibrin network in clots and cleaves plasminogen in circulation to 

generate active plasmin which subsequently hydrolyzes fibrin and also activates 

inhibitors corresponding to pro-coagulant proteases. As recombinant tPA used in the 
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clinic had a half-life of only 3.5 min, it was hypothesized that engineering resistance 

towards PAI-1 while preserving or improving the catalytic efficiency of tPA could 

improve the efficacy of the treatment (Huber, 2001). Inactivation of tPA is initiated by 

the interaction between the positively charged surface loop (positions 296-299) of tPA 

and the negatively charged reactive center region (positions 350-355) of PAI-1 (Madison 

et al., 1989). Typically, when a protease cleaves the reactive center loop region of a 

serpin molecule, its active site is distorted by the conformational change induced by 

serpin. Therefore the subsequent hydrolysis reaction does not occur and the protease is 

trapped in the acyl intermediate state (Rau et al., 2007). When charge reversal mutations 

(Lys296Glu, Arg298Glu and Arg299Glu) were introduced to disrupt electrostatic 

interactions between tPA and PAI-1, the resulting tPA variant showed substantially lower 

affinity (Ki = 500 M
-1

s
-1

) towards PAI-1in comparison to the wild-type (Ki = 1.4 x 10
6
 M

-

1
s

-1
) while retaining the plasminogen activation kinetics (Madison et al., 1990). Indeed, 

Tenecteplase, an engineered tPA variant containing these mutations, showed 6-fold 

higher half-life in vivo and lower incidence of intracranial hemorrhage due to 15-fold 

increase in fibrin specificity, ultimately allowing administration in 5-10 seconds as a 

single bolus dose without the previous requirement of a follow-up infusion over 90 min 

(Tanswell et al., 2002). It is to be noted that Tenecteplase contains two other additional 

modifications, Thr103Asn mutation to create a new N-linked glycosylation site and 

Asn117Gln to remove a high mannose glycosylation site possibly involved in faster 

clearance. Therefore exact contribution of serpin resistance mutations towards 

improvement in efficacy is not known. 
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Granzyme B is a pro-apoptotic serine protease involved in clearance of cells infected 

with pathogens, tumour cells and other harmful cells. The possibility of using granzyme 

B as an immunotoxin to target tumours by fusion to an antibody molecule with high 

affinity towards a specific tumour antigen is a promising therapeutic strategy. As opposed 

to immunotoxins of bacterial or chemical origin which lead to generation of anti-drug 

antibodies by the patient`s immune system, granzyme B being a human protein is 

expected to be less immunogenic (Berges et al., 2014). When mice grafted with a breast 

cancer model known to express fibroblast growth factor antigen (Fn14) were treated with 

granzyme B fused to a single chain antibody against Fn14, significant tumour growth 

inhibition was observed in comparison to saline or granzyme B only control (Zhou et al., 

2014). Physiologically, activity of granzyme B is regulated by Serpin B9 for 

cytoprotection of lymphocytes. However, overexpression of Serpin B9 in several tumours 

is used as an escape mechanism to avoid immune surveillance (Ray et al., 2012; van 

Houdt et al., 2005). With the objective of an immunotoxin that would be effective even in 

the presence of endogenous protease inhibitors in serum and tumour microenvironment, 

computational alanine scanning method was used to identify the residues that contribute 

towards the binding free energy of granzyme B: Serpin B9 complex (Losasso et al., 

2012). The choice of mutations was made based on the degree of instability introduced in 

the protease:serpin complex assessed using molecular dynamics simulations. 

Surprisingly, a single mutation with amino acid of similar identity (Arg201Lys), allowed 

94% retention of activity even after incubation with 3-fold molar excess of inhibitor at 37 

°C for 1 h. When primary mononuclear cells isolated from blood of acute 

myelomonocytic leukemia patients were treated with engineered granzyme B fused to an 
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antibody fragment targeted against CD64 antigen, the enzyme was able to induce 

apoptosis selectively in CD64+ leukemic cells and the reduction in cell viability was 

superior in comparison to the wild-type granzyme B fusion protein (Schiffer et al., 2014). 

Efficacy of engineered granzyme B fused to a single chain variable fragment (scFv) 

directed against CD30 antigen in classical Hodgkin lymphoma cells known to 

overexpress Serpin B9 (Bladergroen et al., 2002) was demonstrated in a mouse model 

(Schiffer et al., 2013).  

1.2.2 Engineering extended specificity to decrease off-target proteolysis 

Physiologically, most of the proteases cleave multiple substrates and are involved in 

disparate pathways (Overall and Dean, 2006; Spronk et al., 2014). When such a protease 

is used as a therapeutic, toxicity due to off-target cleavages undermines the efficacy of 

the treatment (Table 1.1). Severe sepsis is a life-threatening emergency condition with 

30% mortality rate (Stevenson et al., 2014). Inflammatory response triggered by an 

infection is amplified by simultaneous cytokine signaling and activation of coagulation 

and complement cascades. Symptoms are multiple organ failure, thrombosis and 

hypotension, ultimately leading to septic shock when death can occur by tissue hypoxia 

(Nguyen et al., 2006). The protease activated protein C (APC) was previously shown 

(Bernard et al., 2001) to be effective in reducing mortality in patients with severe sepsis 

due to its cytoprotective effects to inhibit cytokine release and induced cell apoptosis 

(Mosnier et al., 2007b). However, a higher risk of bleeding was observed as side-effect 

during APC treatment possibly due to its anticoagulant activity by inactivation of factor 

Va (Figure 1.1) (Rice and Bernard, 2004). Based on long term survival of APC-treated 

patients, FDA approval was limited to use only when there was high risk of death (Angus 
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et al., 2004) and ultimately the product was withdrawn voluntarily by the manufacturer 

after assessing no additional survival benefit to septic shock patients in an independent 

clinical trial (Ranieri et al., 2012). It is possible that unrelated functions performed by 

APC in addition to its desired anti-inflammatory protease-activated receptor 1 (PAR-1) 

signaling could have decreased the efficacy of the treatment. As a first step towards 

decoupling different pleiotropic functions of APC by engineering specificity, five 

mutations (Arg229Ala/Arg230Ala/Lys191Ala/Lys192Ala/ Lys193Ala) to decrease the 

positive charge of the exosite and thereby the activity towards procoagulant factor Va 

while retaining its anti-inflammatory properties were identified (Mosnier et al., 2007a). 

An engineered APC variant was able to effectively protect mice subjected to sepsis 

trigger without increasing the risk of bleeding and thus demonstrated the possibility of 

selectively abrogating one dimension of a pleiotropic protease (Kerschen et al., 2007).  

Thrombin is the effector enzyme of the coagulation cascade and cleaves twelve 

different protein substrates to auto-regulate its activity and provide positive/negative 

feedback for controlling blood coagulation (Figure 1.1) (Huntington, 2012). In the 

previous examples highlighted here, specificity was engineered by mutagenesis of 

exosites which are substrate interacting regions remote from the active site where 

catalysis happens. In contrast, the specificity of thrombin was engineered by modifying 

Trp215 and Glu217 residues in the active site. The key determinants of the specificity 

were identified using alanine scanning of 97 residues constituting the active site and the 

region around it (Marino et al., 2010). Wild-type thrombin cleaves fibrinogen and PAR-1 

substrates (procoagulant) with kinetics 100-fold faster than the rate it displays towards 

protein C substrate (anticoagulant). While the mutation Trp215Gly is 10-fold more 
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specific for protein C, a variant containing the mutation Trp215Glu discriminated against 

protein C for PAR-1 substrate by 1000-fold, thus demonstrating the possibility of tuning 

the specificity towards protein substrates by modifying the side chain at a single position. 

The utility of the thrombin double variant, Trp215Ala/Glu217Ala, to treat several 

disorders including autoimmune encephalomyelitis (Verbout et al., 2015), collagen-

induced arthritis (Flick et al., 2011) and ischemic stroke (Berny-Lang et al., 2011) by 

selective activation of endogenous anticoagulant protein C has been successfully shown 

in mice models. 

 

Figure 1.1 Serpin regulation of coagulation, protein C and fibrinolytic pathways. Figure copied from 

(Huntington, 2012). Reprinted with permission from John Wiley and Sons. 
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Neprilysin (NEP) is a membrane bound zinc-dependent protease known to be 

involved in regulating concentrations of signaling peptides including hormones such as 

glucagon, neurotensin and oxytocin. Several inhibitors for the treatment of hypertension, 

heart failure (Gu et al., 2010), chronic pain, depression (Roques et al., 2012) and sexual 

disorders (Wayman et al., 2010) are currently in clinical trials. Also known as CD10 in 

oncology studies, NEP serves as a known biomarker in several lymphomas and plays a 

key role in tumorigenesis (Maguer-Satta et al., 2011). The downregulation of NEP 

expression or decrease in its activity by oxidative damage in the brain has been 

implicated in the progression of Alzheimer`s disease due to decrease in clearance of β-

amyloid (Aβ) peptides (Madani et al., 2006; Wang et al., 2003). Considering the variety 

of roles played by the enzyme, it is obvious that a NEP-based therapeutic candidate for 

Alzheimer`s disease should selectively cleave β-amyloid peptides without any residual 

activity towards other cognate substrates. Towards this objective, a library of NEP single 

variants with mutations across 134 different positions lining the active site was screened 

to identify a preliminary list of mutations that reduced the proteolytic activity towards 

eight different peptide substrates while improving the activity towards Aβ peptide 

(Webster et al., 2014). For the second round of screening, a library of double mutants 

with all of them containing Gly714Lys, the most optimal mutation identified from the 

previous library, and one of the other mutations from the preliminary list was 

constructed. The lead variant containing the mutations, Gly714Lys and Gly399Val, 

identified from the second round of screening was further characterized with sixteen 

different peptide substrates to compare its specificity with wild-type enzyme. Except for 

three substrates, the variants had activity lower than NEP by at least 10-fold and the 
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highest decrease of 3200-fold was observed for bradykinin peptide while the kinetics 

towards the desired Aβ substrate improved by 20-fold. It remains to be seen if the 

engineered ‘specialist’ NEP could be used as a therapeutic for the Alzheimer`s disease 

without any deleterious side-effects due to residual activity towards any essential peptide 

substrates.  

1.2.3 Engineering catalytic activity towards novel substrates 

Apart from narrowing down the broad specificity of a native enzyme, protease 

engineering has also been successfully applied to generate novel specificity which did not 

exist in the parental scaffold. Celiac disease is a gastrointestinal disorder caused by 

allergic reaction to dietary gluten and its incidence rate is on the rise affecting 0.3-1% of 

the global population currently. It involves damage to the digestive tract by the 

inflammatory response to peptides derived from partial digestion of protein components 

of gluten and symptoms manifested include diarrhea, malnutrition and edema (Bai et al., 

2013; Kaukinen et al., 2014). Oral supplements of different enzymes such as lipases, 

proteases and glucosidases from plant, animal and microbial origins have been 

successfully used to treat a variety of digestive disorders such as lactose intolerance and 

exocrine pancreatic insufficiency (Roxas, 2008). Therefore efficacy of peptidases 

identified from gluten-degrading microbes and plant seed kernels were tested to treat 

celiac disease and in fact, a mixture of cysteine protease from barley and prolyl 

endopeptidase from Sphingomonas capsulate is currently studied in a phase 2b clinical 

trial (Lähdeaho et al., 2014). An ideal therapeutic candidate should adhere to several 

constraints such as optimal kinetics at acidic intestinal pH of 2-4, resistance to 

endogenous digestive proteases and specificity towards immunogenic peptides to avoid 
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competitive inhibition by non-immunogenic peptides and proteolysis of essential gut 

proteins. With this objective, Kumamolisin-As, a stable bacterial protease from 

alicyclobacillus sendaiensis which prefers PRX motif at P2-P1` positions, was chosen as 

a starting point to engineer specificity to cleave after PQX motif commonly found in α-

gliadin, a monomeric protein component of gluten (Gordon et al., 2012). Based on 

computational analysis by Rosetta modeling, a focused library of 261 variants with the 

number of mutations in the active site region varying from one to seven was constructed 

to decrease the negative charge of the substrate binding pocket, fill up the vacant space 

that would be generated by the replacement of bulky Arg side chain of the native 

substrate and provide H-bonds to stabilize the polar amide group of Gln residue in the 

modified substrate. Based on plate screening with FRET peptide substrate, a set of seven 

mutations that improves the kinetics towards PQX motif by 100-fold while abolishing the 

activity towards native PRX motif was identified. The engineered variant retained its 

kinetics to hydrolyze α9-gliadin peptide in a digestive-like environment (pH 4, 0.1 

mg/mL pepsin) in vitro. Thus, the ability to engineer specificity of a protease allows use 

of a scaffold that already displays desired chemical and thermal stability as a starting 

point and obviates the need for conventional protein engineering approach of identifying 

mutations that confer stability. The possibility of clinical use will depend on the ability of 

the engineered enzyme to cleave immunogenic peptides in vivo and its toxicity profile. 

1.3 Specificity determinants of proteases are tunable by evolution 

1.3.1 Evolution of substrate specificity in natural proteases 

In nature, the specificity of proteases evolves according to the needs dictated by the 

selection pressure. Proteinase inhibitors in plants have driven the mutagenesis of 
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chymotrypsins in herbivorous larvae and selection of inhibitor-resistant variants (Dunse 

et al., 2010). The P2 specificity of the egg hatching enzyme, choriolysin L, in killifish 

and medaka fish correlates with the amino acid sequence of substrate protein in the egg 

envelope and is not cross-reactive, thus demonstrating the possible protease-substrate co-

evolution over 100 million years (Kawaguchi et al., 2013). Therefore, even proteases 

with high sequence similarity display catalytic activity towards diverse peptide or protein 

substrates in a highly selective or non-specific fashion depending on their native function. 

A textbook example used to demonstrate the preference towards chemically distinct 

substrates in spite of close structural similarity is trypsin – positively charged amino 

acids, chymotrypsin – hydrophobic amino acids and elastase – small aliphatic amino 

acids (Fersht, 1999). Enzymes with novel functions are postulated to evolve through 

multifunctional ‘generalist’ intermediates (Khersonsky and Tawfik, 2010) and 

subsequent specialization after gene duplication (Hittinger and Carroll, 2007). Granule 

associated serine proteases of immune defense (GASPIDs) refers to a family of serine 

proteases involved in various immune-related processes such as phagocytosis of 

pathogens and apoptosis of infected cells. Based on P1 specificity, GASPIDs could be 

classified into subfamilies such as tryptases, chymases and Met-ases. Evolutionary 

analysis of GASPID sequences has suggested divergence of proteases with varying 

specificity from a broadly specific tryptase, ancestral granzyme K in cartilaginous fish 

(Ahmad et al., 2014). The hypothesis is also supported by the functional roles of 

proteases at different hierarchical levels in the phylogenetic tree. For example, granzymes 

A and K which share high sequence identity with ancestral sequences mediate 

inflammation against a broad range of infectious microbes unlike evolutionarily young 
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granzymes B and H directed towards specific viral components for mammalian 

immunity. Previously (Wouters et al., 2003), an ancestral sequence reconstructed based 

on the phylogenetic analysis of 56 GASPID sequences was shown to be active towards a 

broad range of P1 residues (Asp/Arg/Phe/Met) and amenable to mutagenesis in 

specificity determinant positions (SDP) without loss in catalytic efficiency unlike 

‘specialist’ enzymes that evolved later (Caputo et al., 1999).  

 

Figure 1.2 Similarity of active site architecture in granzyme B/Asp (yellow), chymase/Phe (blue) and 

cathepsin G/Lys (pink)). Figure copied from (Waugh et al., 2000). Reprinted with 

permission from Nature Publishing Group. 

Selective preference towards drastically different P1 residues has been acquired even 

with minimal number of side chain changes in SDP and an imperceptible change in the 

overall architecture of the active site as exemplified by evolution of granzyme B which 

prefers Asp/Glu, chymase which prefers Phe/Tyr and Cathepsin G which can cleave after 

Lys in addition to Leu/His (Figure 1.2) in mammals (Waugh et al., 2000). The degree of 

specialization made possible by evolution allows fine discrimination between chemically 

similar substrates as shown by guinea pig chymase which cleaves after Leu but not 

Tyr/Phe or Val/Ala unlike other mammalian chymases (Caughey et al., 2008). Hence in 
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vitro evolution under a selective pressure to generate variants with desired specificity 

appears feasible. 

1.3.2 Engineering proteases by grafting specificity determinants  

While nature can take millions of generations to identify the mutations necessary for 

modifying the substrate specificity of a protease by hit and trial, protein engineers are 

expected to achieve the same feat in a much accelerated pace. One of the strategies 

employed was transferring specificity determinant positions (SDPs) from one enzyme to 

another as demonstrated by the successful engineering of chymotrypsin-like specificity in 

trypsin (Hedstrom et al., 1992). This approach is however challenging as all the residues 

that contribute towards substrate recognition needs to be identified. The prediction of 

SDPs based on analysis of large volume of phylogenetic and structural information using 

computational tools has been reviewed recently (Chakraborty and Chakrabarti, 2015). It 

was inferred that their success in identifying catalytic residues of unknown proteases 

could not be replicated in SDP prediction due to lack of experimental mutagenesis data 

for the design of machine learning algorithms and validation of predicted SDPs. The 

amount of experimental data required for SDP prediction can be explained using the 

following example. In a previous study, apparent kinetics of eight matrix 

metalloproteinases (MMPs), representatives from three different phylogenetic 

subfamilies, towards 1369 different peptides selected from a random hexamer library 

displayed on phage was measured (Ratnikov et al., 2014). Using this large set of 

experimental data, pairwise correlation between substrate specificity of any two MMPs 

was determined. Functional phylogeny determined based on substrate specificity was 

shown to correlate with sequence identity of fifty-seven positions and were identified as 
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SDPs (Figure 1.3). The correlation between sequence and functional phylogeny 

decreased when any of the SDPs were omitted from the analysis showing that all of the 

residues identified participate in defining the substrate specificity. By interchanging only 

4 residues in the SDPs spatially close to the substrate, preference of MMP-16 was 

transmutated to that of MMP-17. It is possible that remaining residues assigned as SDPs 

contribute to fine-tuning of the specificity as hybrid MMP-16/17 did not cleave 12 out of 

82 substrates preferred by MMP-17. 

 

Figure 1.3 Sequence alignment of catalytic domains of human matrix metalloproteinases. Specificity 

determinants located in the variable surface loops are highlighted in pink. Figure copied 

from (Ratnikov et al., 2014).  

It is to be noted that all the residues predicted as specificity determinants in MMPs 

were present in surface loops. Role of surface loops in evolutionary divergence of 

substrate specificity in chymotrypsin-fold protease has previously been described (Perona 

and Craik, 1997). It is tempting to generalize and claim that SDPs are typically present in 

motifs such as surface loops that can withstand high mutational load so that specificity 

can be tuned as per the requirements of evolutionary pressure without affecting the 

general scaffold that allows functional proteolytic activity. There are several intrinsic 

constraints for a functional protease scaffold such as proper stabilization of the transition 

state over ground state for fast turnover, right orientation of the base depending on the 

stereochemistry of catalysis and tighter packing with low helical content and high Cα 

densities to avoid autolysis (Buller and Townsend, 2013; Stawiski et al., 2000). Though 
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23 different catalytic triads/dyads have been observed in nature (Gherardini et al., 2007), 

it would be more efficient to allow divergence of substrate specificity on the same 

scaffold without redesigning the wheel. Supporting the hypothesis, proteases were shown 

to have higher loop content than non-proteases and it was used as one of the structural 

features to predict putative proteases from genomic databases (Stawiski et al., 2000). 

1.3.3 Success of directed evolution approach in engineering specificity 

Though substrate binding pocket appears to be plastic, it is not straightforward or 

easy to engineer novel specificity as any incompatible modification in SDPs will affect 

the amidase activity of the enzyme (Hung and Hedstrom, 1998). In several cases, gain of 

function mutations in the active site destabilize the protein fold and require introduction 

of functionally neutral mutations that improve protein stability (Bommarius et al., 2011). 

It is to be noted that the effect of these mutations need not be additive but can be 

epistatic. SDPs determine the substrate binding affinity but it has been suggested that 

flexible motion by distal loops drives the chemical catalysis and mutations in these 

regions remote from the active-site influence the turnover number (Currin et al., 2014). 

Thus, identifying all the subsites interacting with the substrate and grafting them onto 

corresponding positions in a different protease may not necessarily yield a functional 

enzyme with engineered specificity.    

High-throughput screening of a diverse library spanning large evolutionary breadth 

is a powerful approach to identify potential ‘hits’ as it increases the chances of 

identifying one of the right combinations of epistatic mutations. Outer membrane 

protease T (OmpT) which prefers to cleave between dibasic residues was engineered to 

cleave after peptides containing acidic Glu residue in P1 position (Varadarajan et al., 
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2008). The necessary mutations were identified by screening a library of million variants 

which was constructed to target three residues in the active site by saturation 

mutagenesis. While the variant (ER-OmpT) containing triple mutations (Glu27Leu, 

Asp208Arg and Ser223Gly) showed high catalytic efficiency (kcat/KM = 10
5
 M

-1
s

-1
) 

towards the new substrate and 1000-fold discrimination against the wild-type substrate, 

variants containing single mutations did any show any activity towards peptides 

containing Glu residue thus showing the need for epistatic mutations to reverse the 

polarity of the active site.  

 

Figure 1.4 Engineering of specificity towards different residues at P1 and P1` positions from a single 

parental enzyme, outer membrane protease T (OmpT). 

The engineering effort was further extended to alter P1` specificity from Arg to Ala 

by screening 100 million variants of ER-OmpT with random mutations introduced by 

error-prone PCR. A more comprehensive screening of 200 million variants with 
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mutations distributed across 21 residues lining the active site was required to identify a 

variant which can cleave after hydrophobic Tyr at P1 position. Starting from a single 

parental enzyme with preference towards basic residues, directed evolution approach had 

allowed successful engineering of selectivity towards acidic Glu, hydrophobic Tyr and 

tyrosine containing post-translational modifications such as sulfation and nitration 

without loss in catalytic efficiency (Figure 1.4). One of the key reasons behind the 

success achieved in a relatively short time scale was the high degree of genetic diversity 

screened, as facilitated by the screening throughput, with a resolution to simultaneously 

cull broadly specific variants and enrich kinetics of desired activity. 

