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Enzyme engineering relies on changes in the amino acid sequence of an enzyme 

to give rise to improvements in catalytic activity, substrate specificity, thermostability, 

and enantioselectivity. However, beneficial amino acid substitutions in proteins are 

difficult to rationally predict. Large numbers of enzyme variants containing random 

amino acid substitutions are screened in a high throughput manner to isolate improved 

enzymes. Identifying improved enzymes from the resulting library of randomized 

variants is a current challenge in protein engineering. This work focuses on the 

development of high-throughput screens for a class of enzymes called hydrolases, and in 

particular, proteases and esterases. 

In the first part of this work, we have developed an assay for detecting protease 

activity in the cytoplasm of Escherichia coli by exploiting the SsrA protein degradation 

pathway and flow cytometry. In this method, a protease-cleavable linker is inserted 

between a fusion protein consisting of GFP and the SsrA degradation tag. The SsrA-

tagged fusion protein is degraded in the cell unless a co-expressed protease cleaves the 
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linker conferring higher cellular fluorescence. The assay can detect specific cleavage of 

substrates by TEV protease and human caspase-8. To apply the screen for protease 

engineering, we sought to evolve a TEV protease variant that has altered P1 specificity. 

However, in screening enzyme libraries, the clones we recovered were found to be false 

positives in that they did not express protease variants with the requisite specificities. 

These experiments provided valuable information on physiological and chemical 

parameters that can be employed to optimize the screen for directed evolution of novel 

protease activities.  

In the second part of this work, single bacterial cells, expressing an esterase in the 

periplasm, were compartmentalized in aqueous droplets of a water-in-oil emulsion also 

containing a fluorogenic ester substrate. The primary water-in-oil emulsion was then re-

emulsified to form a water-in-oil-in-water double emulsion which was capable of being 

analyzed and sorted by flow cytometry. This method was used to enrich cells expressing 

an esterase with activity towards fluorescein dibutyrate from an excess of cells expressing 

an esterase with no activity. A 50-fold enrichment was achieved in one round of sorting, 

demonstrating the potential of this method for use as a high-throughput screen for 

esterase activity. This method is suitable for engineering esterases with novel catalytic 

specificities or higher stability.   
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Chapter 1. 

Engineering of Hydrolases by Directed Evolution 

 

1.1. APPLICATIONS OF HYDROLASES 

 

Hydrolases are a class of enzymes that catalyze the hydrolysis of a chemical bond. 

The high regioselectivity, stereoselectivity, and chemoselectivity of enzymes combined 

with their high catalytic rate enhancements and ability to function under mild reaction 

conditions (e.g., ambient temperatures and pressures, neutral pH) have rendered then very 

important for biotechnology and medical applications [Wohlgemuth, 2009]. The practical 

applications of hydrolases are numerous and diverse (Table 1.1) including their use as 

detergent additives, in biofuels production, in food production, as biotherapeutics, and in 

pharmaceutical synthesis. In fact, hydrolases constitute 65% of all enyzmes employed in 

industrial biotransformations [Fernandez-Arrojo, 2010]. Two of the most industrially 

significant subclasses of hydrolases are proteases and esterases, constituting