1.4 Tools of the trade: Advances in technologies for engineering specificity 

Initial success in protein engineering by laboratory evolution approach has been 

consolidated by the advances in technologies allowing the scientific community to apply 

the same principles more efficiently. Newer methods for library construction and 

understanding of the fitness landscape observed in diverse protein libraries serve as a 

guide to navigate the sequence space efficiently to identify useful enzymes more often 

(Currin et al., 2014). The costs and time associated with custom DNA synthesis and DNA 

sequencing continue to decrease drastically. While gene synthesis was priced at $12 per 

base pair 15 years ago, today we can purchase a 500 bp gene fragment for less than $100 

in a turnaround time of 3-5 days (Mueller et al., 2009). Therefore in the context of 

technologies available, protease engineering is riding the wave of next-generation 

biocatalysts pursued by both academic and industrial interests (Bornscheuer et al., 2012). 
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1.4.1 Computational tools for constructing targeted libraries 

1.4.1.1 Homology guided mutagenesis  

The number of protein sequences classified as peptidases in MEROPS database is 

413,834 and it continues to grow with accelerating inputs from genome sequencing and 

metagenomics studies (Rawlings et al., 2014). Even to non-bioinformatics scientists, 

tools to mine the sequence database are becoming increasingly available for making an 

informed choice of residues to be targeted instead of relying on random mutagenesis 

techniques for creating the genetic diversity. The basic tenets in using sequence 

homology information for modifying specificity of enzymes are: (i) residues conserved in 

a superfamily of enzymes with varying specificity should not be mutated as they are 

potentially required for catalysis (ii) residues that are not conserved in the superfamily 

but conserved across the subfamily with similar specificity should be targeted as they 

could contribute towards substrate recognition. By restricting the codon choice at selected 

sites based on multiple sequence alignment of 1750 α/β hydrolases, the size of the library 

was decreased by 100-fold and a variant with 240-fold enhancement in specific activity 

towards the new substrate was identified (Jochens and Bornscheuer, 2010). Peptidase 

databases can be searched to identify an optimal starting point for the protein engineering 

studies based on the desired characteristics expected of the end product. For example, to 

generate an oral enzyme therapeutic candidate for celiac disease, a preliminary list of 

enzymes known to be active in acidic pH 2 – 4 were identified from MEROPS database 

(Gordon et al., 2012). In addition to desired pH stability, kumamolisin-As also had 

preference for Pro residue in P2 position and was chosen as the starting point to engineer 

specificity towards Pro-Gln motif commonly present in immunogenic gluten-derived 
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peptides. It is even possible to identify an enzyme with the desired specificity only by 

mining databases without any library screening as demonstrated by in-silico identification 

of transaminases with desired (R)–selectivity (Höhne et al., 2010). Based on the crystal 

structures available for (S)-selective transaminases and L-branched chain transaminases, 

key motifs that are expected to be present and mutations that should not be present for the 

desired (R)-selectivity were identified to be used as the database search criteria. Of the 24 

enzymes selected as putative (R)-selective transaminases for experimental verification, 

17 of them showed desired enantioselectivity towards a variety of amine substrates 

tested. It remains to be seen whether the same strategy could be extended to searching 

protease sequence database using motifs predicted for any desired substrate specificity. 

1.4.1.2 Structure and sequence guided mutagenesis  

Though not as populated as the sequence database, database of enzyme structures 

contains a wealth of information for targeted library construction. For example, analysis 

using the CASTp server can identify the residues constituting the putative binding 

pockets and cavities present in the enzyme by taking only the corresponding PDB id as 

input (Dundas et al., 2006). In the absence of structural information for the desired 

enzyme, most of the analysis tools can also use homology-based structure models as 

inputs which can be easily constructed using online servers such as PHYRE2 provided an 

experimental structure of a related protein which shares at least 30% sequence identity is 

available (Kelley et al., 2015). Another useful tool that needs to be mentioned in this 

context is the Hotspot wizard (Pavelka et al., 2009) which integrates several 

bioinformatics tools developed to collect both evolutionary and structural information 

corresponding to a given input and generates a list of candidate residues for library 
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construction identified based on spatial proximity to the substrate and the degree of 

mutability depending on how conserved the residue is (Figure 1.5). This computational 

tool has been successfully used in redesigning the specificity of a variety of enzymes 

including deaminases and dehalogenases (Kohila et al., 2012; Pavlova et al., 2009). With 

regard to peptidases, it was used to identify residues in methionine aminopeptidases 

(MetAPs) that are responsible for fine differences in specificities between variants from 

three different species, Mycobacterium tuberculosis, Enterococcus faecalis and Homo 

sapiens (Kishor et al., 2013). Three hotspots identified were targeted to design drug 

candidates that can selectively inhibit bacterial proteases without affecting the human 

analogue, thereby decreasing toxicity associated with the inhibitor treatment. A 

comprehensive list of online tools and web servers available for protein engineering to 

harness sequence and structural information are available elsewhere (Sebestova et al., 

2014; Verma et al., 2012). 

 

Figure 1.5 Graphical user interface of HotSpot Wizard results. Figure copied from reference 

(Sebestova et al., 2014) with permission from Springer. 
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1.4.1.3 In silico mutagenesis based on energy minimization 

One of the approaches that have been used in engineering specificity is to estimate 

the change in substrate binding free energy for a given mutation in the active site. The 

specificity of HIV-1 protease which cleaves after three different domains in HIV-1 Gag 

polyprotein was altered to selectively cleave reverse transcriptase domain. Three 

mutations beneficial for substrate discrimination were identified after sampling the effect 

of amino acid changes in eight different subsites (S4-S4`) on binding free energy (Alvizo 

et al., 2012). Similarly α-lytic protease was engineered to identify a variant with 1000-

fold improvement in P1 activity towards Leu (Wilson et al., 1991). In experimental 

studies, obtaining sufficient quantity of enzyme variants with high mutational load for 

characterization could be challenging due to various reasons such as aggregation induced 

by misfolding. In silico screening approaches can sample mutations at several positions 

without any such limitations and generate a small set of potentially beneficial mutations 

which can be experimentally validated. Typically during sampling, mutations are 

introduced in a sequential fashion so that energy minimization and repacking can be 

performed using tools such as FoldX (Schymkowitz et al., 2005) and FASTER (Desmet 

et al., 2002) in the intermediate steps. 

It is somewhat surprising that active site mutations chosen based only on substrate 

binding energy without regard to stabilization of reaction intermediate can lead to 

successful engineering of protease specificity as strong binders can also act as inhibitors 

(Baggio et al., 1996). HIV-1 protease, though specifically cleaves at particular sites in its 

endogenous substrates, displays no consensus in the primary sequence of its cleavage 

sites. Variants of α-lytic protease though highly active towards the novel substrate were 
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shown to be broadly specific (Bone et al., 1991). It is possible that the overlap between 

substrate recognition and catalysis is minimal in the scaffolds which do not recognize 

specific consensus sequence and mutations identified based on binding free energy are 

sufficient to introduce the activity towards novel substrates. General efficacy of this 

approach in engineering specificity will be known only when applied to other classes of 

proteases. 

Most of the computational tools which study the effect of point mutations are limited 

in their ability to include interactions due to water molecules or other cofactors and 

dynamic interactions by the flexible loop regions of the enzyme, both known to play a 

significant role in enzyme catalysis (Ma et al., 2005). Therefore assessing whether a 

given mutation would introduce any steric clashes or affect the stability of the protein 

fold has been more straightforward than to estimate its effect on substrate binding and 

catalysis. However it is possible to overcome these limitations by using them in junction 

with more computationally rigorous tools such as Rosetta molecular modeling suite to 

include backbone flexibility or impose geometric constraints corresponding to a given 

catalytic mechanism. For example, after mutations that affect the substrate binding 

energy were identified using computational alanine scanning (Lise et al., 2009), 

molecular dynamics simulations were performed to assess the stability of granzyme B 

variant containing the mutation Arg201Lys bound to Serpin B9 in presence of water 

molecules (Losasso et al., 2012). 

1.4.2 Platforms for high-throughput characterization 

More often than not, computational enzyme design efforts are followed by directed 

evolution experiments since the kinetics and stability of the endpoint variants do not meet 
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the final requirements of the application. However, dearth of assays for determining 

protease specificity in high-throughput limited the span of genetic diversity explored. 

Even with the advent of robotics for liquid handling or colony picking, the maximum size 

of the libraries screened using agar/ microwell plates was restricted to 10
4
. Here, we will 

focus on newer platforms and strategies developed for high-throughput screening (HTS) 

of large libraries (> 10
7
 variants). 

1.4.2.1 Platforms based on fluorescence activated cell sorting 

Before we proceed further, a brief introduction to the workflow of fluorescence 

activated cell sorting (FACS) would be helpful. Dilute suspension of cells is introduced 

from the sample line into sheath fluid in laminar flow such that cells are aligned one after 

another in a single line to pass through a nozzle of size less than 100 µm. Laser and 

detection optics are aligned below the nozzle to measure fluorescence and scatter 

properties at single cell resolution. The nozzle is oscillated to generate droplets at a 

desired piezo frequency which is at least 3 or 4-fold higher than the number of cells 

passing through the nozzle per second. Number of cells per droplet can be determined by 

Poisson distribution and 30% of the droplets are expected to contain only one cell. All 

droplets are directed towards the waste reservoir but when a droplet is known to contain a 

desired cell, it can be deflected by electrostatic or acoustic methods for collection into a 

separate tube. Further information on working mechanism of FACS can be found 

elsewhere (Davies, 2007). Though FACS has been around since 1969, its use was 

restricted to mammalian cells. With the advances in optics and fluorescent dyes suitable 

for bacterial analysis, cell sorters capable of screening 10
4
 variants per second were made 

commercially available. A whole-cell sensor was designed where a GFP variant with its 
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C-terminal fused to a quenching peptide through a protease sensitive linker was co-

expressed with the protease in the cytoplasm of E.coli (Lindenburg and Merkx, 2014). If 

a protease variant is active towards the linker sequence, then it would lead to release of 

quenching peptide and an increase in GFP fluorescence. When screening a library of 

protease variants using FACS, only the cells showing high GFP fluorescence can be 

isolated to identify the mutations corresponding to active protease variants. The strategy 

of quenching the fluorescence by C-terminal fusion to a hydrophobic quencher peptide 

was shown effective in yellow, cyan and red fluorescent proteins as well to allow a 

multiplexed assay (Wu et al., 2013). It is to be noted that translation of this platform to a 

new protease is possible only if the amino acids that remain in the C-terminal of the 

fluorescent protein after proteolysis do not interfere with the subsequent chromophore 

formation and optimization of expression levels of the protease and the substrate might 

be required to improve the signal/noise. 

As opposed to substrates that are genetically encoded, exogenously added substrates 

allow a higher range of concentration to screen the protease library. Also, substrates 

synthesized in vitro can be modified to contain non-natural amino acids, post-

translational modifications absent in the host and non-natural dyes which exhibit Forster 

resonance energy transfer (FRET). FRET is the phenomenon of radiationless transfer of 

energy from an excited fluorophore to a quencher molecule in close proximity (< 10 nm) 

leading to a decrease in emission of the excited fluorophore. When a pair of dyes known 

to exhibit FRET is conjugated to a peptide such that the amino acid sequence sandwiched 

between the dyes corresponds to the specificity of the desired protease, then any 

proteolysis event will disrupt the spatial proximity of the quencher to the fluorophore and 
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can be measured by the corresponding increase in fluorescence. In a previous study 

(Olsen et al., 2000), a peptide conjugated to a FRET pair was designed to contain an 

additional positively charged tail (amino acids Gly-Arg-Gly-Arg) such that after 

proteolysis, fragment containing the fluorophore is locally captured on the surface of the 

bacterial cell which is typically negatively charged (zeta potential ~ -30 mV). Therefore, 

when a population of cells expressing a protease library was incubated with the peptide 

substrate, only those cells which contained variants catalytically active towards the 

peptide substrate became fluorescent while rest of the population did not. Moreover, the 

strategy was extended to measuring proteolytic activity towards three different substrates 

simultaneously using spectrally different fluorophores allowing isolation of variants that 

are highly specific towards only one of the substrates FACS (Varadarajan et al., 2009b).  

Permeability of outer membrane of bacteria is typically restricted to hydrophilic 

molecules of size than 600 Da (Nikaido and Vaara, 1985). As peptide-dye conjugates are 

larger (2.5 -3 kDa) than this size limit, the platform has been used only for native 

membrane proteases or recombinant proteases displayed on the surface (Ramesh et al., 

2012).  

Invention of a-agglutinin based platform for display of recombinant protein on the 

surface of yeast spurred the use of eukaryotic host in protein engineering (Boder and 

Wittrup, 1997). Unlike prokaryotes, presence of organelles such as endoplasmic 

reticulum (ER) and Golgi apparatus allow proper expression of recombinants proteins 

containing multiple disulfide bonds or glycosylation modifications. Recombinant proteins 

can be targeted towards ER in yeast using an N-terminal signal peptide and can be 

retained there using a C-terminal peptide. In a previous study, a substrate was designed to 
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contain ER signaling and retention peptide, a protease sensitive linker, a-agglutinin 

domains for display of the substrate on the surface and epitope tags for detection using 

fluorophore-conjugated antibodies (Yi et al., 2013). In the absence of any proteolysis, the 

substrate is sequestered in ER and no fluorescence is detected upon antibody labeling. 

Proteolysis towards multiple sequences can be monitored by flanking additional epitope 

tags. The platform was shown to be amenable to detect activities of hepatitis C virus 

protease, tobacco etch virus (TEV) protease and human granzyme K. In another study 

using yeast, a transcription factor was anchored by fusion to the intracellular domain of a 

membrane protein through a protease-sensitive linker thereby restricting transcription of 

the reporter gene in nucleus in the absence of any proteolytic activity cleaving the linker 

(Kim et al., 2000). Using this platform, P2 specificity of hepatitis A virus 3C protease 

was altered from Thr to Gln by screening a library containing one million variants 

(Sellamuthu et al., 2008). Depending on the nature of the reporter gene, selection or 

screening can be performed to isolate variants that exhibit proteolytic activity towards the 

linker sequence. In spite of the ease in culturing and the increasing knowledge for genetic 

manipulation, yeast is not preferred for screening very large libraries due to its lower 

transformation efficiency (10
6
/µg of plasmid) even with the improved LiAc/PEG method 

in comparison to typical transformation efficiency of 10
10

/µg of plasmid achieved with 

E.coli (Gietz and Schiestl, 2007). 

1.4.2.2 Microfluidic devices for cell sorting 

Recently, advances in microfluidics and in vitro compartmentalization (IVC) 

methods have fueled the efforts to design next generation sorters with features that are 

lacking in the commercially available FACS machines (van Vliet et al., 2015). In a 
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previous study, enzyme libraries were sorted at single cell resolution similar to FACS 

without the need for periplasmic or surface display techniques. This was achieved by 

encapsulation of cells expressing variants of arylsulfatase in droplets containing a 

mixture of lysis reagent and fluorogenic substrate such that each droplet contains a 

variant that is released from the cytoplasm by cell lysis (Figure 1.6) (Kintses et al., 

2012). This technology is especially relevant to protease engineering as it allows 

expression of the enzyme in its zymogen form in the cytoplasm which can be 

subsequently activated for labeling with substrates. Another key advantage of the 

microfluidics-based sorting methods is the exquisite control on the fate of the drops 

containing enzyme variants. As each variant is labeled separately and the mass exchange 

between droplets is negligible due to separation by the oil phase, droplets could be 

incubated with the substrate off the flow path for a longer time period when the kinetics 

of library members is expected to be slow. Though fluorescence activated droplet sorters 

have lot of potential, they are not used prevalently as most of them are custom built and 

require considerable expertise in microfluidics. In fact, there has been only one study that 

used IVC technique to engineer proteases where the activity of subtilisin in presence of 

the inhibitor antipain was improved (Tu et al., 2011a). Apart from flow sorting, 

microfluidic chips which are miniaturized versions of microtiter plates but containing 

1000-fold more number of wells have been used for kinetic measurement of proteolytic 

activity observed in mammalian cells at single cell resolution by fluorescence microscopy 

(Wu et al., 2015). As the dimensions of nanowells can be easily tuned, we can anticipate 

adaptation of these imaging based methods for screening protease libraries. However, the 
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advantage of high-content screening and easy retrieval of desired variants is offset by two 

orders of magnitude lower throughput in comparison to flow sorting. 

  

Figure 1.6 Schematic directed evolution cycles by lysate screening in droplets. Figure copied from 

(Kintses et al., 2012). 

1.4.2.3 In vivo continuous evolution 

In all the previous platforms described so far, protease libraries were screened in 

discrete steps for iterative enrichment of desired variants. Alternatively, continuous 

enrichment of desired mutations was achieved in a system where enzyme activity of the 

protease variant displayed by a phage determines its propagation by infection of E.coli 

cells. With an objective of identifying mutations in hepatitis C virus protease gene that 

lead to resistance towards inhibitor drugs, a reactor of E.coli cells was infected with 

phage displaying the viral protease and maintained at a constant cell density by influx of 

fresh cells and outflux of phage-infected cells. Genetic diversity of the viral protease was 

created by inducing overexpression of mutator proteins such as DNA polymerase without 

the proofreading subunit in E.coli. In addition, E.coli cells express an inactive form of T7 

RNA polymerase which can be converted to an active form by the viral protease upon 
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phage infection to upregulate the expression of protein III under T7 promoter. As protein 

III is critical for viral replication, only phages that display protease variants active in 

presence of the inhibitor propagate while others cannot due to inability to activate T7 

RNA polymerase. Therefore, phages displaying active protease continue to survive and 

enrich in the reactor by infecting fresh cells while phages that do not get diluted by the 

constant outflux. High-throughput sequencing of phages isolated from the reactor after 28 

h of continuous evolution, identified mutations that have been observed in inhibitor drug-

resistant hepatitis C patients in the clinic. Fast life cycle of phage (progeny release in 10 

min) allows enrichment of mutations through several generations in a short duration of 

time. Considering the ease of setting up a phage-assisted continuous evolution 

experiment, this system can also be used in fine-tuning the properties of potential 

‘winners’ identified using other methods. It should be interesting to see how PACE can 

be translated for engineering specificity of other proteases as phage display has already 

been demonstrated for enzymes such as enterokinase and trypsin previously (Gasparian et 

al., 2013; R. Corey et al., 1993). Unlike the hepatitis C virus protease studied previously, 

when PACE is applied for proteases such as chymotrypsin which does not display any 

extended specificity, enrichment of phage  containing active variants can be affected by 

the effect of protease toxicity on host viability.  

1.4.3 Techniques for profiling specificity of engineered proteases 

1.4.3.1 Selection/ screening of genetically encoded substrate libraries 

Profiling the activity of potential ‘winners’ isolated from protease libraries towards 

substrates with different Pn-Pn
`
 residues is essential for validating the successful 

engineering of specificity. Unlike chemically synthesized peptide-dye conjugates, 
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genetically encoded substrates provide a facile way to increase the diversity of the amino 

acid sequences tested. Randomized hexameric peptide libraries displayed on phage have 

been successfully used to determine substrate preferences of several poorly characterized 

proteases (Clara et al., 2011; Shi, 1995). In a typical experiment, the protease of interest 

is incubated with phages displaying randomized peptide – epitope tag fusion such that 

phage particles displaying substrates that did not undergo proteolysis can be depleted 

using antibody against the epitope tag. Phage variants which have lost the epitope tag due 

to proteolysis are propagated and the cycle of negative selection is repeated multiple 

times. Amino acid sequence of optimal substrates can be identified by DNA sequencing 

of enriched variants. Apart from phage display, another platform that has been used for 

profiling specificity of proteases is cellular libraries of peptide substrates (CLiPS) 

(Boulware and Daugherty, 2006). Peptide library fused to a streptavidin-binding motif is 

displayed on the surface of E.coli by fusion to a membrane protein and labeled with 

strepatavidin-fluorophore conjugate. Homogenously fluorescent population obtained by 

FACS is incubated with the protease of interest and sorted again to isolate non-

fluorescent cells that have lost the streptavidin-binding motif by proteolysis. Unlike 

selection by phage panning, CLiPS screening allows a higher degree of control on 

members that are carried forward for subsequent rounds of enrichment albeit with at least 

10-fold decrease in peptide diversity screened as limited by bacterial transformation 

efficiency. Some of the platforms described earlier which use genetically encoded 

substrates to detect protease activity can be modified such that positions in the protease-

sensitive linker region of the substrate are randomized and substrates optimal for a given 

protease can be enriched in a way identical to screening of protease libraries. 
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1.4.3.2 Mass spectrometry based approaches 

 

Figure 1.7 Proteomic identification of cleavage sites (PICS) library generation and specificity 

assay. Figure copied from reference (Schilling et al., 2011b) with the permission from 

Nature Publishing group 

Though large sequence space can be comprehensively screened to identify the amino 

acid sequence of the optimal substrate, determining the exact cleavage site in the peptide 

requires subsequent characterization by N-terminal sequencing or mass spectrometry. 

Typical workflow of a proteomics based platform that utilizes tandem mass spectrometry 

(MS/MS) and bioinformatics to determine all the sites cleaved by a given protease is 

shown in Figure 1.7 (Schilling et al., 2011b). Peptide libraries are obtained from lysates 

of mammalian or bacterial cells and are expected to contain a variety of post-translational 
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modifications, thus increasing the chemical repertoire of constituent amino acids for 

profiling specificity of the protease. For example, a metalloprotease isolated from 

Methanosarcina acetivorans was characterized to cleave at the N-terminal of methylated 

or dimethylated lysines in addition to free lysines (Huesgen et al., 2015). All free amine 

groups are chemically protected during library preparation so that any new N-terminus 

generated subsequently can be attributed to proteolysis catalyzed by the protease of 

interest. Peptides with a free N-terminus isolated by selective conjugation to succinimidyl 

ester of biotin are analyzed by MS/MS coupled to liquid chromatography and the spectra 

obtained are assigned to amino acid sequences using database search software such as 

MASCOT. P1` sequence corresponding to each peptide identified can be inferred from 

the protein database corresponding to the cell line used for the peptide library generation 

using the freely available online tool, WebPICS (Schilling et al., 2011a). Overall, the 

system has been shown applicable to all classes of proteases and subsite cooperativity 

analysis can be performed as hundreds of unique sequences are identified for each 

protease. In the case of HIV-1 protease, 767 unique sequences were identified to 

determine P6-P6` specificity and presence of Ala in P1 position was shown to correlate 

with P3 Leu residue (Schilling and Overall, 2008). Though utility of the original 

proteomic identification of cleavage sites (PICS) method is restricted to endoproteases, a 

modified version was developed to profile the specificity of human 

metallocarboxypeptidases A1, A2 and A4 (Tanco et al., 2013).  

1.4.3.3 Quantitative characterization of specificity 

The standard method of kinetic characterization to obtain Michaelis-Menten 

parameters uses colorimetric or fluorogenic peptide substrates where the dye is quenched 
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either by conjugation to C-terminal of an amino acid or by a separate quencher dye. 

Combinatorial peptide library substrates can be purchased commercially and the rate of 

fluorescence generated under varying protease/substrate concentrations can be 

conveniently measured in a plate reader. Sometimes, higher substrate concentrations are 

to be avoided due to poor solubility of hydrophobic dyes in aqueous buffer solutions and 

the calibration procedure to convert absorbance or fluorescence to molarity requires inner 

filter effect correction. In a previous study, to avoid the hassle of chemical synthesis for 

each peptide substrate, phage display coupled with enzyme-linked immunosorbent assay 

(ELISA) was used to measure the apparent proteolysis kinetics of eight matrix 

metalloproteinases towards 1370 different substrates (Ratnikov et al., 2014). Though the 

kinetic parameter obtained from phage ELISA can be used for a quantitative comparison 

of substrate preferences of proteases, they are not identical to Michaelis-Menten 

parameters due to several reasons. Substrate concentration corresponding to the typically 

used value of 10
11

 phage particles/well is in picomolar whereas the Michaelis constant 

Km for most of the proteases is in micromolar. In fact, nanomolar protease concentration 

is required to generate sufficient chemiluminescence for subsequent detection and also 

substrate molecules are surface-bound, not in free solution. Quantitation of product 

generated can be performed without relying on any chromophore or fluorophore using 

mass spectrometry by using tandem mass tags or internal peptide standards with identical 

amino acid sequence labeled with heavy isotope (Bantscheff et al., 2007). Majority of the 

protease characterization efforts utilize peptide substrates and in some cases, they do not 

represent the ability of the protease to cleave corresponding protein substrates possibly 

due to the lack of ability to recognize a different secondary structure associated with the 
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same cleavage site motif. It is possible that some of the techniques used in terminomics 

(studies focused on proteins with C- or N- termini generated post-translationally) which 

involves identifying physiological substrates of proteases can be adapted for profiling the 

specificity of engineered proteases with protein substrates instead of peptides. 

1.5 An outlook for the future of engineering protease specificity 

Recombinant protein production allowed industrial use of natural proteases other 

than digestive enzymes isolated from slaughtered cattle. Protease engineering confers 

desired properties absent in natural proteases to meet the existing industrial needs and 

also enables emergence of new applications such as enzymatic synthesis of small 

molecule drugs. The key thrust area for proteases with modified specificity is in 

development of new therapeutic candidates for clearance of pathological target proteins. 

One of the major requirements of any therapeutic protease is localized activity towards 

specific targets as unintended proteolysis can lead to fatal side effects such as intracranial 

hemorrhage in the case of thrombolytic therapy for heart attack. In nature, apart from 

regulation by inhibitors and cofactors, localization of proteolytic activity is also achieved 

by non-catalytic domains present in the proteases. For example, kringle domains present 

in anticoagulant proteases bind selectively to fibrin, thus localizing the fibrinolytic 

activity to the clot site. Presence of fibrin binding domains in tissue-type plasminogen 

activator has allowed its administration in a systemic infusion method as opposed to 

urokinase which has to be locally administered at the clot site (Craik et al., 2011).  It has 

been shown that regulatory proteases have evolved from an ancestral trypsin-like 

protease that contained only the signal peptide, zymogen activation peptide and catalytic 

domain by accretion of binding modules through various mechanisms such as exon 
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shuffling and transposition (Patthy, 1985). As the binding domains are independent units 

of the protease, it is plausible that they can be engineered for higher affinity towards a 

target without affecting the catalytic activity. Variants of kringle domains have been 

identified to bind target proteins such as tumour necrosis factor (TNF) and TNF-related 

apoptosis-inducing ligand receptors with a dissociation constant of 10 nM (Lee et al., 

2010). Granzyme B, a pro-apoptotic protease that does not contain any binding domain, 

was fused to an antibody fragment targeted against a tumour antigen and shown to be 

effective in different lymphoma mouse model studies (Schiffer et al., 2014, 2013). 

Though this strategy can decrease the required dosing by increasing the local 

concentration of the protease in the region containing target molecules, it is to be noted 

that the protease is active all along even before the target binding event. Off-target 

cleavages can be further minimized if extended substrate recognition motifs can be 

grafted within the catalytic domain. IgG degrading enzyme from Streptococcus pyogenes 

(IdeS) specifically cleaves the lower hinge region of IgGs and does not react towards 

analogous peptide substrates or denatured proteins containing the putative recognition 

site, Glu - Leu - Leu - Gly (Vincents et al., 2004). This exquisite specificity is attributed 

to an exosite that interacts with CH2 domain of the Fc region. We could envision next-

generation proteases with grafted exosites to carry out proteolysis of specific target 

substrates present in complex protein mixtures with precision. As a first step in this 

direction, backbone grafting of binding motifs, even those discontinuous in the primary 

sequence, onto different scaffolds was successfully performed using a computation-

guided directed evolution approach (Azoitei et al., 2011). Though extension of this 

strategy to grafting in protease scaffolds without loss in catalytic efficiency will be 
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formidable, the real challenge in engineering exosites for selectivity towards a target will 

be identification of all the relevant specificity determining positions (SDPs) in the 

scaffold.  

The contribution of protease engineering towards industrial biotechnology is evident 

from the $2.7 billion sales market in 2014 which is pegged to grow further in the future 

(86). Efforts are focused on improving the chemical and thermal stability of proteases 

such that they are active in the non-native working environment. Most of the industrially 

useful proteases have broad specificity and engineering their specificity is not relevant to 

improving their utility. To the best of our knowledge, currently no protease with modified 

specificity is used in any biotechnological application. However it is very possible that in 

the near future engineered proteases along with innovations from other technologies can 

revolutionize multiple fields such as protein sequencing. One of the factors behind 

renaissance in the field of DNA sequencing last decade was DNA polymerases 

engineered for high fidelity and ability to incorporate chemically modified nucleotides 

(Murakami and Trakselis, 2013). Though amino acid sequence of a protein can be 

inferred from its cDNA, direct sequencing is required to show evidence at the protein 

level and for identification of post-translational modifications such as proteolytic 

processing. Peptide sequencing using the classic Edman degradation method which 

releases amino acids one at a time from the N-terminus using phenylisothiocyanate 

chemistry can be modified using engineered proteases. A cysteine protease was 

redesigned to release the derivatized N-terminal amino acid without the need for a strong 

acid or heat which typically causes high background by additional hydrolysis elsewhere 

in the peptide (Borgo and Havranek, 2015). Currently, samples with modified N-termini 
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are treated with aminopeptidases for subsequent Edman sequencing. It is possible to 

imagine a microfluidics-based platform that uses different aminopeptidases with stringent 

P1 selectivity to identify the entire sequence of a protein without any restriction on the 

size that could be analyzed. One of the major limitations of Edman sequencing that led to 

the rise of mass spectrometry (MS) as the gold standard for protein sequencing is the 

inability to handle protein mixtures. Substantial advances in both hardware and software 

for tandem MS have allowed two independent attempts, Human Proteome Project and 

ProteomicsDB, to characterize the entire human proteome (Kim et al., 2014; Wilhelm et 

al., 2014). Trypsin, due to its strict P1 specificity towards Lys/Arg, has been the 

workhorse enzyme to digest proteomic samples into easily ionizable peptides of desired 

size for downstream analysis. Current proteomic studies focusing on post-translational 

modifications (PTMs) such as phosphorylation face several challenges including locating 

the site of modification and avoiding losses during sample enrichment and MS 

fragmentation. As other proteases in addition to trypsin can easily be used during protein 

digestion, attempts were made to engineer specificity of proteases such as subtilisin and 

OmpT for improved identification of PTMs (88, 89). Though previously engineered 

variants suffered from limitations such as poor digestion efficiency or poor 

discrimination between peptides with/without PTM, efforts to create protein analogues of 

DNA restriction enzymes continue and could make the characterization simpler in the 

future. Apart from protein analytics, proteases are used by synthetic biologists for 

chemical or even light modulated degradation of proteins to design next generation 

sensors and memory devices (Bonger et al., 2011; Prindle et al., 2012; Renicke et al., 

2013). For example, a recent report demonstrated using a mouse model that engineered 
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bacteria can be orally administered to colonize liver tumors and secrete reporter enzymes 

for cancer detection by in vivo imaging or simple fluorogenic substrate assay using urine 

sample (Danino et al., 2015).  Multiple proteases with extended, orthogonal specificities 

can open up a whole new array of applications by allowing synthesis of integrated genetic 

circuits with minimal cross talk. Progress in both exosite and active site engineering of 

proteases is expected to come from a multipronged approach where the initial design 

from computational methods which take cues from natural diversity by mining sequence 

and structural databases is subsequently optimized using directed evolution techniques. 

With an increased understanding of the rules that govern substrate recognition and 

catalysis at an atomistic level, we can aspire for de novo arrangement of chemical groups 

in a 3-D scaffold which is not necessarily amino acid based. 

1.6 Conclusions 

Proteases constitute the largest group of industrially useful enzymes. With the 

increase in understanding of their physiological roles, they are emerging as a new class of 

biologics for clinical treatment. Unlike antibodies, proteases can achieve faster clearance 

of pathological targets due to high turnover. However, their therapeutic potential is 

undermined by a variety of shortcomings such as short half-life due to endogenous 

inhibitors and toxicity due to off-target proteolysis. Engineering the specificity of those 

proteases to overcome these limitations seems to be a viable solution. Under natural 

selection, proteases with high sequence similarity have evolved to display catalytic 

activity towards diverse peptide or protein substrates in a highly selective or non-specific 

fashion depending on the requirement for fitness advantage. The apparent plasticity of 

substrate determining motifs in proteases was taken advantage of using in vitro evolution 
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methods to generate variants with exquisite selectivity without compromising on high 

catalytic efficiency. The success rate and time involved in identifying beneficial 

mutations have substantially improved with advances in targeted diversity creation 

methods, high-throughput screening/selection platforms and comprehensive specificity 

profiling techniques.  With the rise of next-generation biocatalysts, only creativity can 

limit the plethora of suitable applications which includes synthetic biology, protein 

analytics and protease therapeutics. 
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Chapter 2 

Bacterial platform for anchored display or secretion of recombinant 

proteins with disulfide bonds 

 

This chapter has been published as a research article titled ‘Single-cell 

Characterization of Autotransporter-mediated Escherichia coli Surface Display of 

Disulfide Bond-containing Proteins’ in the Journal of Biological Chemistry, 

287:38580–38589. I performed all the experiments and the manuscript was written 

in collaboration with the co-authors listed in the paper. 

 

2.1 Introduction 

The display of recombinant proteins on the surface of microorganisms has attracted 

substantial interest from both an application (biotechnological or clinical) and from a 

basic microbiological standpoint towards understanding mechanisms of protein 

translocation. The utility of surface display of functional peptides and proteins for 

biotechnological applications has been demonstrated in several different contexts 

including: whole-cell biocatalysis based on esterases (Schultheiss et al., 2008), 

bioremediation using recombinant display of organophosphorous hydrolases and 

metallothioneins (Li et al., 2008; Valls et al., 2000), glucose-responsive biosensors 

(Shibasaki et al., 2001) and protein engineering of displayed libraries (Binder et al., 2010; 
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Jose and Meyer, 2007). In the context of surface display of antigenic recombinant 

peptides/proteins for delivery of live vaccines, besides the obvious safety advantage of 

using surface display on non-pathogenic bacteria, there are several other benefits like the 

cost and ease of manufacturing, the ability of bacterial components like 

lipopolysaccharride (LPS) to function as adjuvants to stimulate the immune system via 

Toll-like receptors leading to sustained immunity (Nhan et al., 2011) and the ability of 

the mammalian innate immune system to recognize prokaryotic mRNA (present only in 

live cells) leading to protective immunity (Sander et al., 2011). 

In parallel, surface display of both recombinant and engineered native proteins has 

been used to delineate the mechanism of protein translocation. In gram negative bacteria 

like Escherichia coli in particular, display of proteins on the cell surface requires that the 

protein that is translated in the cytoplasm traverse across two separate lipid bilayers, the 

inner and outer membranes (Dautin and Bernstein, 2007). Consequently, gram-negative 

bacteria have evolved a diverse array of protein transport machinery (designated types I-

VIII) dedicated to facilitate the translocation and ultimately secretion or surface display 

of proteins (Tseng et al., 2009). Autotransporters (AT, type Va) are believed to be the 

most abundant secretion pathway with >700 members that are ubiquitous in bacterial 

genomes (Henderson and Navarro-garcia, n.d.; Pallen et al., 2003).  

ATs comprise an extended N-terminal leader sequence that is cleaved at the inner 

membrane (Szabady et al., 2005) followed by an N-terminal passenger (20-400 kDa) 

typically associated with virulence functions (adhesion, proteolysis, pore formation etc.) 

and finally a conserved C-terminal ~30 kDa β-barrel (Wells et al., 2007). ATs are 

attractive candidates for the surface display of recombinant proteins because they are 
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displayed at high-copy numbers (>100,000 protein copies) with minimal host-toxicity 

(Rutherford and Mourez, 2006). The nomenclature of ATs was based on the assumption 

that the primary sequence of the protein encodes all the information necessary for 

accurate translocation and ultimately surface display or secretion of the passenger 

domain. Although it was initially hypothesized that the C-terminal β-barrel formed a pore 

through which the N-terminal passenger was translocated (Pohlner et al.) this model has 

subsequently been challenged and an alternative model based on the aid of accessory 

proteins like the Bam complex has been developed (Bernstein, 2007; Sauri et al., 2009). 

Recent biochemical and functional studies on the C-terminal domain indicated that a 

conserved α-helix and the β-barrel comprise the minimum functional transport unit 

(Marín et al., 2010) but the role of the α-helix has since been suggested to be required for 

cleavage rather than actual secretion (Dautin and Bernstein, 2011). 

There exists considerable controversy in the ability of ATs to transport passengers, 

either native or recombinant, containing folded elements, especially those containing 

disulfide bonds. Since disulfide bond formation is catalyzed in the periplasm of E. coli by 

the Dsb family of oxidoreductases, proteins containing thiols that form disulfide bonds 

are expected to be oxidized in the periplasm (Oudega, 2003). Using both native (EspP, 

IcsA) and recombinant (single-chains of antibodies) passengers, several groups have 

independently reported the ability of the passenger domain to fold in the periplasm in a 

proteolytically resistant state and subsequently be transported across the outer-membrane 

(Brandon and Goldberg, n.d.; Ieva et al., 2008; Skillman et al., 2005; Veiga et al., 2004, 

1999). In contrast, studies utilizing native passengers engineered to contain cysteine 

residues (Hbp, Pet) have indicated that to a large extent, disulfide bonds between 
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cysteines that are not closely spaced stall passenger transport (Jong et al., 2007; Junker et 

al., 2009; Leyton et al., 2011). 

An understanding of the variations in functional protein display at a single-cell level 

and quantifying the frequencies of cells in a clonal population capable of expressing 

functional protein can provide insight in to constraints imposed by the folded state of 

passenger on its transport. At the same time, quantifying the ability of ATs to display 

recombinant antigenic proteins containing multiple disulfide bonds would facilitate the 

adaptation of ATs for live-cell vaccine applications. Similarly, biotechnological 

applications that involve displaying libraries of protein molecules require knowledge of 

the number of functional recombinant protein molecules displayed on every single-cell. 

Although flow-cytometry has been previously applied to study of ATs, these have been 

predominantly restricted to quantifying epitope tags that indicate surface protein display 

and not functional protein display (Marín et al., 2010; Nhan et al., 2011; Pyo et al., 2009). 

Here, we systematically investigate the ability of the Antigen 43 (Ag43) AT to 

display two different recombinant reporter proteins that are known to fold in the 

periplasm, a single-chain antibody (scFv) that contains two disulfides and chymotrypsin 

(rChyB) that contains four disulfides (Harvey et al., 2004; Venekei et al., 1996a). Using 

flow-cytometry to quantify surface display of functional protein at the single-cell level, 

we demonstrate that in spite of the known propensity of these passengers to fold in the 

periplasm, surface display of these proteins is rather efficient and can be achieved using  

only the C-terminal domain containing the α-helix and the β-barrel. Our flow-cytometric 

data is consistent with data obtained by immunofluorescence microscopy and western 

blotting on whole cell lysates. In contrast to previous reports (Jose et al., 1996), no 
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genetic manipulation like the use of dsbA- strains or the use of reducing agents like β-

mercaptoethanol (BME) was necessary to accomplish efficient display. Our results 

indicate that display of recombinant proteins containing multiple disulfides can be 

achieved by employing the Ag43 system and that the vast majority of native AT 

including the autochaperone domain are not indispensable for heterologous protein 

display. These results have important implications for both understanding protein 

translocation by ATs and for the recombinant display of heterologous proteins for 

catalysis and engineering. 

2.2 Experimental Procedures 

2.2.1 Plasmid construction  

Gene fragments coding for recombinant passenger (M18 scFv and Rattus novergicus 

chymotrypsin (ChyB)) and signal peptides of Antigen 43 (Ag43), outer membrane 

protease T (OmpT), and pectate lyase (PelB) were obtained by PCR using 

oligonucleotides (oligos) (Integrated DNA Technologies, USA), as listed in Table 1.1. 

Templates for PCR to obtain gene fragments coding for M18 scFv and rChyB were kind 

gifts from the lab of G. Georgiou (University of Texas, Austin). Genomic DNA of E. coli 

MC1061 was used as template to obtain other gene fragments. E. coli MGB263 as a kind 

gift from Dr. Marcia Goldberg (Harvard school of Public Health, Boston). The genes 

coding for fragments of Ag43 (138 – 1039 aa, 552 – 1039, and 700 – 1039 aa) were 

amplified by PCR with oligos designed to encode a (GGGGS)2 linker (5’) and His6 tag, in 

addition to restriction enzyme recognition sites (3’) (Table 2.1).  The PCR product was 

subsequently digested with KpnI and HindIII at 37 
o
C for 3h and was ligated using T4 
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DNA ligase at 25 
o
C for 4h to pBAD33 cut using the same restriction enzymes. The cells 

were then transformed into competent E. coli MC1061 via electroporation and verified by 

standard Sanger sequencing. This family of vectors designated pBAD_138, pBAD_552 

and pBAD_700 containing the C-terminal fragments from Ag43 were used for the easy 

cloning of different passenger/leader combinations. The genetic fusion of signal peptide 

to 5` region of recombinant passenger gene was accomplished via the use of 

complementary oligos (Table 2.1) by overlap extension PCR (OE-PCR), essentially as 

described previously (Varadarajan et al., 2009a). Following OE-PCR, the product was 

gel-purified, digested with SacI and KpnI at 37 
o
C for 3h and ligated into the appropriate 

plasmid constructs. Ligated plasmids were transformed in to E. coli MC1061 cells 

(Varadarajan et al., 2009a) by electroporation and verified by standard Sanger 

sequencing. All plasmids use a standardized nomenclature (Table 2.2) that indicates the 

leader, passenger and the residues that originate from AT. For example, plasmid 

pBAD_AM18_138 contains the gene encoding for a fusion protein that has signal peptide 

of Ag43, M18 scFv, and 138 – 1039 aa of Ag43 AT. 

2.2.2 Expression and labeling of M18 scFv  

A standard 3 mL culture of cells harboring plasmids to surface display M18 scFv 

(e.g. pBAD_M18_138) was grown in LB medium (BD Diagnostics, NJ) in presence of 

30 μg/mL of chloramphenicol (Thermo Fisher Scientific, NJ) to an optical density 

(OD600) of 0.6 at 25 °C. Cells were then induced via the addition of 0.2% L-arabinose 

(Sigma, USA) to express M18 scFv for 12 h at 25 °C. Presence of M18 scFv on the 

surface of E. coli was characterized by the ability of intact cells to bind antigens (PA63 

and PAD4) using flow-cytometry.  
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Table 2.1 List of primers used in this study. 

 

  

S.No Primer name Sequence Comment

1 Ag43 leader-f
AGCCCGAGCTCCTAAGGAAAAGCTGATGAAAC

GACATCTGAATACCT

2 Ag43 leader-r AGCCAGCACCGGGAGTGAC

3 M18-f ATGGCGGACTACAAAGATAT

4 M18-r
CTACAGGTACCCGAGGAGACGGTGACTGAGGTT

CCTTG

6 pelB leader-M18-f

AGCCCGAGCTCCTAAGGAAAAGCTGATGAAAT

ACCTATTGCCTACGGCAGCCGCTGGATTGTTAT

TACTCGCGGCCCAGCCGGCCATGGCGGACTACA

AAGATATTCAG

4 and 6 were used in PCR to obtain gene

fragment coding for PelB leader-M18 ScFv

fusion protein. SacI site, SD sequence, pelB

leader and region that can bind to M18 ScFv

are present in 6.

7 ompT leader-M18-f

AGCCCGAGCTCCTAAGGAAAAGCTGATGCGGGC

GAAACTGGGAATAGTCCTGACAACCCCTATTG

CGATCAGCTCTTTTATGGCGGACTACAAAGAT

ATTCAG

4 and 7 were used in PCR to obtain gene

fragment coding for ompT leader-M18 ScFv

fusion protein. SacI site, SD sequence, ompT

leader and region that can bind to M18 ScFv

are present in 7.

8 M18_stop_r ATCCCAAGCTTTTACGAGGAGACGGTGACTAGG

6 and 8 were used in PCR to obtain gene

fragment coding for PelB leader-M18 ScFv.

Region that can bind to M18 ScFv, stop

codon and HindIII site are present in 8.

9
Ag43 leader- rChyB-

f

CTCCCGGTGCTGGCTGCTATCGTCAACGGAGAGG

ATGC

10 rChyB-r CGGGGTACCGTTGGCTTCCAAGATCTGCTG

12 Ag43 552 –f
GGGGTACCggtggaggtggttctggtggtggaggttctcccaca

aatgtcactctcgc 

13 Ag43 700-f
GGGGTACCggtggaggtggttctggtggtggaggttctCGCA

GTGAAAATGCTTATCGTG

15 M18_C28A_r TAATTCCTAATGTCCTGACTTGCCCTGGCACTG

16 M18_C28A_f GCAAGTCAGGACATTAGGAATTA

17 M18_C93A_r ATTGGCACTTACTTTGCTCAACAGGGCAATAC

18 M18_C93A_f
GTATTGCCCTGTTGAGCAAAGTAAGTGCCAAT

ATC

19 M18_C155A_r CAGTGAAGATTTCCGCCAAAGATTCTGGCTAC

20 M18_C155A_f GTAGCCAGAATCTTTGGCGGAAATCTTCACTG

21 M18_C229A_r CGTAGCAACCCCGATCTTGCGGCGAAAT

22 M18_C229A_f GCCGCAAGATCGGGGTTGCTACG

1 and 2 were used to obtain PCR fragment

coding for Ag43 leader. SacI site and Shine-

Dalgarno (SD) sequence are present in 1.

3 and 4 were used to obtain PCR fragment

coding for M18 ScFv. KpnI site is present in

4.

5 Ag43 leader- M18-f
CTCCCGGTGCTGGCTGCTATGGCGGACTACAAA

GATATTC

1, 4, and 5 were used to genetically fuse Ag43

leader and M18 ScFv gene fragments by

overlap extension (OE) PCR. 

1 and 15 were used in PCR to obtain Ag43

leader-M18 fragment containing C28A

mutation. 15 contains region of M18 that

can bind to 16 to perform OE-PCR

subsequently. Similarly other M18 fragments

containing mutations (C28A, C93A, C155A,

and C229A) were obtained using primer pairs

16/17, 18/19, 20/21, and 22/4. 

1, 8 and 9 were used in PCR to obtain gene

fragment coding for Ag43 leader – rChyB

fusion protein. KpnI site is present in 9.

11 Ag43 138 –f
GGGGTACCGgtggaggtggttctggtggaggtggttctGGAC

AGAGCCTTCAGGGACG

10 and 13 were used to obtain PCR fragment

coding for 138-1039 aa of Ag43. 11 and 13

were used to obtain PCR fragment coding for

552-1039 aa of Ag43. 12 and 13 were used to 

obtain PCR fragment coding for 700-1039 aa

of Ag43.10, 11, and 12 contain KpnI site and 

introduces (GGGGS)2 linker N-terminal to

Ag43 fragment. 13 contains HindIII site and

introduces His6 tag at the C-terminal of Ag43

fragment
14 Ag43-r

CCCAAGCTTTCAGTGATGGTGATGATGGTGGCT

GCCGAAGGTCACATTCAGTGTGGC
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Table 2.2 List of plasmids used in this study. pBAD33 was used as the cloning vector and contains 

chloramphenicol resistance marker. 

 

PAD4 containing FLAG epitope tag (rPAD4) was recombinantly expressed in E. coli 

and purified as described previously (Jeong et al., 2007) and PA63-FITC was obtained 

from List biological laboratories, Inc., CA. 100 μl of cells expressing M18 scFv from the 

appropriate construct normalized to OD600 of 2 units were washed twice in PBS and 

incubated with 200 nM of rPAD4 for 1 h at 25 °C. Cells were then washed, resuspended 

in 20 μl of PBS, and incubated with 40nM of anti-FLAG-Phycoerythrin (PE) (ProZyme, 

Inc., CA) at 25 °C for 45 min in the dark. For labeling using PA63, 25 μl of cells at OD600 

2 were washed twice in PBS and incubated with 300 nM of PA63-FITC at 25 °C for 1 h in 

the dark. A 5 µL aliquot of cells labeled with fluorophore was diluted with 0.5 mL of 

PBS and analyzed by flow-cytometry. 

2.2.3 Expression and labeling of rChyB  

Cells harboring pBAD_AChy_700 were grown in 3 mL of LB medium 

supplemented with 30 μg/mL of chloramphenicol to OD600 0.6 at 37 °C. Protein 

expression was induced at 37 °C for 2h using 0.2% L-arabinose. To characterize the 

Plasmid Leader Recombinant passenger aa from Ag43 AT

pBAD_AM18_138 Ag43 M18 scFv 138 – 1039 aa

pBAD_AM18_552 Ag43 M18 scFv 552 – 1039 aa

pBAD_AM18_700 Ag43 M18 scFv 700 – 1039 aa

pBAD_OM18_700 OmpT M18 scFv 700 – 1039 aa

pBAD_PM18_700 PelB M18 scFv 700 – 1039 aa

pBAD_AChy_700 Ag43 34-263 aa of rat chymotrypsin 700 – 1039 aa

pBAD_AM18_C/A_700 Ag43 M18 scFv with C28A, C93A, 

C155A and C229A mutations

700 – 1039 aa

pBAD_PM18 PelB M18 scFv Soluble expression, 

no fusion to Ag43.
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proteolytic activity of chymotrypsin, a peptide substrate (Chy-BQ7) was obtained by 

conjugating the synthetic peptide (Ac-CAAPYGSKGRGR-CONH2) (Genscript, NJ) to a 

fluorophore (BODIPY) (Invitrogen, NJ) and a non-fluorescent quencher (QSY7) 

(Invitrogen, NJ) as previously described (Varadarajan et al., 2005). 1 mL of cells at 

OD600 0.1 were washed twice in 1% sucrose (Sigma, USA) solution and incubated for 1 h 

with 20 nM of Chy-BQ7 at 25 °C in the dark. Surface display of chymotrypsin was 

independently verified by incubating whole cells with an antibody that can bind to chain 

C of rChyB (Santa Cruz Biotechnology, Inc, CA). 20 μl of cells expressing chymotrypsin 

at OD600 2 were washed twice in PBS and incubated with 50 μg/mL of biotin conjugated 

anti-chyB antibody  for 1 h. Cells were subsequently washed with PBS and incubated 

with 5 μg/mL of streptavidin conjugated PE (Jackson Immuno Research, PA) for 30 min 

at 25 °C in the dark. A 5 µL aliquot of cells labeled with fluorophore was diluted with 0.5 

mL of PBS or 1% sucrose and analyzed by flow-cytometry. 

2.2.4 Flow-cytometry  

Cells labeled with fluorophore were analyzed using BD Jazz cell sorter (BD 

Biosciences, CA) at ~ 8000 events/second and offset 1. For all samples, a minimum of 

10,000 events were recorded and the events were triggered using side scatter. 

Fluorophores were excited using 488 nm laser and emission was measured using 530/40 

(BODIPY and FITC) and 580/30 (PE) filters.  

2.2.5 Immunofluorescence microscopy  

Cells expressing chymotrypsin were labeled using biotinylated antibody against 

chain C of chymotrypsin (Santa Cruz Biotechnology, Inc, CA) and PE conjugated to 
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streptavidin as described above. After washing with PBS to remove excess fluorophore, 

cells were resuspended to an OD600 1. Slide preparation was performed as described 

previously (Zeng and Golding, 2011). Briefly, 2 µL of cell suspension was pipetted on a 

glass slide and a small piece of agarose pad was placed on top of it to prevent cell 

movement. Microscopy was performed using an inverted epifluorescence microscope 

(Eclipse Ti, Nikon) with a 100x objective (Plan Fluo, NA 1.4, oil immersion) and Cy3 

filter cube (Nikon). Images were captured in a cooled 1024x1024 EMCCD camera 

(Cascade II 1024, Photometrics, USA) at a gain of 2000 and an exposure time of 100 ms 

using Nikon Elements software (Nikon, USA).  

2.2.6 Western blotting  

A standard 3 mL culture of cells displaying recombinant protein (M18 scFv or 

rChyB) was obtained as described above. A whole-cell pellet obtained by centrifugation 

at 16,000xg for 2 min was resuspended in 2X sample buffer (Bio-rad, USA) diluted with 

equal volume of 50 mM Tris (Sigma, USA) and boiled at 100 °C for 5 min. SDS-PAGE 

of samples (10
7
 cells/lane) was performed at 120V for 90 min in a 4-12% polyacrylamide 

gel (Lonza, USA) using a Mini-PROTEAN gel electrophoresis system (Bio-rad, USA). 

After electrophoresis, protein molecules were transferred to a PVDF membrane (Bio-rad, 

USA) at 100V for 60 min using a wet electroblotting system (Bio-rad, USA). Procedures 

for SDS-PAGE and blotting were essentially performed as described previously 

(Ausubel, 1999). To reduce non-specific binding, the membrane was blocked by 

overnight treatment with Tris-buffered saline containing 5% milk and 0.1% Tween-20 

(Bio-rad, USA). Membrane was labeled using rabbit anti-His antibody (300 ng/mL, 

Genscript, USA), goat anti-rabbit antibody conjugated to HRP (40 ng/mL, Jackson 
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Immunoresearch, USA) and chemiluminescent HRP substrate (SuperSignal west pico, 

Thermo Scientific, USA). Protein marker (15-225 kDa, EMD Millipore, USA) was used 

as reference in estimating the size of bands. Chemiluminescent imaging of developed blot 

was performed using a CCD camera in an imaging cabinet (Alpha Innotech Fluorchem 

SP, USA). 

2.3 Results 

2.3.1 Surface display of functional single-chain antibody via fusion to Ag43 

revealed by flow-cytometry  

Ag43, a native E. coli AT, mediates bacterial autoaggregation via self-recognition of 

the passenger domains (van der Woude and Henderson, 2008). It is synthesized as a 1039 

amino acid (aa) polypeptide containing the following domains: (i) leader peptide (aa 1-

52) (ii) N-terminal unstructured domain of unknown function (aa 53-138) (iii) passenger 

with a β-helical core (aa 138-552) containing a proteolytic site (551-552) and a putative 

autochaperone domain (aa 600-707) (iv) α-helix (aa 710-730) that is threaded via the (v) 

C-terminal β-barrel pore (aa 731-1039) (Figure 2.1A). The domains were identified by 

homology modeling of Ag43 using the PHYRE server (Kelley and Sternberg, 2009). In 

order to investigate the ability of the AT to mediate display of recombinant proteins 

containing disulfides, we synthesized a genetic construct coding for the native Ag43 

leader, single-chain antibody (scFv) M18 and aa 138-1039 from Ag43 via standard 

overlap extension PCR in a two-step cloning strategy. 
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Figure 2.1  (A) Schematic describing the transport of AT to the outer membrane. (B) Schematic of 

Ag43 and fusion proteins containing recombinant passenger (red), Ag43 passenger 

(green) and Ag43 barrel domain (blue) used in this study.  

The M18 scFv contains two disulfides, one in each of the variable regions, and is 

~25 kDa globular protein. It was previously isolated using bacterial display as a high-

affinity (Kd = 35 pM) binder to anthrax toxin protective antigen (PA) (Harvey et al., 

2004). The functional status of M18 scFv when displayed as a fusion to Ag43 was 

investigated using flow-cytometry. Protein expression was induced from 

pBAD_AM18_138 using L-arabinose for 12h and the cells were incubated with FITC 

labeled heptameric PA63. Flow-cytometry revealed that cells expressing M18 scFv were 

bimodal (Figure 2.2A, 30% positive, Mean = 83) whereas cells surface displaying an 

irrelevant protein or uninduced cultures were uniformly negative (Mean = 3). In order to 

ensure that our single-cell functional assay only detects folded disulfide-bond containing 

proteins, a cysteine-free M18 scFv variant (AM18_C/A_700) was synthesized by 

standard overlap PCR. As expected, cells expressing AM18_C/A_700 showed poor 

labeling with PA63-FITC (2% positive, Mean = 28). Similarly, in order to establish the 
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requirement of the AT for surface display, cells expressing the soluble form of M18 

(PM18) were labeled and shown to be negative. 

In parallel, western blotting experiments were performed with whole-cell lysates to 

confirm the presence of the fusion construct. Recombinant fusion protein expressed from 

pBAD_AM18_138 was immunoblotted using a rabbit anti-His antibody (Figure 2.2B). 

In addition to the full length protein (135 kDa) additional bands corresponding to 

degraded protein were observed (35 kDa), consistent with the prolonged induction. 

A.                                                                    B.  

   

Figure 2.2 Surface expression of functional M18 scFv as a function of native passenger length. (A) 

Flow-cytometric quantification of AT mediated display by fusion of M18 scFv (B) 

Western blot showing presence of AM18_138 (expected size = 135 kDa).  

2.3.2 C-terminal domains comprising the β-barrel and the α-helix are sufficient 

to achieve efficient surface display  

Since initial studies utilizing cells harboring pBAD_AM18_138 indicated that 

functional surface display of M18 scFv could be achieved, we next sought to 
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systematically investigate the contribution of the different domains of Ag43 to the surface 

display of M18 scFv. Accordingly, two separate plasmids designated pBAD_AM18_552 

and pBAD_AM18_ 700 (Figure 2.1B) were constructed using site-overlap extension. 

pBAD_AM18_552 encodes a truncated N-terminal passenger but an intact autochaperone 

domain, while pBAD_AM18_ 700 does not encode the autochaperone domain (Figure 

2.1B and Table 2.2).   

Protein expression was induced by the addition of L-arabinose for 12h and the cells 

were labeled using PA63-FITC and analyzed on the flow cytometer. Cells expressing 

pBAD_AM18_552 were reproducibly less efficient (Figure 2.2A, 9% positive, Mean = 

40, n = 3) at functional M18 scFv display compared to pBAD_AM18_138. In contrast, 

greater than half of all cells harboring pBAD_AM18_ 700 showed expression of M18 

scFv on the surface (56% positive, Mean = 75), demonstrating that at least for 

recombinant expression of M18 scFv the C-terminal domains containing the α-helix and 

β-barrel are sufficient. 

2.3.3 Binding of bulky antigens is not sterically hindered  

The ability of the carbohydrate chains of lipopolysaccharide (LPS) to interfere with 

protein labeling on the cell-surface is well-documented (Voorhout et al., 1986). Since our 

labeling strategy utilized the large heptameric antigen PA63 to probe the functional status 

of M18 scFv, we tested if steric hindrance from LPS could explain the heterogeneity of 

the population in the efficiency of surface display. The epitope of M18 scFv has been 

mapped to domain 4 within PA (PAD4) and the construction, expression and purification 

of recombinant PAD4 (rPAD4) with an N-terminal FLAG epitope tag (DYKDDDDK) 

has been reported previously (Leysath et al., 2009). Cells expressing pBAD_AM18_700 
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were incubated first with rPAD4 (200nM) and then with anti-FLAG-PE (40 nM) and 

interrogated on the flow-cytometer. Based on comparison of frequency of cell population 

that can bind to rPAD4 (46% positive) and PA63-FITC (51% positive), we can infer that 

binding of M18 scFv to its antigen does not appear to be sterically hindered with this 

expression system (Figure 2.3).  

 

Figure 2.3 Surface expression of functional M18 as a function of N-terminal leader sequence and size 

of the antigen.  

2.3.4 The extended signal peptide region is not indispensable for functional 

surface display  

Signal peptides are responsible for translocation of AT across the inner-membrane. 

In contrast to other periplasmic proteins or even other outer-membrane proteins, the 

signal peptides of AT have an extended N-terminal region and it has been previously 
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hypothesized that the extended N-terminal region prevents the passenger domain from 

acquiring a conformation incompetent for translocation (Szabady et al., 2005). In order to 

quantitatively determine the significance of the extended native signal peptide at the 

single-cell level, two additional fusion constructs were synthesized by PCR and cloned 

into pBAD33. Since our data indicated that efficient surface display is accomplished via 

fusion to the C-terminal domains of Ag43 (700-1039 aa) (Figure 2.2A) these were used 

as optimal fusion partners.  pBAD_PM18_700 encodes for a tripartite fusion between the 

leader sequence of pectate lyase B (pelB), a periplasmic protein, M18 scFv and Ag43 

(residues 700-1039) and pBAD_OM18_700 for an identical tripartite fusion with the 

leader sequence of OmpT, an outer membrane protein (Table 2.2). Flow-cytometric 

analysis of M18 scFv using rPAD4 immunofluorescent sandwiches (Figure 2.3) 

demonstrated that the frequency of cells harboring pBAD_AM18_700 (native leader, 46 

% positive) was not largely different from those harboring pBAD_PM18_ 700 (pelB 

leader, 52 % positive). Populations of cells expressing pBAD_OM18_700 (ompT leader, 

22% positive) were however not as efficient in the functional display of M18 scFv. These 

results indicate that while the native Ag43 leader is not a requirement for AT mediated 

surface display, substituting the leader sequence from other outer membrane proteins like 

ompT leads to suboptimal display of functional protein molecules on the surface (Figure 

2.3).  

2.3.5 Surface display of functional M18 scFv is not improved by the addition of 

reducing agents or the use of protease-deficient strains  

Prior work has suggested that the surface display of disulfide bond-containing 

passengers using the AT system are hampered by the formation of disulfide bonds in the 



59 

 

periplasm and that the yield of surface displayed protein can be improved either by the 

use of genetically engineered E. coli strains (dsbA-) or by the addition of reducing agents 

like β-mercaptoethanol (BME) during cell growth and protein expression(Jose and 

Zangen, 2005; Rutherford and Mourez, 2006; Veiga et al., 1999). In order to test this 

possibility in the current context, cells expressing pBAD_AM18_700 were grown to mid-

log phase and expression of M18 scFv was induced for 12h in LB media containing 10 

mM BME. Subsequently, the cells were transferred to media devoid of BME for 1h to 

facilitate refolding prior to analysis. An aliquot of cells was incubated with rPAD4 and 

anti-FLAG-PE and the populations were analyzed on the flow cytometer. Growth and 

induction in the presence of BME had a negative effect on functional M18 scFv display 

(10% positive, Mean = 13) compared to an identical culture grown without BME (36 % 

positive, Mean = 38) (Figure 2.4A). Secondly, in order to test if the use of OmpT 

knockout strains would improve the frequency of cells expressing functional M18 scFv, 

we used the E. coli MGB263 strain as the host for surface display. Flow-cytometric 

analysis of cells expressing pBAD_AM18_700 revealed that both the frequency and 

mean of cells expressing functional M18 scFv was identical in both strains (Figure 2.4B) 

indicating that OmpT mediated proteolysis had no discernible effect on functional protein 

display in our current system. 

2.3.6 Surface display of chymotrypsin  

Rattus norvegicus chymotrypsin B (chyB) is a prototypical serine protease that 

cleaves immediately after amino acids with aromatic side chains like tyrosine. ChyB has 

three chains (A, B and C) held together by disulfide bonds and mature recombinant ChyB 

(rChyB) containing only chains B and C (aa 34-263) contains the peptidase unit and is 
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catalytically active. rChyB contains four disulfide linkages (aa 60-76, 154-219, 186-200 

and 209-238, chymotrypsinogen numbering) and folds into a globular structure that is 

very different from the standard β-solenoid-like folds of AT passengers. 

A.

B.

 

Figure 2.4 (A) Effect of reducing agent and (B) host membrane protease OmpT on the surface display 

of functional M18 scFv.  
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In order to investigate the ability of Ag43 to display rChyB on the cell surface, a 

genetic fusion with both ag43 leader and the gene coding for C-terminal domains (aa 

700-1039) of Ag43 was constructed using PCR and cloned into pBAD33 to yield 

pBAD_AChy_700 (Table 2.2). Since chymotrypsin non-specifically degrades cellular 

proteins we rationalized that lower protein expression would preserve cell viability. 

Secondly, since chymotrypsin is an enzyme, we reasoned that we could detect lower 

levels of expressed protein using a catalytic assay in comparison to the antibody-based 

stoichiometric assay. Cells containing pBAD_AChy_700 were therefore induced at 37 
o
C 

for only 2h. Cells were subsequently labeled with biotin-conjugated anti-ChyB antibody 

(chain C specific) and streptavidin-PE and analyzed on the flow-cytometer. Cells 

expressing pBAD_AChy_700 (Mean = 11) were uniformly labeled and could be 

reproducibly detected (Figure 2.5) compared to either un-induced or M18 scFv-

expressing cells (Mean = 4) confirming the surface display of rChyB using the AT 

system. The presence of full-length fusion protein was also independently confirmed by 

immunoblotting employing an anti-His antibody. 

 

Figure 2.5 Flow-cytometry analysis of cells expressing rChyB labeled with biotin conjugated anti-

ChyB antibody (chain C specific) and streptavidin-PE. 
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Next, we evaluated the surface localization of the recombinant chymotrypsin 

molecules using immunofluorescent microscopy. E. coli cells expressing rChyB were 

detected using a biotinylated antibody specific for chain C. Consistent with our flow-

cytometry data, pBAD_AChy_700 displayed uniform expression on both the polar and 

lateral surfaces (Figure 2.6). No fluorescence was observed when either uninduced cells 

or cells expressing pBAD_AM18_138 were labeled under identical conditions. 

Examination of the morphology of cells expressing AChy_700 indicated that the cells 

were coccoid. We confirmed that the coccoid nature was an experimental artifact due to 

the extended time required for labeling and subsequent imaging (~3h) of live cells and 

not due to protein expression by imaging control samples. 

  

 

Figure 2.6 Phase contrast and immunofluorescence microscopy showing surface display of 

chymotrypsin. Enlarged image of a cell is shown in the inset.  

2.3.7 rChyB displayed on the surface is enzymatically active  

The enzymatic activity of surface-displayed rChyB was investigated using a Forster 

Resonance Energy Transfer (FRET)-based peptide assay on the flow-cytometer, 

essentially as described previously (Varadarajan et al., 2005). Briefly, cells displaying the 
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protease are incubated with a positively charged peptide substrate that contains a 

protease-sensitive linker sandwiched between a FRET pair. Cleavage of the peptide 

linker leads to loss of FRET and the product molecules are captured locally on the same 

cells using electrostatic interactions. Cells expressing pBAD_AChy_700 were incubated 

with 20 nM of the Chy-BQ7 FRET substrate containing a chymotrypsin-sensitive linker 

for 1h in 1% sucrose. Subsequent flow-cytometric analysis (Figure 2.7) revealed that the 

cells expressing pBAD_AChy_700 (79% positive, Mean = 251) were uniformly labeled 

compared to pBAD_AM18_700 that expressed M18 scFv which was uniformly negative 

(Mean = 7). Furthermore, proteolytic activity of rChyB expressed from 

pBAD_AChy_700 could be inhibited by pre-incubation with 0.1 mg/mL soybean 

trypsin/chymotrypsin inhibitor (Figure 2.8). 

 

Figure 2.7 Chymotrypsin displayed on the surface of E. coli is enzymatically active. Flow-cytometry 

analysis of cells expressing M18 antibody or rChyB using Chy-BQ7 FRET substrate. 
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Figure 2.8 Inhibition of the catalytic activity of surface displayed chymotrypsin.  

2.4 Discussion 

ATs comprise a large superfamily of extracellular virulence proteins secreted by 

Gram-negative bacteria. In spite of the fact that the naturally occurring passengers of ATs 

exhibit diversity in sequence, function and size, most of them do not contain widely 

spaced cysteines.  This conserved feature has been reported to have resulted from 

structural constraints required for translocation across the outer-membrane mediated by 

the C-terminal β-barrel. Since disulfide bonds are oxidized in the periplasm prior to 

translocation across the outer-membrane, the export of native passenger variants 

containing widely spaced disulfides is severely restricted due to the aforementioned 

structural constraint (Leyton et al., 2011). The inconsistencies in literature regarding the 

ability of ATs to export disulfide bond-containing passengers is further complicated by 

the fact that different reports use different ATs with different replacement points for the 

native or heterologous passengers. In this report, with the aid of quantitative flow-

cytometry we have studied at the single-cell level the ability of an E. coli AT Ag43 to 

export functional recombinant passenger molecules containing multiple disulfides by 

varying (a) length of the native passenger by including/deleting the different domains 

comprising the (i) β-helical core (ii) auto-proteolysis site and (iii) autochaperone domain 
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containing the C-terminal β-hairpin and (b) the leader sequence that facilitates inner-

membrane translocation. As reported here, the efficient display of globular proteins like 

the single-chain antibody fragment (2 disulfides) against anthrax toxin or the serine 

protease chymotrypsin (4 disulfides) can be accomplished in the absence of both the β-

helical core (predicted aa 138- 600 of Ag43) and the autochaperone domain (predicted aa 

600-707 of Ag43). Based on our results, an intact β-barrel with the invariant α-helix is 

sufficient for the extracellular display of globular recombinant protein in a functional 

state. This is somewhat surprising given that slow folding of C-terminal region of 

passenger which folds into a β-helix has been implicated to be a crucial element for 

translocation/export (Junker et al., 2006; Leyton et al., 2012). While it is likely that the 

globular structure of chymotrypsin is compatible with extracellular export via ATs given 

that the IgAP/Hbp ATs contain a chymotrypsin/trypsin-like protease at their N-terminus, 

two important distinctions need to be made (Johnson et al., 2009; Otto et al., 2005). First, 

the native IgAP/Hbp proteolytic components are located at the N-terminus of the 

conserved β-helical core that is believed to facilitate their translocation whereas our 

recombinant construct, pBAD_AChy_700 displaying chymotrypsin is devoid of the β-

helical passenger or the auto-chaperone domain. Second, the native passengers of 

IgAP/Hbp do not contain disulfide bonds whereas rChyB is expected to contain four 

disulfide bonds, with one of the disulfide bonds bridging >50 aa (154-219, 

chymotrypsinogen numbering). These data suggest that our recombinant constructs might 

be similar in structure to Pseudomonas aeruginosa AT, EstA. The recently solved crystal 

structure of EstA indicated that unlike classical ATs, the esterase passenger of EstA 

adopts a globular structure dominated by α-helices and loops (van den Berg, 2010). Our 
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results are consistent with the hypothesis that the requirement of the autochaperone 

domain is tied to the nature of the N-terminal passenger but is not a universal 

requirement. Similarly, the ability of Ag43 to translocate disulfide bond containing 

proteins suggests that regardless of the spacing of the cysteines within the primary 

sequence, the overall globular structure of the passenger might dictate translocation 

efficiency, at least when heterologous proteins are being displayed. It remains to be tested 

if other recombinant passengers that adopt a similar fold to single chain antibodies or 

chymotrypsin can be efficiently displayed using Ag43.The use of protease-deficient 

strains or reducing agents during protein expression did not have a positive effect on the 

surface display of recombinant proteins using the Ag43 system. In parallel, our data 

investigating the effect of the Sec-dependent extended N-terminal leader sequence 

indicated that genetic replacement with leader sequences of either outer-membrane 

proteins or periplasmic proteins yielded display of functional passenger. In this regard 

our data is consistent with a recent report indicating that the native signal peptide was not 

essential for either secretion or function of the plasmid encoded toxin (Pet) AT (Leyton et 

al., 2010). 

It remains to be seen if the modular architecture of Ag43 for heterologous display as 

demonstrated here is also applicable to other ATs. Our work also opens avenues for the 

engineering of recombinantly displayed proteins mediated by the Ag43 system 

comprising only the α-helix and the β-barrel by employing high-throughput flow-

cytometry (Becker et al., 2007; Varadarajan et al., 2008). A special feature of the AT 

extracellular transport system is that by including the auto-proteolysis domain, switching 
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between surface-display and secretion of recombinant protein is rather straightforward 

(Wargacki et al., 2012). 

2.5 Conclusions 

Autotransporters (ATs) are a family of bacterial proteins containing a C-terminal β-

barrel forming domain that facilitates the translocation of N-terminal passenger domain 

whose functions range from adhesion to proteolysis. Genetic replacement of the native 

passenger domain with heterologous proteins is an attractive strategy not only for 

applications like biocatalysis, live-cell vaccines and protein engineering but also for 

gaining mechanistic insights towards understanding AT translocation. The ability of ATs 

to efficiently display functional recombinant proteins containing multiple disulfides has 

remained largely controversial. By employing high-throughput single-cell flow-

cytometry, we have systematically investigated the ability of the E. coli AT Antigen 43 

(Ag43) to display two different recombinant reporter proteins, a single-chain antibody 

(M18 scFv) that contains two disulfides and chymotrypsin (rChyB) that contains four 

disulfides by varying the signal peptide and deleting the different domains of the native 

protein. Our results indicate that only C-terminal β-barrel and threaded α-helix are 

essential for efficient surface display of functional recombinant proteins containing 

multiple disulfides. These results imply that they are no inherent constraints for 

functional translocation and display of disulfide bond containing proteins mediated by the 

AT system and should open new avenues for protein display and engineering. 
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Chapter 3 

High-throughput screening of recombinant protease libraries in E.coli 

 

A part of this chapter has been accepted for publication as an article titled 

‘Functional enrichment by direct plasmid recovery after Fluorescence Activated 

Cell Sorting’ in the BioTechniques journal. I performed all the experiments for the 

chymotrypsin system and the manuscript was written in collaboration with the 

listed authors. 

 

3.1 Introduction 

Protease engineering has been successfully employed to confer desired properties 

artificially for clinical and biotechnological applications. An example of early success 

was improving the half-life of tissue-type plasminogen activator (t-PA), a thrombolytic 

agent, by decreasing its propensity to cleave plasminogen activator inhibitor-1 without 

compromising its plasminogen activation kinetics (Madison et al., 1989). This was 

accomplished by deleting a loop predicted to interact with the inhibitor based on the 

structure of trypsin co-crystallized with bovine pancreatic trypsin inhibitor, homology 

between catalytic domain of t-PA and trypsin and structural similarity in serine protease-

serpin complexes.  As engineering proteases by site-directed mutagenesis (SDM) 

involves identification of essential amino acids based on either intuition or experimental 

data accumulated over a period of time, the knowledge obtained by engineering one 
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enzyme does not readily translate to other enzymes even if they are structurally similar. 

Not surprisingly, despite extensive engineering efforts to modify trypsin or chymotrypsin, 

they have primarily resulted in enzymes with poor kinetics or specificity or both (Hung 

and Hedstrom, 1998; Rauh et al., 2002; Venekei et al., 1996b). The significance of 

directed evolution in protein engineering is evident from the therapeutic success of 

antibodies and their fragments engineered using phage display technology (Thie et al., 

2008). Unfortunately, unlike antibody or protein engineering that only aims to optimize 

binding efficiency, enzyme engineering is much more challenging since binding is only 

the first step in the catalysis, and catalytic efficiency does not have an obvious 

relationship to the strength of substrate binding. Furthermore, high affinity binders are 

likely to function as inhibitors that impede catalysis (Baggio et al., 1996). Second, assays 

for binding can modify one of the interacting partners to append tags and thus binding 

can be directly monitored by the use of the tag. In enzymatic screening however, the 

substrate gets turned over into product and hence the ability to continuously monitor 

reaction progress is not straight forward. These constraints are exemplified by the 

observation that there are over twenty FDA-approved engineered protease inhibitors but 

no proteases with modified substrate binding pocket are currently used in the clinic. 

Advances in technologies to generate DNA libraries with diversity focused on hot 

spots, to screen protein libraries for presence of desired phenotype in high-throughput 

and to repeat both the steps iteratively in quick succession until a variant with desired 

characteristics is identified, have provided a robust ‘shotgun’ approach to achieve the 

moving target of engineering enzymes as opposed to ‘sniper’ SDM approach. For 

example, based on 84 serine proteases of the chymotrypsin family, the number of critical 
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residues making contact with P1-P4 residues of the substrate is predicted to be eleven 

(Rose and Di Cera, 2002). If all these residues are chosen for randomization with 12 

chemically distinct codons (Reetz et al., 2008) simultaneously, the theoretical size of the 

library is 11
12

 = 3x10
12

. It is clear that screening every variant of this library is not 

feasible, and for any new desired functionality it is desirable to maximize the number of 

variants screened. This is a particularly significant consideration in the context of 

engineering new activities and specificities that are not inherently detectable in the parent 

enzyme, i.e. the evolving something out of nothing paradigm (Dalby, 2011; Khersonsky 

and Tawfik, 2010) since the desired variants are expected to be sparsely populated in the 

sequence space of the parent enzyme (Weinreich et al., 2006). Low throughput of agar- 

or well plate-based assays will strongly limit the diversity screened and thus the chances 

of identifying winners. 

Fluorescence-activated cell sorting (FACS) is a powerful tool that can screen 

thousands of clones per second, provided a protein’s function of interest can be coupled 

to and correlated with cell fluorescence. Several previous studies have successfully 

screened diverse protease libraries using innovative experimental designs to fit active 

protease, corresponding genotype and fluorescent sensor of specificity in a micron-sized 

compartment that can be sorted using FACS (Smith et al., 2015; van Vliet et al., 2015). 

One of the pioneering studies demonstrated the ability to systematically modify the 

substrate specificity of E. coli outer membrane protease T (OmpT), without loss in 

catalytic efficiency, by high-throughput screening (HTS) of a library with 10
8
 unique 

members, containing mutations randomly distributed across the entire active site 

comprised of 21 residues. Successful engineering of OmpT was facilitated by several 



71 

 

factors: natural localization on the outer membrane providing access to bulky FRET 

peptide substrates and minimal host toxicity upon overexpression, stable β-barrel 

structure allowing variants with high mutational load to fold properly and expression in a 

constitutively active form without any requirement for zymogen activation. Despite this 

being a significant milestone in protease engineering, it is not clear whether these results 

are generalizable, particularly in the context of human proteases. To date, no substrate 

binding pocket of mammalian protease has been comprehensively engineered, primarily 

due to the paucity of high-throughput screening platforms for screening targeted libraries.   

In the present study, we have established a comprehensive methodology that allows 

efficient FACS screening of large libraries of recombinant mammalian proteases in E.coli 

by integrating three different components: (i) surface display system compatible with 

proteases that need zymogen activation, (ii) protease activity assay with single cell 

resolution, and (iii) genotype recovery method to facilitate iterative enrichment of desired 

phenotype. We have displayed two well-studied proteases, chymotrypsin and caspase-3, 

by fusion to a native membrane protein, Antigen 43, and characterized their functional 

activity and specificity. A multiplexed assay previously developed to measure protease 

specificity using FRET peptide substrates was adapted to the chymotrypsin system. We 

optimized in a quantitative manner, the labeling parameters such as cell density and net 

charge of the peptide substrate to improve the dynamic range of the assay. Despite 

displaying chymotrypsin on the surface, E. coli cells showed poor viability due to the 

proteolytic nature of the enzyme. In order to overcome this limitation, we developed a 

method to directly recover plasmid DNA from clones sorted by FACS and quantitatively 

compared it with the more standard method of re-culturing sorted cells. We evaluated 
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both methods by measuring the degree of retention of the genetic diversity and by 

quantifying the yield of the sub-populations expressing the desired phenotype. 

3.2 Materials and Methods 

3.2.1 Molecular cloning 

The DNA construct coding for a fusion protein with the following domains: signal 

peptide of Antigen 43, small and large subunits of human caspase-3 and FLAG tag was 

obtained by overlap extension PCR (OE-PCR). Template to obtain caspase-3 subunit 

gene fragments was kindly provided by Georgiou lab (University of Texas, Austin). 

Rattus norvegicus chymotrypsin B used in this study is constitutively active and does not 

contain the chain A. Using pBAD_Achy_700 as template, Cys122Ser and Tyr164Ala 

mutations were introduced by OE-PCR to obtain a modified version of wild-type 

chymotrypsin (rChyB). Catalytic serine (position 195) was mutated to alanine by OE-

PCR to create an inactive chymotrypsin variant. All these genes were cloned into 

pBAD_700 vector as described previously (Ramesh et al., 2012). 

3.2.2 Crude membrane preparation  

Three mL LB cultures were inoculated to a starting OD600 of 0.02 using overnight 

cultures and grown up to an OD600 of 0.5 for induction with 0.2% (w/v) arabinose at 37 

°C for 2 h. Cells expressing protein (3 X 3 mL cultures) were spun down, resuspended in 

750 µL of lysis buffer (50 mM Tris, pH 7.5), sonicated (3 cycles of 30s on/off/on, XL-

2000, QSonica, New Town, CT) and centrifuged (170,000 x g, 4 °C, 1 h) to pellet the 

membrane fraction. The pellet was incubated with solubilization buffer (50 mM Tris, pH 

7.5, 10 mM CaCl2, 100 mM NaCl, and 1% n-octylglucoside) overnight at 4 °C and 500 
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rpm. The mixture was centrifuged (13,000 x g, 1 min) to remove insoluble fraction and 

the supernatant was filtered using 0.45 µm filter plate (EMD Millipore, MA).  

3.2.3 Enzyme characterization using HPLC  

For chymotrypsin experiments, membrane protein fraction was incubated with 10 

µM Y-BQ7 substrate at 37 °C for 1 h. For caspase-3 experiments, cells expressing 

caspase-3 were incubated with 20 uM DEVD-AFC substrate (Santa cruz Biotechnology 

Inc., TX) at 37 °C for 1 h. Purified α-chymotrypsin (Sigma-Aldrich, MO) and caspase-3 

(BD Biosciences, CA) were used as positive controls. Digested samples were analyzed on 

a C18 column (Cat. No. 00G-4041-E0, Phenomenex, Torrance, CA) by measuring 

absorbance in HPLC (Shimadzu scientific, Kyoto, Japan) using the following gradient 

method with water/1% acetic acid (mobile phase A) and acetonitrile/1% acetic acid 

(mobile phase B): 95% A/5% B  for 1 min, linear increase to 40% A/60% B for 30 min, 

ramp up to 5% A/95% B in 2 min, 5% A/95% B  for 5 min, ramp down to 95% A/5% B  

in 2 min and 95% A/5% B  for 5 min.  

3.2.4 Substrate synthesis  

Lyophilized peptides (>70% purity, N-terminal acetylated and C-terminal amidated) 

were purchased from Genscript (Piscatway, NJ). Atto-633 maleimide (Atto-TEC GmbH, 

Sigen, Germany) was conjugated to the peptide and subsequently purified using HPLC. 

Electrospray ionization mass spectrometry (Shared equipment authority, Rice University, 

Houston, TX) was used to verify chemical identity of synthesized substrates. 

Chymotrypsin substrate Y-BQ7, CAAPYGSKGRGR peptide conjugated to BODIPY-
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FL-SE and QSY7 C5 maleimide dyes, was a generous gift from Georgiou lab, University 

of Texas, Austin.  

3.2.5 Plasmid recovery from sorted cells  

Three different lysis conditions were evaluated for the cells expressing chymotrypsin 

B: i) 1X Bugbuster (EMD Millipore, MA) with 1 mg/mL lysozyme in 50 mM Tris-HCl 

pH 7.5 (buffer 1); ii) 100 mM EDTA and 1% Triton-X in 50 mM Tris-HCl pH 7.5 (buffer 

2); and iii) 1X lysis buffer (buffer 3) for plasmid miniprep (Zymo research, CA). Typical 

composition of buffer 3 is 0.1 M NaOH, 0.7% SDS, 0.7 mM EDTA, and 1% isopropanol 

(Jia, 2011). For evaluating buffers 1 and 2, E. coli MC1061 cells (N0 = 50,000 in ~200 

µL) harboring plasmid pBAD_AChy_700 (p15A origin, 15-20 copies/cell) were sorted 

based on a gate in FSC-SSC plot and incubated with equal volume of 2X lysis at 25 °C 

for 15 min (Chang and Cohen, 1978; Ramesh et al., 2012). Lysates were purified using 

Zymo DNA clean and concentrator kit (Zymo research, CA). For buffer 3, an equal 

number of cells were sorted and the protocol prescribed for Zyppy plasmid miniprep kit 

(Zymo research) was followed using the DNA binding columns (Cat. No. D4004, Zymo 

research, CA). Each sample was eluted with 10 µL of Zyppy elution buffer, and  2 µL 

was used to transform electrocompetent E.coli MC1061 cells (Varadarajan et al., 2009a) 

(transformation efficiency > 10
9
 cfu/µg), and the total number of transformants was 

estimated by plating transformation dilutions onto LB-agar plates supplemented with 

chloramphenicol (LB-Cm plates). 
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3.2.6 Phenotype enrichment by FACS sorting  

Cells expressing inactive chymotrypsin were mixed with 1 % cells expressing wild-

type (WT) chymotrypsin (ratio determined by OD600) and incubated with 20 nM Y-BQ7 

for 15 min at 25 °C. After the optics alignment and drop delay were calibrated using 3 

µm UltraRainbow fluorescent particles (Spherotech Inc., IL) and Accudrop beads (BD 

Biosciences, CA), the labeled bacterial population was sorted at an event rate of 7000/s 

using ‘pure’ as the sort mode to isolate cells showing highest (top 1%) fluorescence in the 

530/40 nm channel. Known number of cells in the sort gate were collected in 100 µl of 

2xYT media and plated onto LB-Cm plates to estimate viability. For the plasmid 

recovery method, 50,000 cells in the sort gate were collected into an empty 

microcentrifuge tube and DNA isolated using the buffer 3 protocol. Subsequent to 

transformation into E. coli MC1061 cells, the total number of transformants was 

estimated by plating transformation dilutions onto LB-Cm plates. Transformants 

recovered with 1 mL of SOC media (plasmid recovery method) or 50,000 sorted cells 

collected in 250 µl of 2xYT (culturing method) were directly grown in 100 mL of 2xYT 

media supplemented with 0.5% glucose and 25 µg/mL chloramphenicol at 37 °C for 10 

h, and used to seed a subculture. After 2 hours of induction with 0.2% arabinose, cells 

were labeled with Y-BQ7 and analyzed by flow cytometry. The presence of full-length 

chymotrypsin variants on the bacterial surface was characterized by incubating induced 

cells at with 40 nM anti-FLAG - Phycoerythrin (ProZyme Inc., CA) for 30 min at 25 °C. 



76 

 

3.3 Results 

3.3.1 Functional characterization of proteases displayed on the bacterial surface 

Caspase-3 is a cysteine protease belonging to the caspase cascade involved in 

cellular apoptosis (Lamkanfi et al., 2007). It is typically expressed as a zymogen to be 

activated by caspase-8/9 by generation of a small subunit, derived from the C-terminal 

region, and a large subunit, derived from the N-terminal region. An engineered 

recombinant human version of caspase-3 with reversed ordering of the subunits was 

previously designed to produce a zymogen that can auto-activate to form the active 

enzyme (Srinivasula et al., 1998). We genetically fused the N-terminal of auto-activable 

caspase-3 to Ag43 signal peptide and C-terminal to β-barrel domain of Ag43 to display 

the enzyme on the surface of E.coli MC1061 cells. To test the functional activity of 

caspase-3, cells displaying the enzyme were incubated with its preferred peptide substrate 

DEVD conjugated to the amine group of 7-amino-4-trifluoromethylcoumarin (AFC). 

When the digested peptide substrate was analyzed in a C18 column, free hydrophobic dye 

released by proteolysis eluted at higher retention time (RT = 31 min, 78% AcN) unlike 

the unreacted peptide substrate containing polar Asp residues which eluted at RT = 26 

min, 54% AcN (Figure 3.1A). No proteolysis was observed when the substrate was 

incubated with cells that did not contain any plasmid showing that host proteases do not 

cleave the substrate. Chromatogram peak profile of substrate incubated with cells 

expressing caspase-3 was identical to that of commercially purchased caspase-3 sample, 

thereby confirming its functional activity and substrate specificity.   

To ensure that the wild-type chymotrypsin displayed on the cell surface is active, a 

peptide substrate (Y-BQ7) which contains the sequence AAPYGS sandwiched between 
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the fluorophore Bodipy-FL and the quencher QSY7 was used. The membrane fraction of 

cells displaying wild-type chymotrypsin was purified by ultracentrifugation and 

incubated with 10 µM of Y-BQ7. The membrane purification step was necessary because 

we observed proteolysis of Y-BQ7 even with cells containing no plasmid, which was 

possibly due to proteases on the outer membrane.  

 

Figure 3.1 HPLC analysis of caspase-3 (A) and chymotrypsin (B) incubated with peptide substrates. 

The reaction mixture was analyzed using HPLC by measuring absorbance at 503 nm 

(Bodipy-FL) and 560 nm (QSY7). No proteolysis in the linker between the FRET pair 

was observed when the substrate was incubated with the membrane fraction of cells that 

did not express chymotrypsin, since 503 nm and 560 nm peaks eluted at the same 

retention time (20 min, 42% AcN) (Figure 3.1B). The chromatogram peak profile of the 

membrane fraction of cells expressing chymotrypsin was identical to that of bovine 

chymotrypsin sample with fragment 1 containing Bodipy-FL and arginine tail (RT  = 12 

min, 28% AcN) and fragment 2 (RT = 26 min, 54% AcN) containing the quencher. 

Identities of these fragments were also verified by LC-MS. Expected masses of fragments 

1 (1387.5 Da) and 2 (989.5 Da) match the abundant m/z peaks observed. 
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3.3.2 Protease activity assay improved by optimizing pH, cell density and charge 

of the FRET peptide substrate 

For HTS of protein libraries, it is essential to maintain the genotype-phenotype 

connection to identify the mutations responsible for any desired phenotype observed. In 

the case of proteases, when substrates are exogenously added, proteolysis products can 

diffuse away after catalysis leading to loss of information about which member of the 

population was responsible for the reaction. To address this issue, in a previous study 

(Olsen et al., 2000), a peptide substrate was designed to contain a protease-sensitive 

linker sandwiched between a FRET pair and a positively charged tail such that after 

proteolysis, the fragment containing the fluorophore is locally captured on the surface of 

the bacterial cell which is typically negatively charged. Each bacterial cell encodes for an 

individual member of the protease library and only those cells which contain variants 

catalytically active towards the peptide substrate will become fluorescent while rest of the 

population does not.  

As localized capture of the fluorescent fragment on the surface of the cell is driven 

by electrostatic interaction between positively charged tail of the peptide and negative 

charge of the bacterial surface, labeling can be done only in buffers with low ionic 

strength. In the previous study, libraries of ompT, an asparaginyl protease (pKa = 5.6) 

(Kramer et al., 2000), was screened by labeling in water (18 MΩ.cm resistivity) 

containing 30 mM sucrose. To engineer serine proteases, it is essential to keep the His in 

the catalytic triad in a deprotonated state (pKa = 6.8) for conserving the catalytic activity. 

After trying different bases including guanidine and NaOH to increase the pH of the 

labeling buffer without increasing the ionic strength, 2 mM Tris was found to be 



79 

 

satisfactory as it raised the pH to 7.5 and the labeling with Y-BQ7 electrostatic capture of 

peptide substrate increased 10-fold (Figure 3.2A). pH measurements were performed 

using pH paper (colorpHast pH 5 -10, EMD Millipore, MA) as electrodes cannot be used 

with buffers of low ionic strength. In the previous study (Varadarajan et al., 2005), cells 

at OD600 0.1 were labeled with 20 nM of peptide substrate which is 2 orders of magnitude 

lower than Km of OmpT or any typical enzyme. Fluorescence generated by proteolysis 

was still detected in FACS possibly due to the partitioning of positively charged substrate 

molecules leading to a higher substrate concentration near the negatively charged cell 

surfaces (zeta potential ~ -30 mV) (Razatos et al., 1998) than the bulk concentration and 

sensitive detection by photomultiplier tubes (PMTs).  

A.      B. 

   

Figure 3.2 Effect of pH (A) and cell density (B) on labeling of E. coli MC1061 cells expressing 

rChyB with Y-BQ7 substrate in 1% sucrose solution. 

We optimized the cell density during labeling to improve the detection of positive 

fluorescent signal. If each cell contains 10
5
 enzyme molecules, then substrate: enzyme 

concentrations ratio starts at ~ 1:1 and decreases further as the reaction progresses. When 

the density of cells expressing chymotrypsin was decreased during the labeling with Y-

BQ7 by a factor of 10, there was a corresponding increase in geometric mean 
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fluorescence by a factor of 10 as number of substrate molecules available per cell had 

increased (Figure 3.2B).  

We then sought to estimate the effect of peptide charge on the degree of substrate 

labeling. It is to be noted that the peptide substrate used did not contain the quencher and 

hence, the fluorescence observed is only dependent on the concentration of peptide 

substrate bound to the bacterial cell surface. We observed that, when incubated with 

peptides conjugated to fluorophore Atto-633, E.coli MC1061 cells expressing no 

recombinant enzyme showed increased labeling when the peptide had increased charge 

(Figure 3.3). Of note, the net charge of the peptide substrate was determined by the pKa 

of the side chains of constituent amino acids and accounting for the fluorophore which 

has a +1 charge at pH 7.5. Applying aforementioned FRET peptide strategy to screen 

libraries of caspase-3 could be challenging as multiple carboxylic acid groups in the 

preferred substrate sequence hinders favorable electrostatic interactions with negatively 

charged bacterial surface. It remains to be seen whether addition of arginines to the N-

terminal of the peptide could improve surface concentration of caspase-3 substrate.

 

Figure 3.3 Concentration of the peptide bound to the surface of E.coli MC1061 cells decreases with 

the charge of the peptide-fluorophore conjugate. pTyr refers to phosphorylated Tyr. 
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3.3.3 Phenotype enrichment by direct plasmid recovery after FACS 

Screening of libraries for proteins with improved functional traits is typically 

accomplished by expression in a suitable microbial host and by iterative sorting, pooling 

and culturing of the sorted clones (19, 20). Unfortunately, enhancements in the protein`s 

function of interest (e.g. enzymatic activity) and/or cell fluorescence (e.g. fluorescent 

protein expression) compromise cell viability or growth (21, 22). Recently, a 

methodology to directly recover high-copy plasmid (1000 copies/cell) from small 

numbers of cells (10
3
-10

5
) has been reported (23), but its utility after FACS especially for 

low- and medium-copy plasmids is unknown. To develop a direct plasmid recovery 

method that can be used for screening protease libraries iteratively, we compared three 

different lysis conditions to release plasmid DNA from sorted cells by estimating the 

recovery efficiency, defined as the ratio of total number of transformants obtained to total 

number of sorted cells used for plasmid recovery. Alkaline lysis yielded highest recovery 

efficiency (buffer 3, 44 ± 24 %) in comparison to Bugbuster
TM

 (16 ± 13%) or 

Tris/EDTA/Triton-X (4 ± 2%). Recovery efficiency can also be improved by decreasing 

the volume of eluted plasmid prep to 1 µL per transformation and using freshly prepared 

electrocompetent cells with OD600 > 200. While custom-built microfluidic devices allow 

harvesting 10
5 

sorted droplets into a tiny volume of 1-2 µL, a typical FACS instrument 

with a 100 µm nozzle can lead to greater than 300 µL volumes, presenting the 

requirement to concentrate sorted cells prior to genotype recovery. Centrifugation 

followed by removal of supernatant was used for volume reduction when Nsort was more 

than 10
5

, as this approach yielded 4-fold higher recovery efficiency as compared to using 

lyophilization for the same purpose. 
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A population of cells expressing inactive chymotrypsin variant was doped with 1% 

wild-type chymotrypsin (as determined by OD600) to mimic a protease library with low 

frequency of desired variants. Thousand cells displaying highest activity (top 1%) 

towards Y-BQ7 substrate were collected in 100 µL of 2xYT media and plated onto LB-

Cm plates to count the number of colony forming units to be less than 50. Poor viability 

of sorted cells (4 ± 1%) is possibly due to both proteolytic activity of chymotrypsin and 

labeling with peptide substrate in 1% sucrose.  

To assess the utility of the plasmid recovery method in recovering the genotype of 

sorted cells with poor viability, plasmid DNA from 50,000 cells in the sort gate was 

isolated using the buffer 3 protocol. Total number of transformants obtained was 

estimated to be 31,500 by plating dilutions on LB-Cm plates. To compare the yield of 

active chymotrypsin when performing direct plasmid recovery from sorted cells versus 

post-sort culturing, recovered transformants or sorted cells, both directly grown in 2xYT 

media supplemented with 0.5% glucose and 25 µg/mL chloramphenicol at 37 °C for 10 h 

were used to inoculate subcultures. After 2 h of induction with 0.2% arabinose, cells were 

labeled with Chy-BQ7 and analyzed by flow cytometry. The frequency of the 

subpopulation displaying chymotrypsin activity increased by 80-fold in comparison to the 

parent population when the plasmid recovery method was employed (Figure 3.4). In 

contrast, the post-sort culturing method induced the loss of a majority of the cells 

expressing full-length chymotrypsin variants after just one round of sorting (Figure 

3.4B).  
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A.      B. 

 

Figure 3.4 Comparison of phenotype enrichment by plasmid recovery and culturing methods in 

chymotrypsin expression system using (A) peptide substrate and (B) anti-FLAG tag 

antibody.  

3.4 Discussion 

A platform to screen libraries of protease variants at high-throughput is highly 

desirable as the prediction of a phenotype a priori based on its primary sequence can be 

challenging. Though proteases are typically expressed in their stable, inactive zymogen 

form, it is possible to engineer them to be auto-activable or be constitutively active (Pozzi 

et al., 2013; Srinivasula et al., 1998). Conversion of zymogen into active form, 

particularly in serine proteases such as factor C (Kobayashi et al., 2014) and 

chymotrypsin (Berg et al., 2002), involves cleavage of propeptide in the N-terminal 

region of the enzyme such that newly generated N-terminus leads to structural changes 

such as formation of substrate-binding site. Our autotransporter-mediated platform 

enables display of recombinant protein through C-terminal fusion such that N-terminal of 
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the protease is available to participate in the necessary interactions, ultimately leading to 

a functional enzyme that can catalyze proteolysis.   

Several assays were described to screen protease libraries using FACS to isolate 

variants with increased kinetics (Kostallas and Samuelson, 2010; Wu et al., 2013; Yoo et 

al., 2012). However in most cases, only the high-throughput feature of FACS is taken 

advantage of to funnel down the size of libraries to numbers that can be handled by plate 

based methods without regard to the dynamic range (ratio of largest and smallest possible 

fluorescence outputs when protease variants with differing kcat/Km values are present). 

When the dynamic range is infinitesimally small, the assay output would be on/off and 

the signal associated with all the protease variants displaying an activity below the 

chosen threshold value would be indistinguishable from noise. Protein engineering 

typically progresses through iterative mutagenesis and identifying hits with subtle 

improvement in desired phenotype during HTS is crucial to avoid stalling in the directed 

evolution process. For example, it would be advantageous to tune the dynamic range of 

the assay such that variants showing even weak amplitude of desirable activity would 

generate high signal during initial rounds of sorting. We showed that by decreasing the 

cell density and increasing the pH when labeling with the peptide substrate, fluorescence 

generated by wild-type protease can be increased 10-fold.  Analogous to adjusting 

voltage gain of PMT detectors in FACS, it appears that we can tune labeling conditions 

depending on characteristics of the population being sorted and the variants desired. 

Methods alternate to direct culturing of sorted cells are required for iterative 

enrichment of phenotype when sorted cells are unviable due to toxicity associated with 

protease expression or assay reagents. Furthermore, some whole-cell protein assays 
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require that the cells are first permeabilized to provide access to exogenously added 

substrates and thus rendered unviable. Apart from the subsequent re-cloning being time-

consuming and laborious, “rescue” PCR when used to amplify the corresponding genes 

of the sorted cells (29), has potential to alter the frequency distribution of DNA 

sequences by amplification bias and homologous recombination (30). As our genotype 

recovery method involves direct isolation of plasmids from sorted cells, it obviates the 

need for re-cloning and transformation into fresh cells after each round of sorting helps 

overcome plasmid instability observed in aging cells and chromosomal mutations that 

might affect the phenotype observed. When the plasmid recovery method was applied in 

a disparate AraC biosensor system (Tang et al., 2013), similar phenotype enrichment was 

observed. Surprisingly, poor recovery efficiency (< 5%) was achieved when plasmid 

DNA isolated from cells displaying human IL7 was transformed although alkaline lysis 

and DNA binding/elution from resin is not expected to be independent on nature of the 

DNA sequence. When iterative sorting of a protein library is performed, total number of 

transformants carried forward to the next round of sorting should be at least three fold the 

theoretical degeneracy of the sorted population for retaining any given unique variant 

with 95% confidence level (Bosley and Ostermeier, 2005). Hence, when the top 1% of a 

library with 10 million variants is sorted, at least 300,000 transformants should be carried 

forward to the next round of sorting. As the recovery efficiency is ~60%, 500,000 sorted 

cells should be collected for plasmid DNA isolation and at an event rate of 7000/s, a 

library with 10 million members can be screened in 2 hours.  
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3.5 Conclusions 

We have established a pipeline for FACS screening of recombinant protease libraries 

expressed in a bacterial host that offers high transformation efficiency. Autotranporter-

mediated surface display system previously used for scFv screening was extended to 

chymotrypsin B and caspase-3 and the ability to cleave peptide substrates when anchored 

on the cell surface was characterized. We showed that the dynamic range of the protease 

activity assay can be tuned using labeling condition such as pH, cell density and net 

charge of the peptide. A technique for the direct isolation of plasmid DNA with medium-

to-high copy-number from whole-cells sorted using FACS and subsequent transformation 

into competent cells with recovery efficiency sufficiently high for complete screening of 

large, diverse libraries iteratively was developed. This robust method for phenotype 

enrichment is well suited as an alternative to culturing sorted cells or genotype recovery 

by PCR especially when protein expression or screening protocol induces host cell 

toxicity. 
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Chapter 4 

Engineering substrate specificity of chymotrypsin for mapping N-

glycosylation sites  

4.1 Introduction 

The diversity of proteins expands beyond the limits of the genetic code due to a wide 

repertoire of post-translation modifications (PTMs). The biological significance of PTMs 

has been demonstrated using classic examples such as gene regulation by lysine 

acetylation/deacetylation of histones (Strahl and Allis, 2000). Therefore large scale PTM 

profiling efforts have been undertaken with the objective of improving understanding of 

cell physiology and discovering novel targets for drug development (Horiya et al., 2014; 

Lundby et al., 2013). Also, analytical characterization of PTMs is required for the quality 

control of industrial production of therapeutic biologics (Berkowitz et al., 2012). Mass-

spectrometry (MS) based methods have emerged as the preferred approach for 

identifying new PTM sites and for quantitative comparison of different samples. 

Typically such an MS experiment involves digestion of protein samples into peptides 

using trypsin and subsequent depletion of peptides that do not contain any PTM as 

modified peptides are present in low abundance. Enriched peptides are analyzed by LC-

MS/MS (liquid chromatography coupled to tandem mass spectrometry) where a precursor 

ion selected from the first MS is further fragmented into product ions for analysis by the 

second MS. Peptide sequences corresponding to MS/MS spectra are identified using 
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bioinformatics tools and the mass increment due to PTM in fragment ions is used to 

identify the modified residue in the peptide. Presence of multiple PTMs in a single 

peptide and loss during fragmentation due to labile nature of PTMs such as Ser/Thr 

phosphorylation and O-linked glycosylation makes precise mapping of sites of 

modification difficult (Olsen and Mann, 2013). One of the strategies that have been 

implemented to overcome this limitation was chemical modification of phosphorylated 

Ser and Thr into Lys analogs for phosphospecific proteolysis using Lys-C protease 

(Knight et al., 2003). As sample loss in chemical derivatization methods was high due to 

multiple washing/desalting steps (Zhao and Jensen, 2009), alternate methods that use 

enzymes which can discriminate between modified and unmodified amino acids were 

sought after. For example, the inability of trypsin to cleave after Arg which is modified to 

citrulline has been used to identify citrullinated proteins in the synovial fluid of 

rheumatoid arthritis patients (Kasper B. Lauridsen, 2013). There are 400 different PTMs 

identified so far and enzymes for detecting most of them are not available in nature. 

Therefore protease engineering has been employed to incorporate selectivity towards 

specific PTM such that position of an amino acid in the primary sequence of the peptide 

can yield information on the presence of PTM independent of its detection in MS. 

Engineered proteases can be readily integrated into the existing bottom-up proteomics 

workflow by performing tandem digestion with trypsin. Detection of a variety of PTMs 

can be multiplexed by using a cocktail of engineered enzymes. Though this strategy 

seems attractive, proteases engineered so far were limited either by poor selectivity 

towards desired PTM or absence of robust digestion of different protein substrates. For 

example, an engineered subtilisin variant distinguished phosphorylated Tyr from naked 



89 

 

Tyr by 5-fold and from sulfated Tyr by only 2-fold (Knight et al., 2007). Poor 

discrimination between modified and unmodified residues could lead to false annotation 

of PTM. It is to be noted that protease specificity can only be used as an additional 

criteria during bioinformatics analysis of MS/MS spectra to assign peptide identity but 

cannot be relied on as the sole determinant to annotate PTMs as even highly specific 

trypsin is known to exhibit at least 20% missed cleavages (Burkhart et al., 2012). In 

another system, E.coli outer membrane protease T was engineered using directed 

evolution approach to display 3600-fold higher activity towards peptide substrates 

containing 3-nitrotyrosine residue in comparison to sulfated Tyr (Varadarajan et al., 

2009b). However the proteolytic activity of these highly selective variants was restricted 

to peptide substrates and they did not digest proteins containing putative cleavage sites 

(Yoo et al., 2012).  

In this study, we have engineered the specificity of chymotrypsin to cleave after 

asparagine by high-throughput screening of large libraries (> 10
7
 variants) targeting 

selected residues in the substrate binding pocket. The engineered variant containing eight 

different mutations identified by iterative mutagenesis showed 10-fold higher activity 

towards P1 Asn than the wild-type chymotrypsin. We demonstrated its ability to generate 

peptides of desired size by digestion of full length protein substrates for LC-MS/MS 

analysis using the model protein bovine serum albumin. Our method can be used to 

directly detect asparagines that are modified with carbohydrates without loss of 

information on non-glycosylated peptides. The high-throughput screening platform used 

in this study can be readily extended to engineer variants for detection of other PTMs. 
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4.2 Material and Methods 

4.2.1 Construction of chymotrypsin libraries 

For construction of the site-saturated library of chymotrypsin B (rChyB), residues 

189, 192, 216-219, 221-224 and 226 were targeted for randomization. PCR was 

performed using primers 1 and 2 (Table 4.1) and pBAD_AChy_700 (Ramesh et al., 

2012) as template to obtain fragment 1 coding for 206 – 245 aa of chymotrypsin B with a 

FLAG tag and a KpnI site with overhang for efficient restriction digestion. After gel 

purification, fragment 1 was used as template in a PCR reaction with primers 2 and 3 

such that region coding for 193-206 aa is added to its 5`. The above step was repeated 

using primers 2 and 4 to obtain fragment 2 coding for 183 -245 aa with all the desired 

positions randomized with NNS codon. Fragment 3 containing SacI restriction site with 

an additional overhang, Shine-Dalgarno sequence and gene coding for Ag43 signal 

peptide and 16-188 aa of chymotrypsin B was obtained using pBAD_AChy_700 as 

template and primers 5 and 6. 100 fmols of gel-purified fragments 2 and 3 were first 

assembled together by 10 cycles of PCR and then amplified by primers 2 and 5 for the 

next 20 cycles. All primers were purchased from Integrated DNA Technologies (IDT), IA 

and are listed in Table 4.1. Even though primers 1 and 3 were longer than 80 bases, they 

were not HPLC or PAGE purified anticipating loss in genetic diversity. Assembled gene 

library was gel-purified, digested with SacI-HF and KpnI-HF at 37 °C for 1 h and ligated 

into digested pBAD_700. Enzymes for molecular cloning were obtained from New 

England Biolabs (Ipswich, MA). Ligated plasmid was dialyzed with water for 1 h and 

transformed into E. coli MC1061 cells by electroporation. Transformants recovered with 

SOC media (~ 4 x 10
7
) were directly grown in 100 mL of 2xYT media supplemented 
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with 0.5% glucose and 25 µg/mL chloramphenicol at 37 °C for 10 h. 10 mL of cells were 

lysed and their plasmid DNA isolated using QIAGEN miniprep kit was stored at -20 °C. 

300 µl aliquots of cells (OD600 ~2) in 20% glycerol were frozen using liquid nitrogen and 

stored at -80 °C.  

Table 4.1 List of primers used in this study. Codons containing mixed bases for randomization are 

highlighted in red. Notation used for mixed bases are: n - a/c/g/t, s - c/g, w - a/t, y - c/t, k - 

g/t, m - a/c, and r - a/g. 

 

To create a library where positions 189, 192, 217-219, 221, 222, 224 and 226 were to 

contain the codon corresponding to rChyB or rChyB-N-v1 sequence, primers 7 and 8 

with mixed bases were used. Procedure described earlier was repeated with primers 1 and 

4 replaced by 8 and 7 respectively. It is to be noted that library members contained amino 

acids other than those which correspond to rChyB or rChyB-N-v1 in positions where 

more than one mixed base was used for randomization (Table 4.2). For random 

mutagenesis of rChyB-N-v2, error-prone PCR was performed using GeneMorph II kit 

(Agilent Technologies, CA) with 2 fmols of pBAD_700 containing rChyB-N-v2 gene as 

template and primers 2 and 9. Assembly with the gene fragment coding for Ag43 signal 

peptide obtained using primers 5 and 10, cloning into digested pBAD_700, 

transformation and cell recovery were performed as described earlier. For all the libraries, 

S. No. Primer Sequence

1 chy_216-219_221-224_226_NNS_f gtctggaccctggcaggcattgtgtcctggnnsnnsnnsnnstgtnnsnnsnnsnnscctnnsgtgtattcccg

agtcacagcc

3 chy_193-219_f ggtgactccggtggccccctcgtctgccagaaagatggagtctggaccctggcaggcattgtgtcctgg

4 chy_M192_S189_NNS_f gcaggcgctagcggtgtcnnstcctgcnnsggtgactccggtggccc

5 SacI_Ag43 leader-f agcccgagctcctaaggaaaagctgatgaaacgacatctgaatacct

6 chy_182-188_r gacaccgctagcgcctgcgca

7 chy_M192_S189_wt/v1_f gcaggcgctagcggcgtcwyktcctgcmkgggtgactccggtggccc

8 chy_216-219_221-224_226_wt/v1_f gtctggaccctggcaggcattgtgtcctggggcrktsgggwgtgtwccrscwccwsgcctgscgtgtattcccga

gtcacagcc

9 Ag43 leader- rChyB-f ctcccggtgctggctgctatcgtcaacggagaggatgc

10 Ag43 leader-r agccagcaccgggagtgac

2 chy_FLAG_KpnI_r atcggggtacctttgtcatcgtcatctttataatcgttggcttccaagatctgctgatcggggtacctttgtcatcgtcatc
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plasmid DNA isolated from 10 randomly picked clones were sequenced (SeqWright 

Genomic Services, TX) to assess the genetic diversity and mutation rate for the library 

created using error-prone PCR was estimated to be 0.65%.  

Table 4.2 Library construction for shuffling engineered variant, rChyB-N-v1, with wild-type rChyB. 

 

4.2.2 Synthesis of FRET peptide substrates 

Lyophilized peptide (KAAPNGSCGRGR, N-terminal acetylated and C-terminal 

amidated, >70% purity, Genscript, NJ) and dyes, Atto-633 maleimide (Atto-TEC GmbH, 

Sigen, Germany) and QSY21 carboxylic acid succinimidyl ester (Life technologies, NY), 

were resuspended in anhydrous N,N-dimethylformamide (DMF) to a concentration of 10 

mM and 10 µg/µL, respectively. Pilot reactions were carried out to optimize the HPLC 

gradient method for proper separation of peptide species conjugated to both the dyes 

(desired) from the peptide molecules conjugated to either one of the dyes (undesired). A 

schematic describing the chemistry of conjugation of FRET dyes to the peptide is shown 

in Figure 4.1. 20 µL of 1 M NaHCO3 solution was mixed with 50 µL of peptide solution. 

Excess salt was pelleted to transfer the supernatant to a fresh tube and 50 µL of Atto-633 

maleimide was added to it. After incubation at 25 °C for 1 h, an aliquot was analyzed on 

Position

rChyB tct Ser atg Met agt Ser ggc Gly gtc Val tcc Ser act Thr tcc Ser act Thr gct Ala

rChyB-N-v1 atg Met cgg Arg gtg Val cgg Arg gag Glu acc Thr ggc Gly acc Thr tgg Trp ggc Gly

Mixed codon

tcg Ser agg Arg agt Ser ggg Gly gtg Val tcc Ser acc Thr tcc Ser acg Thr gct Ala 

tct Ser cgg Arg att Val cgg Arg gag Glu acc Thr ggc Gly acc Thr tgg Trp ggt Gly

atg Met atg Met ggt Gly agc Ser agg Arg

ttg Leu ctg Leu gtt Val gcc Ala tcg Ser

ttt Phe

acg Thr

act Thr

att Ile

222 223 224 226

wyk mkg rkt sgg gwg wcc

189 192 217 218 219 221

rsc wcc wsg gsc

Possible codons/ 

amino acids
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a C18 column (Cat. No. 00G-4041-E0, Phenomenex, CA) with water/acetonitrile mobile 

phases containing 1% acetic acid at a flow rate of 1 mL/min by measuring absorbance at 

wavelengths 630 and 670 nm in HPLC (Shimadzu scientific, Kyoto, Japan). For the 

second reaction, peptide/Atto-633 reaction mixture was added to a tube containing 100 

µL of 1M 4-dimethyl amino pyridine (DMAP, Sigma Aldrich, MO) and 50 µL of QSY 

21 solution.  

 

Figure 4.1 Chemical synthesis of N-AtQ21, Asn FRET peptide substrate. 

To estimate the yield of desired species after 1 h incubation at 25 °C, an aliquot was 

analyzed using the following method: 5% acetonitrile for 5 min, increasing to 28% in 2 

min and maintained for 5 min (peptide conjugated to only one of the dyes eluted in this 

step), increased to 35% in 2 min and maintained for 4 min (peptide conjugated to both the 

dyes, N-AtQ21, eluted in this step), increased to 95% in 2min (unconjugated dyes eluted 

in this step) and maintained for 5 min, decreased to 5% and maintained for 5 min. The 

reaction mixture was diluted with 4.5 mL of water containing 10% v/v acetic acid and 

loaded on to the column using a 5 mL sample loop. 500 µl fractions were collected 

manually based on absorbance measurements observed. Chemical identity of the 
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synthesized substrate was verified using ESI-MS (Rice core mass spectrometry facility, 

TX). Desired fractions were pooled together and lyophilized overnight. After 

reconstitution in 100 µL of water, substrate (N-AtQ21) concentration was estimated by 

measuring absorbance of dilutions in Infinite 200 PRO plate reader (Tecan group Ltd, 

Mannedorf, Switzerland). Y-BQ7 substrate, CAAPYGSKGRGR peptide conjugated to 

BODIPY-FL-SE and QSY7 C5 maleimide dyes, to measure activity towards tyrosine was 

a generous gift from Georgiou lab, University of Texas, Austin.  

4.2.3 Screening of chymotrypsin libraries using FACS 

For protein expression, 3 mL LB culture was inoculated using a glycerol stock of the 

library to a starting OD600 of 0.02 and grown up to an OD of 0.5 for induction with 100 

µM arabinose at 37 °C for 2 h. Induced cells were washed with 1% sucrose solution and 

resuspended to an OD of 1. Washed cells were incubated with 20 nM of Y-BQ7 and N-

AtQ21 at an OD 0.01 in 1% sucrose solution containing 2 mM Tris (pH 7.5) for 10 min at 

25 C. Labeled cells were analyzed using BD Biosciences FACSJazz cell sorter at an 

event rate of 7000/s. Optimal PMT settings were determined using cells displaying 

inactive rChyB whose catalytic Ser195 was mutated to Ala. Sort gate, typically 

containing 0.5-1% of the event rate, was an intersection of a gate in 670/30 nm channel 

containing cells with high Asn activity and a gate in 530/40 channel to exclude cells 

which display Tyr activity higher than that of the top 5% of inactive rChyB population. 

As the fluorescence profile of the population changed gradually during sorting, parent 

gates were adjusted to maintain their initial frequencies and restrict the frequency of the 

sort gate to less than 1%. Sorting was performed in the labeling time window of 10-25 

min as with longer incubation, cells could get labeled non-specifically. For all the 
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libraries, number of cells screened was at least 3-fold higher than their genetic diversity 

estimated based on transformation efficiency. When sorting was performed for long 

periods, it was ensured that induced cultures were used within 1 h of bench time as a 

decrease in proteolytic activity with the age of the culture was observed. Sorting was 

performed using the ‘pure’ mode and top 1% events corresponding to the sort gate were 

collected in an empty microcentrifuge tube. Plasmid DNA was recovered from the sorted 

cells using Zymo miniprep kit (Zymo Research, CA) as described in chapter 3. 

Subsequent to transformation into E. coli MC1061 cells, total number of transformants 

was estimated by plating dilutions onto LB-Cm plates. Transformants recovered with 

SOC media were directly grown in 100 mL of 2xYT media supplemented with 0.5% 

glucose and 25 µg/mL chloramphenicol at 37 °C for 10 h, and used to seed a subculture 

for the next round of sorting. Screening of site-saturated mutagenesis library and the 

other two libraries (backcross shuffling and error-prone PCR) involved 6 and 4 rounds of 

sorting respectively. 10 colonies were randomly picked from the sorted population for 

clonal characterization using flow cytometry with Y-BQ7 and N-AtQ21 substrates. 

Mutations in chymotrypsin B corresponding to the clones that showed desired phenotype 

on the cell sorter were identified by standard Sanger sequencing (SeqWright Inc., 

Houston, TX). 

4.2.4 Enzyme expression and purification 

For bacterial expression of chymotrypsin in its zymogen form, the gene fragment 

coding for chain A of trypsin (Phe-Pro-Val-Asp-Asp-Asp-Asp-Asp-Lys) was introduced 

in the 5` region of the chymotrypsin gene using forward primer overhang in a PCR. 

Using KpnI and SacI restriction sites, gene fragment coding for fusion of chain A of 
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trypsin and chains B and C of rChyB or other variants was introduced in-frame into a 

pET45b based vector containing N-terminal His6 tag under the regulation of T7 promoter. 

For protein expression, 100 mL LB culture was inoculated to a starting OD600 of 0.02 and 

grown up to an OD of 0.5 for induction with 500 µM isopropyl β-D-1-

thiogalactopyranoside (IPTG) at 37 °C for 6 h. Purification of inclusion bodies and 

refolding was performed as described previously (Wang et al., 2011). Briefly, cell pellet 

was resuspended in phosphate buffer (pH 8.0) containing 4 M guanidine hydrochloride 

(GuHCl) and 5 mM dithiothreitol and lysed by sonication (3 cycles of 30s on/off/on, XL-

2000, QSonica, CT). Inclusion body fraction was isolated by centrifugation (10,000x g, 

15 min) and washed with lysis buffer containing 10% Triton-X detergent twice to remove 

other insoluble contaminants. Small scale histidine tag affinity purification was 

performed using HisPur Ni-NTA spin plates (Thermo Scientific, MA). Refolding of 

denatured protein was achieved by flash dilution to a concentration of 10 µg/mL in Tris 

buffer (pH 7.5) containing 1 M GuHCl and 3 mM glutathione (reduced/oxidized = 2:1) 

and incubation at 4 °C overnight. Prior to activation of zymogens, protein was exchanged 

into Tris buffer (pH 7.5) containing 10 mM CaCl2 using Zeba spin desalting plates (7 

kDa molecular weight cut-off (MWCO), Life technologies, NY) or Amicon centrifugal 

filters (10 kDa MWCO, Fisher Scientific, IL) depending on the volume as the activity of 

enterokinase in the refolding buffer is low.     

pcDNA 3.4 based plasmid vector used for expression of chymotrypsinogens in 

human embryonic kidney (HEK293F) cells was a kind gift from Georgiou lab (University 

of Texas, Austin). A gene fragment coding for signal peptide and chain A of trypsin-1 

(Homo Sapiens), rChyB-N-v2 and His6 tag and containing Kozak sequence (GCCACC) 
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and sequences overlapping with 5` and 3` ends of AgeI-HF/Bsu36I digested vector for 

subsequent cloning by Gibson assembly, was commercially purchased (IDT, IA). For 

rChyB-N-v3, mutations, V99M and T221S, were introduced by overlap extension PCR 

using the plasmid for expression of rChyB-N-v2 as template. Cloning was also performed 

to obtain chymotrypsinogens with native chain A (1-15 aa, chA) instead of chain A 

corresponding to trypsin (Figure 4.2). Position 122 was reverted back to Cys from Ser as 

this residue is involved in a disulfide bond between chain A and chain B. chA- rChyB-N-

v3 gene fragment was commercially purchased (IDT, IA) and wild-type 

chymotrypsinogen gene, chA-rChyB, was generated by overlap-extension PCR of DNA 

fragments obtained using chA- rChyB-N-v3 and rChyB as templates.  

  

Figure 4.2 Schematic of chymotrypsinogen forms used for protein expression. 

After verification of success of cloning by DNA sequencing, 100 mL 2xYT culture 

supplemented with 200 ug/ml ampicillin was inoculated with a colony of cells harboring 

pcDNA3.4 based plasmid containing rChyB or other engineered mutants, grown 
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overnight at 37 °C and plasmid DNA was isolated using QIAGEN plasmid maxi kit and 

QIAvac 24 plus vacuum manifold (Qiagen Inc, CA) to draw the solution quickly through 

the DNA binding column. With the high copy number of the vector used, typical yield 

from a 100 mL culture is at least 150 µg of plasmid DNA. 100 mL HEK293F cells grown 

to a density of 2.5 x 10
6
 cells/mL after three passages in a suspension media culture at 37 

°C and 5% CO2 was transiently transfected with 100 µg of plasmid DNA using 80 µl of 

Expifectamine transfection reagent (Life technologies, NY). Transfection enhancers 

provided in the kit were then added 16 h following transfection. Protein secretion was 

allowed for 4-5 days, usually when viability (as measured by trypan blue) was 30-50%, 

and cells were spun down at 4000 xg for 20 min at 4 °C to collect the supernatant. 

Presence of chymotrypsinogen in the supernatant was verified by Western blotting as 

described previously (Ramesh et al., 2012) using rabbit anti-His antibody (300 ng/mL, 

GenScript, NJ), goat anti-rabbit antibody conjugated to HRP (40 ng/mL, Jackson 

ImmunoResearch, PA), and chemiluminescent HRP substrate (SuperSignal West Pico, 

Thermo Scientific, MA). After activating 100 µL of supernatant with 1 U of recombinant 

enterokinase (EMD Millipore, MA) at 25 °C for 1h, 1 µL of 5 µg/µL casein-FITC (50-

100 µg FITC/mg solid, Sigma Aldrich, MO) solution was added to monitor proteolytic 

activity by measuring fluorescence (excitation: 488 nm, emission: 530 nm and cut-off: 

515 nm) at 25 °C using SpectraMAX Gemini EM plate reader (Molecular Devices, CA). 

In the case of zymogens containing chain A of chymotrypsin, activation was performed 

using proteomics-grade trypsin (Sigma Aldrich, MO). 

After ascertaining the presence of chymotrypsinogen, purification was performed 

using AKTA FPLC system (GE Healthcare Bio-Sciences, PA) at 4 °C. 12 mL of 100 mM 
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NiSO4 solution was passed through a column packed with 4 mL of chelation-sepharose 

resin (Cat. No. 17-057501, GE Healthcare Bio-Sciences, PA) to immobilize nickel and 

purify chymotrypsinogen by histidine tag affinity chromatography. At a flow rate of 5 

mL/min, the column was washed with water (8 mL) and 100 mM sodium acetate buffer 

(pH 4, 20 mL) to remove weakly bound nickel ions and equilibrated with phosphate 

buffer (50 mM Na2HPO4, 500 mM NaCl, pH 8). Filtered (0.22 um) supernatant was 

loaded on to the column and 12 mL of phosphate buffer was passed to elute any non-

specifically bound proteins. Elution was performed by increasing imidazole concentration 

from 0 to 150 mM in a linear gradient in 16 min to collect 5 mL fractions. The resin was 

regenerated by passing 20 mL of 1 M NaOH and 12 mL of water, nickel ions were 

stripped using 10 mL of phosphate buffer containing 50 mM EDTA and the column was 

recharged with nickel sulfate before using it for purification of a different protein.  

An aliquot of the fractions expected to contain the desired protein was exchanged to 

Tris buffer (50 mM Tris, 10 mM CaCl2, pH 7.5) using Zeba spin columns in a 96 well 

plate format (Thermo Scientific, MA) and protease activity was confirmed using casein-

FITC substrate after activation. Fractions containing majority of the protein were pooled 

together and exchanged to acetate buffer (pH 4) using 10KDa MWCO Amicon columns 

(15 mL capacity, EMD Millipore, MA) for further purification by cation exchange 

chromatography as the isoelectric point of chymotrypsinogen is 5.3. 1 mL of 

concentrated protein was loaded on to a column packed with 0.8 mL of resin (GE 

Healthcare Bio-Sciences, PA) by injection. After washing the column with 2.4 mL of 

acetate buffer, the desired protein eluted when the conductivity was 44 mS/cm during the 

increasing NaCl concentration gradient from 20 mM to 1 M in 80 min. Purity of fractions 
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(1 mL volume) expected to contain majority of the protein was estimated by running 

samples denatured using SDS and β-mercaptoethanol, in a 4-20% polyacrylamide gel 

(Lonza Houston Inc, TX) and subsequent coomasie blue staining. Prior to any functional 

characterization, zymogens were activated using enterokinase (1 U per 25 µg of 

chymotrypsin variants containing chain A of trypsin) or trypsin (1:100 ratio of enzyme to 

zymogen containing chain A of chymotrypsin) at 25 °C for 1 h and subsequently treated 

with 500 μM of tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK, Sigma 

Aldrich, MO) to inhibit activity of the activating enzymes. Activated zymogens were 

incubated with equimolar concentration of ActivX fluorophosphonate probe conjugated 

to 5-carboxytetramethylrhodamine (TAMRA) dye (Thermo Scientific, MA) ar 25 °C for 

45 min and analyzed by electrophoresis to identify the size of the polypeptide chain 

containing catalytic Ser195. 

4.2.5 HPLC characterization 

FRET peptide substrate, N-AtQ21, at concentration 1 μM, was incubated with 

activated chymotrypsin variants (1 μM μgof rChyB-N-v2 or 50 nM of chA-rChyB-N-v3) 

in Tris buffer (pH 7.5) at 37 °C for about 1 h. To estimate the degree of proteolysis, an 

aliquot of the reaction mixture was analyzed on a C18 column by measuring absorbance 

at 630 and 670 nm corresponding to Atto633 fluorophore and QSY21 quencher 

respectively using the same gradient method that was previously used during substrate 

synthesis. To validate the identity of the peaks observed in the chromatogram, aliquots 

were also characterized by LC-MS (Mass spectrometry laboratory, Department of 

Chemistry, University of Houston).    
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Lyophilized peptide (WKAAPNGSSGRGR, N-terminal acetylated and C-terminal 

amidated, >70% purity, Genscript, NJ) was resuspended in phosphate buffer (pH 8) to a 

concentration of 10 mM and stored at -20 °C. 100 μM peptide substrate was digested 

with 5 μM of purified rChyB or rChyB-N-v3 in Tris buffer at 25 °C for 30 min and 

analyzed on a C18 column by measuring tryptophan absorbance at 280 nm. Following 

gradient method was used with water/acetonitrile mobile phases containing 1% acetic 

acid at a flow rate of 1 mL/min: 5% acetonitrile for 5 min, increasing to 30% in 20 min, 

further increased to 95% in 5 min and maintained for 5 min, decreased to 5% and 

maintained for 5 min. 

4.2.6 MS/MS characterization 

Activated chymotrypsins were cleaned using Zeba spin desalting columns to remove 

excess TLCK. MS/MS analysis of bovine serum albumin (BSA) digested with 

chymotrypsin variants, was performed in collaboration with Bark lab (Department of 

Biochemistry, University of Houston, TX) as described previously (Bark et al., 2001). 

Briefly, 1 mg of BSA dissolved in 100 µL of 100 mM ammonium bicarbonate buffer, pH 

7.5 was reduced by adding 5 µL of 100 mM tris(2-carboxyethyl)phosphine (TCEP, 

diluted from 500 mM stock with ammonium bicarbonate buffer). After incubation at 37 

°C for 15 min, 5 µL of 100 mM iodoacetamide (IAA, diluted from 500 mM stock with 

ammonium bicarbonate buffer) was added to the reaction mixture for incubation at 25 °C 

for 30 min in dark as IAA is both heat and light sensitive. Excess reagents were removed 

by chloroform:methanol:water precipitation and the protein was reconstituted in 

ammonium carbonate buffer to a concentration of 100 µg/µL. 50 µg of treated BSA was 

digested 1 μg of purified wild-type or engineered chymotrypsin overnight at 37 °C in 50 
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µL of ammonium bicarbonate buffer. Digested samples were first chromatographically 

separated (Agilent 1200 Nanoflow, Agilent Technologies, CA) and then analyzed in a 

quadrupole time-of-flight mass spectrometer (Bruker MircoTOF-Q, Bruker Daltonics, 

MA) equipped with an interface for electrospray ionization. MS spectra was matched to a 

custom protein database containing BSA, rChyB, rChyB-N-v3 and enterokinase using 

open mass spectrometry search algorithm (OMSSA) to identify the sequences of peptides 

generated. 

4.2.7 Kinetic parameter measurements 

All measurements were made using Infinite 200 PRO plate reader (Tecan group Ltd, 

Mannedorf, Switzerland) at 25 °C. Total protein concentration was estimated by 

bicinchoninic acid (BCA) colorimetric assay (Thermo Scientific, MA) where the 

calibration curve was generated by measuring dilutions of albumin standard (1 mg/mL, 

Sigma Aldrich, MO). Concentration of functional chymotrypsin after zymogen activation 

was determined by active-site titration against 4-Methylumbelliferyl p-

trimethylammoniocinnamate chloride (MUTMAC, Sigma Aldrich, MO). Conversion of 

relative fluorescence units (RFU) measured at 380/445 nm (excitation/emission 

wavelengths) to molarity was achieved by calibrating with different concentrations (0-5 

μM) of the fluorophore, 4-Methylumbelliferone, in presence of 50 μM MUTMAC and 

chA-rChyB zymogen incubated with TLCK-treated trypsin was used as negative control. 

Kinetics of chA-rChyB and chA-rChyB-N-v3 towards three different substrates, suc-Ala-

Ala-Pro-Phe-AMC (EMD Millipore, MA), suc-Ala-Ala-Pro-Asn-AMC (custom 

synthesized, Anaspec, CA), and suc-Leu-Leu-Val-Tyr-AMC (RnD Systems Inc, MN) 

were measured where suc refers to succinylation at the N-terminal and AMC refers to 7-
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amino-4-methylcoumarin, the fluorophore quenched by conjugation to the C-terminal of 

the peptide. AMC fluorescence measured at 380/460 nm was calibrated with dilutions of 

unconjugated AMC stock solution whose concentration was calculated using the values 

of pathlength (0.3 cm), molar absorption coefficient of 16,000 M
-1

cm
-1

 and background 

subtracted absorbance measured at 354 nm. Calibration was also performed at varying 

gain settings and concentrations of peptide substrates. Optimal enzyme/substrate 

concentrations and gain settings that allowed a linear increase in fluorescence in the first 

5 min of incubation were identified. Depending on the kinetics, enzyme concentration 

was in the range of 2.5-50 nM and substrate concentrations were varied from 20-200 μM 

except for suc-LLVY-AMC substrate where the highest concentration was limited to 50 

μM due to poor solubility.  

4.3 Results 

4.3.1 Surface loops critical for substrate specificity randomized in a 

chymotrypsin B library 

Chymotrypsin B is a typical trypsin-fold serine protease containing the catalytic triad 

(His57, Asp102, and Ser195) at the cleft between its two β-barrel domains. Previously, 

based on structural and sequence alignment of trypsin, chymotrypsin and elastase, triplet 

positions 189, 216 and 226 which are in close proximity to the P1 substrate residue were 

considered to be responsible for substrate specificity (Wouters et al., 2003). Site-directed 

mutagenesis studies targeting these positions to modify enzyme specificity did not yield 

functional variants. In this study, we have used a combinatorial approach for modifying 

substrate specificity of chymotrypsin B (rChyB) by screening protein libraries containing 
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randomized variations at targeted positions. HotSpot Wizard (Pavelka et al., 2009) was 

used to generate a preliminary list of candidate residues for library construction based on 

their proximity to active site and how conserved they were evolutionarily. Crystal 

structure of δ-chymotrypsin bound to a peptidyl chloromethyl ketone inhibitor (Mac 

Sweeney et al., 2000) and multiple sequence alignment of amino acid sequences of 

proteases with chymotrypsin-like tertiary structure and differing substrate specificities 

from different organisms performed using MUSCLE (Edgar, 2004), were used as inputs 

(Figure 4.3). The underlying assumption for using sequence alignment was that residues 

critical for catalytic activity should be conserved and hence should be not randomized to 

retain the catalytic efficiency. Though structure of rat chymotrypsin B with mutations 

Ser189Asp and Ala226Gly was available, structure of δ-chymotrypsin was used as it was 

bound to a substrate analogue. Loops 185-192 and 215-226 were identified as key 

determinants of substrate specificity and was supported by their significance in 

evolutionary divergence of substrate specificity within chymotrypsin-fold serine 

proteases (Perona and Craik, 1997) and in all the protein engineering efforts to modify P1 

specificity of trypsin and chymotrypsin (Hedstrom et al., 1992; Hung and Hedstrom, 

1998; Jelinek et al., 2008; Reyda et al., 2003). Ideally all the variable positions identified 

in the loops should have been randomized while keeping the number of mutations per 

library member to be low (<10). However, techniques like parsimonious mutagenesis 

(Balint and Larrick, 1993) or DNA shuffling (Stemmer, 1994) with wild-type typically 

used for such a purpose could not be applied as most of the residues are in the primary 

sequence contiguously. As a trade-off to decrease the mutational load and increase the 

fraction of library diversity screened, residues 185-188 which were the farthest from the 



105 

 

substrate analogue among all the candidate residues were not randomized. Positions 189, 

192, 216-219, 221-224 and 226 were targeted using NNS codons.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Sequence alignment of chymotrypsin-fold proteases with differing substrate specificities 

and species origin. Residues Ser189 and Met192, and loop 215 -226 were randomized 

(marked in green) barring conserved residues Trp215, Cys220 and Pro225 (marked in red). 

4.3.2 Isolation of rChyB-N-v1 variant with activity towards Asn using FACS 

The site-saturated chymotrypsin B library (size ~10
7
 variants) was screened by 

fluorescence activated cell sorting (FACS) using a dual-substrate selection-

counterselection strategy described previously (Varadarajan et al., 2008). Activities of 
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library members towards Asn and Tyr residues were monitored simultaneously using 

FRET peptide substrates, N-AtQ21 and Y-BQ7, containing positively charged tail for 

localized electrostatic capture of fluorescent peptide fragment on the surface of bacteria, 

thus allowing isolation of variants with high Asn activity while culling out inactive or 

non-specific variants using FACS (Figure 4.4). The protease assay was validated by high 

Tyr activity observed for cells expressing wild-type chymotrypsin (rChyB) in comparison 

to inactive rChyB (catalytic Ser195Ala). When cells expressing rChyB were labeled with 

N-AtQ21 substrate, measured activity towards Asn was similar to that of the negative 

control. In addition to functional activity, presence of chymotrypsin on the cell surface 

was verified using an antibody specific for FLAG epitope tag. As NNS codons were used 

for randomization during library construction, several library members were expected to 

contain premature stop codons as confirmed by the FLAG negative sub-population in the 

naïve library. The plasmid recovery method described in the previous chapter was 

employed to retrieve the genotype of sorted cells for further rounds of sorting as viability 

of the sorted cells was poor. Starting from the naïve site-saturated chymotrypsin library, 

stepwise enrichment of variants displaying high Asn activity through six rounds of 

sorting is shown in Figure 4.5. From the round six population, five clones were randomly 

picked for identifying mutations in the target positions and their Tyr/Asn activities were 

also assessed by flow cytometry using FRET peptide substrates (Table 4.3). Three of 

them were identical in their sequence and showed 2-fold higher Asn activity than rChyB. 

The round 5 population was sorted again and five random clones picked from the newly 

obtained round 6 population were also identical to rChyB-N-v1 sequence. As rChyB-N-
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v1 showed the highest Asn activity in comparison to the other two clones (v1c3 and 

v1c5), only this clone was carried forward for further analysis.  

 

Figure 4.4 Schematic for high-throughput screening of chymotrypsin libraries using FRET peptide 

substrates for iterative enrichment of active variants showing specificity towards Asn 

substrate. 

Table 4.3 Analysis of individual clones randomly picked from the site-saturated chymotrypsin library 

enriched by six rounds of sorting. Best variant of the three which was carried forward for 

further engineering is highlighted in bold. 

 

  

Activity 

towards Asn

Activity 

towards Tyr

(ratio to 

background)

(ratio to 

background)
189 192 216 217 218 219 221 222 223 224 226

rChyB 1 2.5 Ser Met Gly Ser Gly Val Ser Thr Ser Thr Ala

v1c3 1 1.5 Leu Val Arg Leu Gly Asp Pro Ala Ala Gly Gly

v1c5 1.8 1.5 Ser Trp Gly Ser Lys Phe Gly Gly Gly Arg Gly

rChyB-N-v1 2 1 Met Arg Gly Val Arg Glu Thr Gly Thr Trp Gly

Clone

Amino acids at target positions (chymotrypsin 

numbering)
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Figure 4.5 Evolution of naïve chymotrypsin B library to enrich variants displaying high Asn activity 

through multiple rounds of sorting. Corresponding histograms representing the presence of 

full-length chymotrypsin displayed is shown as inset. 

rChyB-N-v1 yielded 2-fold higher fluorescence with N-AtQ21 and not Y-BQ7 

suggesting its preference for proteolysis at Asn as the amino acid sequence (AAPXGS) in 

the linker region between the FRET pair was identical in both peptide substrates except 

for X which was either Asn or Tyr. To ascertain that the fluorescence observed was not 

an artifact but due to FRET disruption by proteolysis, cells displaying rChyB-N-v1 or 

inactive rChyB were incubated with N-AtQ21 substrate and the reaction mixture after 

0.22 µm filtration was analyzed by tandem mass spectrometry coupled to liquid 

chromatography (LC-MS/MS).  All the background peaks present in both inactive rChyB 
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and rChyB-N-v1 samples were neglected. The peak corresponding to intact N-AtQ21 

substrate was observed only in inactive rChyB sample. In the case of rChyB-N-v1, peaks 

corresponding to the masses of the peptide fragments expected to be generated by 

proteolysis at Asn residue in N-AtQ21 substrate were identified (Table 4.4). Other peaks 

whose identity could not be matched to proteolysis at any residue in N-AtQ21 were also 

present. Starting from wild-type chymotrypsin with negligible activity towards Asn, 

evidence for proteolysis at Asn residue in N-AtQ21 substrate provided sufficient 

rationale to proceed with further engineering of rChyB-N-v1 variant and characterization 

with purified enzyme as opposed to enzyme displayed on the cell surface. 

Table 4.4 Mass spectrometry analysis of N-AtQ21 substrate digested with cells expressing inactive 

rChyB or rChyB-N-v1 to identify peptide fragments generated by proteolysis. 

 

4.3.3 Minimal number of mutations required for activity towards P1 Asn 

identified by backcross shuffling 

Of the 11 positions targeted in the site-saturated library, rChyB-N-v1 had mutations 

at 10 of them except G216. To verify if all the mutations were necessary for the observed 

change in substrate specificity and to eliminate deleterious mutations if any, a library was 

m/z Intensity z
Neutral 

mass (Da)
Matched identity

Unreacted N-AtQ21 substrate 

Ac-Lys(quencher)-Ala-Ala-Pro-Asn- Gly-Ser-Cys(fluorophore)-

Gly-Arg-Gly-Arg-NH2

507.74 2.5 2 1014.5

585.79 1.2 2 1170.6

409.88 0.6 3 1227.6 Ac-Lys(quencher)-Ala-Ala-Pro-Asn

648.86 4.73 2 1296.7

455.92 1.7 3 1365.7 Gly-Ser-Cys(fluorophore)-Gly-Arg-Gly-Arg-NH2

484.91 0.6 3 1452.7

Peaks unique to rChyB-N-v1

Peaks unique to inactive rChyB 

643.09 2.5 4 2568.3
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constructed where each of these ten positions could contain the amino acid corresponding 

to rChyB or rChyB-N-v1. As amino acid changes were introduced by using mixed bases 

with a valency of 2 at 16 nucleotide positions, the theoretical size of the library is 2
16

 = 

65536.  

Table 4.5  Analysis of individual clones randomly picked from the population enriched by four rounds 

of sorting the library obtained by backcrossing rChyB-N-v1 with rChyB. Best variant of 

different clones tested is highlighted in bold. 

 

Ten clones randomly picked from the population obtained after 4 rounds of sorting 

were sequenced to identify the mutations and were also analyzed by flow cytometry to 

measure activity towards Tyr and Asn peptide substrates. Several positions (S189, 

Arg192, Arg218, Trp224 and G226) were conserved across all the different clones tested 

showing their significance towards Asn activity. rChyB-N-v2 which showed the highest 

fluorescence, had two mutations (M189 and V217) reverted back to Ser, as in wild-type 

Activity 

towards Tyr

Activity 

towards Asn

(ratio to 

background)

(ratio to 

background)
189 192 217 218 219 221 222 223 224 226

rChyB 1.0 2.5 Ser Met Ser Gly Val Ser Thr Ser Thr Ala

rChyB N-v1 1.0 2.0 Met Arg Val Arg Glu Thr Gly Thr Trp Gly

rChyB N-v2 1.4 4.0 Ser Arg Ser Arg Glu Thr Gly Thr Trp Gly

v2c1 1.3 3.3 Ser Arg Ile Arg Val Thr Gly Thr Trp Gly

v2c2 1.2 3.0 Ser Arg Val Arg Glu Ser Ala Ser Trp Gly

v2c3 1.3 3.3 Ser Arg Ser Arg Val Ser Gly Ser Trp Gly

v2c5 1.3 2.2 Ser Arg Ile Arg Glu Ser Ser Ser Ser Gly

v2c7 2.0 3.3 Ser Arg Ser Arg Glu Ser Gly Ser Trp Gly

v2c8 1.5 3.8 Ser Arg Ser Arg Glu Ser Gly Ser Trp Gly

v2c9 1.2 2.0 Ser Arg Ser Arg Glu Ser Gly Ser Trp Gly

v2c10 1.3 3.8 Ser Arg Ile Arg Glu Thr Gly Ser Trp Gly

Clone

Amino acids at target positions (chymotrypsin 

numbering)
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rChyB, leading to an increase in activity towards N-AtQ21 by 2-fold in comparison to 

rChyB-N-v1. 

4.3.4 Purified rChyB-N-v2 is functional towards the peptide substrate 

containing Asn 

Unlike native chymotrypsinogen which requires activation by trypsin, rChyB-N-v2 

was expressed as a zymogen where chains B and C of chymotrypsin B were N-terminally 

fused to signal peptide and chain A of trypsin (Jelinek et al., 2004) such that activation 

can be performed using enterokinase with extended specificity. Recombinant enzymes 

were overexpressed in the cytoplasm of E.coli BL21(DE3) strain to form inclusion bodies 

which were solubilized and purified by histidine tag affinity chromatography. As the 

conditions for refolding of denatured chymotrypsin C was available in literature, rChyB, 

inactive rChyB and rChyB-N-v2 zymogens were quickly obtained without further 

optimization. Though enterokinase activated rChyB-N-v2 was found to be functional 

using casein-FITC assay, it did not cleave N-AtQ21 peptide even when incubated with 

equimolar concentrations of enzyme and substrate. As an alternative to bacterial 

expression, mammalian host (HEK293F cells) which allows secretion of folded 

zymogens was chosen to eliminate the need for refolding. After expression in HEK293F 

cells, the supernatant containing the secreted protein was characterized using Western 

blot. Upon activation with enterokinase, formation of chains B and C with lower sizes 

could be observed in the samples rChyB and rChyB-N-v2 whereas the brightest band for 

the inactive rChyB sample was still the intact 25 kDa zymogen (Figure 4.6). The 

presence of catalytic Ser195 in the 10 kDa band corresponding to chain C was 

independently verified by PAGE analysis of activated chymotrypsins incubated with a 
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fluorophosphonate probe conjugated to rhodamine dye. Chymotrypsinogens from 100 

mL HEK293F culture were then purified by His-tag affinity and cation exchange 

chromatography to obtain 2-3 mgs of protein with greater than 95% purity (as determined 

by SDS-PAGE). When activated chymotrypsins were incubated with N-AtQ21 and 

analyzed on HPLC, we observed proteolysis only with rChyB-N-v2 but not rChyB, thus 

confirming that the signal associated with N-AtQ21 substrate observed previously in 

FACS was not a FRET related artifact or due to host proteases.  

 

Figure 4.6 Western blot showing chymotrysinogens expressed in mammalian cells.  

 

 

Figure 4.7 HPLC analysis of purified wild-type rChyB or engineered rChyB-N-v2 incubated with N-

AtQ21, FRET peptide substrate containing Asn.  
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4.3.5 Improved proteolytic activity towards P1 Asn by random mutagenesis 

To identify beneficial mutations outside the 11 positions targeted, we screened an 

error-prone PCR library constructed using rChyB-N-v2 as template. After 4 rounds of 

sorting, ten clones randomly picked were sequenced to identify the enriched mutations 

and were also analyzed by flow cytometry to measure activity towards Tyr and Asn 

peptide substrates. No consensus mutation was observed across all the clones sequenced 

and only marginal improvement in Asn activity over rChyB-N-v2 was displayed. rChyB-

N-v3 variant with an additional mutation, Val99Met, in chain B which showed the 

highest fluorescence was selected for protein expression. 

Table 4.6 Analysis of individual clones randomly picked from the population enriched by four rounds 

of sorting the library obtained by error-prone PCR with rChyB-N-v2 as template. Best 

variant of different clones tested is highlighted in bold. 

 

In order to ensure that the engineered enzyme can cleave unconjugated peptides, we 

used a substrate with amino acid sequence identical to that of N-AtQ21 FRET substrate 

but with a Trp residue added to the N-terminal for characterization by monitoring 

absorbance at 280 nm, instead of any dyes. Also Cys residue which was used for 

conjugation to Atto-633 dye in N-AtQ21 substrate was mutated to Ser to avoid any 

disulfide bond formation between two peptide molecules. The chromatograms of peptide 

Activity towards Tyr Activity towards Asn

(ratio to background) (ratio to background)

rChyB-N-v2 1.4 4.0 -

rChyB-N-v3 1.4 4.3 Val99Met

v3c2 1.3 2.9 Glu49Lys, Gln87Arg, Ala158Val 

v3c3 1.2 2.3 Val99Leu, Lu116Val

v3c4 1.0 2.0 Val99Met, Thr110Ser, Leu149Pro

v3c5 1.4 3.7 Gly59Arg

v3c7 0.9 1.1 Ala148Val

v3c9 1.7 3.0 Gly74Ala, Asn125Ser, Pro161His

Clone Mutations in rChyB-N-v2
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samples digested with wild-type rChyB and engineered variants, rChyB-N-v1 and 

rChyB-N-v2 were identical to that of undigested peptide. Multiple peaks in the negative 

control sample could be due to impurities as the peptide was purchased from the 

manufacturer at crude purity (>70%). When incubated with rChyB-N-v3, an additional 

fragment eluting at higher retention time was observed possibly due to proteolysis after 

Asn removing the positively charged arginine tail (Figure 4.8). 

 

Figure 4.8 HPLC analysis of rChyB-N-v3 with unconjugated peptide substrate. 

In a previous study, replacing the native chain A (1-15 aa) of chymotrypsin B with 

chain A of trypsin was shown to substantially decrease the spontaneous activation of 

chymotrypsinogen in the absence of enterokinase without affecting the kinetics towards 

peptide substrates (Venekei et al., 1996a). However additional disulfide bond between 

Cys1residue in chain A and Cys122 in chain B is known to increase the thermal and 

chemical stability of the enzyme (Kardos et al., 1999). Considering the need for stability 

in downstream proteomic applications, we expressed and purified rChyB-N-v3 with 

native chain A (chA-rChyB-N-v3). LC-MS analysis of N-AtQ21 substrate digested with 

chA-rChyB-N-v3 located the exact scissile bond at C-terminal of Asn residue as the Gly-

Ser-Cys-Gly-Arg-Gly-Arg fragment containing the fluorophore was reliably detected 

(Figure 4.9). However the corresponding Lys-Ala-Ala-Pro-Asn fragment containing the 

quencher was not detected possibly due to poor ionization. 
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Figure 4.9 LC-MS analysis of N-AtQ21 peptide substrate digested with (A) wild-type chA-rChyB and 

(B) engineered chA-rChyB-N-v3.  



116 

 

Only intact N-AtQ21 substrate was detected when analogous wild-type rChyB 

sample was characterized. In contrast to the previous study, it appears that chain A of 

chymotrypsin could improve the kinetics of proteolysis as the concentration of rChyB-N-

v3 (without chain A) required to digest 1 µM of N-AtQ21 for detection by HPLC was at 

least 15-fold higher than chA- rChyB-N-v3. 

4.3.6 Variants with high Asn activity displayed increase in polarity of active site 

 

Figure 4.10 Electrostatic surface potentials of wild-type and engineered chymotrypsins. 

We sought to understand how mutations in rChyB-N-v3 led to high Asn activity. To 

this end, corresponding mutations were introduced into the experimentally determined 

structure of wild-type chymotrypsin (PDB id 1DLK) using PyMOL. Electrostatic nature 

of substrate binding pocket (highlighted by the blue rectangle) in wild-type and 

engineered chymotrypsin were compared using Discovery Studio 4.1 (Figure 4.10). In 

the case of wild-type enzyme, only apolar (white) amino acids were present. In contrast, 

two positively charged (blue) residues and a negatively charged residue (red) provided a 

zwitterionic environment in the substrate binding pocket of engineered chymotrypsin. It 



117 

 

is worth mentioning that legumain (asparaginyl endopeptidase) also displays a similar 

feature to interact with electrophilic carbonyl group and nucleophilic nitrogen in the 

amide side chain (Dall and Brandstetter, 2013).  

 

Table 4.7. Hydropathic analysis of chymotrypsin variants. 

To quantify the change introduced in the active site of engineered chymotrypsin, 

hydropathy index (HI), a measure of free energy of hydration, was used as the metric 

(Kyte and Doolittle, 1982). Positive values represent hydrophobic nature and their 

magnitude correlate with degree of hydrophobicity Amino acid changes at mutated 

positions in chymotrypsin variants identified during iterative mutagenesis are shown in 

Table 4.7. In addition to the color code previously used, black and green colors represent 

small/apolar and hydrophobic amino acids respectively. Net hydropathy index for each 

enzyme was calculated by summation of individual HI values assigned to amino acids. 

Starting from a hydrophobic pocket (HI = 6.8) in wild-type chymotrypsin, polarity of the 

active-site was progressively increased by introduction of charged residues and reversal 

of hydrophobic residues. Not surprisingly, increase in polarity of substrate binding pocket 
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correlates with increase in selectivity towards polar Asn over hydrophobic Tyr as 

measured by flow cytometry using FRET peptide substrates. 

4.3.6 Kinetic characterization of engineered chymotrypsin with fluorogenic 

peptide substrates 

To quantify the effect of mutations introduced on the substrate specificity, kinetics of 

wild-type and engineered chymotrypsins were measured using fluorogenic peptide 

substrates containing Tyr or Asn residues at P1 position. We could not estimate 

individual Michaelis-Menten parameters as saturation of initial velocity rates were not 

observed at any of the concentrations tested (determined by solubility limits). In the case 

of LLVY substrate, highest concentration tested was 50 uM due to its poor solubility. 

Wild-type chymotrypsin showed very fast kinetics towards LLVY peptide that the 

enzyme concentration had to be decreased to 1 nM to avoid saturation of the detector. In 

comparison, engineered chymotrypsin demonstrated at least three orders of magnitude 

decrease in the propensity to cleave after Tyr or Phe residues (Figure 4.11A) suggesting 

that variants with high wild-type like activity were efficiently eliminated by counter-

selection with Y-BQ7 substrate during library screening .  

In comparing the kinetics of the Asn substrate, engineered chymotrypsin showed 10-

fold increase in the rate of product generation in comparison to wild-type chymotrypsin 

(Figure 4.11B). To explore the possibility of further increasing P1 Asn activity, we are 

currently working on screening a library based on rChyB-N-v3 with randomized codons 

in the loop 185-188 as substrate affinity could be improved by providing additional 

subsites for favorable interactions. 
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Figure 4.11. Substrate preference of wild-type (chA-rChyB) and engineered chymotrypsins (chA-

rChyB-N-v3) with fluorogenic peptide substrates, suc-Leu-Leu-Val-Tyr-AMC and suc-

Ala-Ala-Pro-Asn-AMC.  

Though counter-selection decreased the P1 Tyr activity substantially, specificity of 

the engineered enzyme is not exclusive towards P1 Asn as shown by its preference 

towards Asn over Tyr substrate by only 2-fold (Figure 4.11C). During activation of 

zymogen, the release of N-terminus of Ile16 by trypsin is followed by autoproteolysis of 

chymotrypsin at Y146 to form chains B and C. Elimination of Tyr activity by engineering 

might hinder the ability of chymotrypsin to process itself into an active mature form and 

hence we believe that at least some residual wild-type activity is essential for function. It 

should be noted that the retention of activity towards hydrophobic amino acids in the 
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engineered variant is also beneficial for the application of protein sequencing by tandem 

mass spectrometry with high sequence coverage.  

4.3.7 Engineered protease cleaves after Asn in protein substrate  

Proteases which efficiently process peptide substrates often do not cleave the same 

sequence motif present in a protein scaffold possibly due to lack of the preferred β-strand 

conformation (Tyndall et al., 2005). Microbial proteases that were previously engineered 

to cleave after novel P1 residues in peptides did not display any catalytic activity towards 

protein substrates (Varadarajan, 2006). To assess the ability of engineered chymotrypsin 

to digest proteins, bovine serum albumin (BSA) was used as a model substrate. When 

reduced/alkylated BSA was digested chA-rChyB-N-v3, 132 different peptides with 

unique amino acid sequences were identified by MS/MS analysis (Figure 4.12). Of all 

the 14 Asn residues in BSA, proteolysis was reliably detected after 5 of them (positions 

123, 144, 185, 341 and 414). Near all the missed Asn residues except Asn290, proteolysis 

at the neighboring amino acids (< 2-3 aa distance) was detected and this could have 

decreased the size of peptides with C-terminal Asn to less than 500 Da which cannot be 

detected using MS analysis. Typically proteases miss a putative cleavage site when 

specific residues are present near the P1 site. For example, trypsin is known to cleave 

after Lys/Arg less efficiently when an Asp/Glu residue is present in the P2, P1` or P2` 

positions (Gershon, 2014). It is possible that Asn290 cleavage site was missed by the 

engineered chymotrypsin due to such non-P1 position constraints.  
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Figure 4.12 Sequence coverage of bovine serum albumin (BSA) based on MS/MS analysis of peptides 

generated by digestion with engineered chymotrypsin, chA-rChyB-N-v3.  

In addition to Asn, several peptides were generated by proteolysis at C-terminal of 

hydrophobic amino acids. This is in accordance with the kinetic data measured using 

peptide substrates and demonstrated that in addition to cleaving after Asn the engineered 

variant also had activity against the hydrophobic amino acids. Secondly, the engineering 

of the S1 pocket did not introduce any unintended but restricting preferences for other 

extended positions of the substrate.  A few cuts after Lys/Arg were also observed 

possibly due to incomplete TLCK inactivation of trypsin that was used for activation of 

zymogens. Generation of peptides of desired size (500-2000 Da) allowed high coverage 

(58%) of the entire BSA sequence (608 aa long) for rChyB-N-v3 in comparison to 46% 

for wild-type rChyB and addition of chain A further improved the coverage to 73% in the 

case of chA-rChyB-N-v3 variant. Currently we are testing several glycosylated proteins 
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including RNase B and cytokine IL-7 for assessing the ability of chA-rChyB-N-v3 to 

map their glycosylation sites. 

4.4 Discussion 

Current proteomic technologies continue to develop at a rapid pace allowing large 

scale mapping of post-translation modifications in complex clinical and environmental 

samples. One of the key components in the workflow that has not been modified over 

time is the protease used for sample digestion as the proteomics community has faithfully 

relied only on trypsin. Proteases with engineered specificity to discriminate between post-

translationally modified and unmodified residues can easily be added for tandem 

digestion with trypsin to provide additional information that can facilitate database search 

algorithms to locate PTM sites. Previously disulfide free microbial proteases have been 

engineered for detection of PTMs. However they were either inactive towards protein 

substrates due to extended specificity/conformation requirements or they were highly 

non-specific leading to generation of peptides that are too small (<500 Da) for MS 

analysis.  

We developed a platform that is compatible with features such as multiple disulfide 

bonds and zymogen activation for display of mammalian proteases in a functional form 

on the surface of bacteria. Anchored surface display allowed us to assay for activity using 

peptide substrates containing FRET dyes which can neither diffuse through outer 

membrane nor be genetically encoded. Chymotrypsin which is already used in proteomic 

studies, especially for membrane protein samples known to contain hydrophobic regions, 

due to its strong P1 specificity with no extended preference otherwise, was engineered 



123 

 

using a combinatorial approach to cleave after Asn and the ability of engineered variants 

to digest protein substrates for MS/MS analysis was demonstrated. To our knowledge, 

this is the first time substrate binding pocket of a mammalian protease has been 

comprehensively engineered by screening large (>10
7
) libraries. Prior to this study, the 

size of the largest library for a mammalian protease system was 150 and was screened 

using a plate reader (Webster et al., 2014). Our FACS-based screening method can 

readily be extended to human proteases of therapeutic interest or to other proteases for 

biotechnological applications, thereby allowing the transition of engineering efforts from 

site-directed mutagenesis to combinatorial approach of screening targeted libraries. 

The final engineered version of chymotrypsin contained seven mutations in the 

substrate binding pocket. Though these mutations were verified by backcross shuffling to 

contribute towards Asn activity, precise role of these mutations in substrate recognition is 

unknown. Qualitative comparison of substrate binding pocket of the isolated variant with 

that of legumain (Dall and Brandstetter, 2013) (asparaginyl endopeptidase of cysteine 

protease family) yields similarities in zwitterionic character (Met192Arg, Gly218Arg and 

Val219Glu) to interact with the amide side chain of Asn residue and presence of bulky 

side chain (Thr224Trp) to provide steric constraints for substrate binding. We are 

currently pursuing experimental determination of structure of the engineered enzyme co-

crystallized with a substrate analogue (Ala-Ala-Pro-Asn-CHO). Additional information 

obtained by structural characterization can help understand the mechanism of substrate 

discrimination and the degree of plasticity exhibited by the substrate binding pocket. In 

chymotrypsin-fold proteases, Trp215, Cys220 participating in a disulfide bond and 

Pro225 residues act like hinges conserved for a stable horse-shoe shaped loop 
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surrounding the substrate. While side chains of the amino acids constituting the loop are 

typically modified to engineer specificity, it appears that size of the loop can also be a 

tunable parameter for accommodating bulky PTMs such as phosphorylated serine.  

4.5 Conclusions 

Characterizing post-translational modifications (PTMs) has been of increasing 

interest due to their biological functions and this knowledge is used for novel target 

discovery and drug development. Since PTMs can be labile, proteomic techniques relying 

on tandem MS have difficulty in achieving comprehensive coverage of PTM sites within 

proteins. Proteases which selectively recognize PTMs may improve their identification in 

complex protein mixtures and are easily adaptable to current proteomic methods. In this 

study, we have utilized a combinatorial approach to engineer the substrate binding pocket 

of chymotrypsin, and isolate variants that can cleave after Asn residues to map N-linked 

glycosylation sites. The ability of engineered variants to generate peptides of a model 

protein (BSA) for MS/MS analysis leading to 73% sequence coverage was demonstrated. 

We anticipate that that our results can be the foundation for engineering novel substrate 

specificities onto the chymotrypsin scaffold for detecting various kinds of PTMs. 
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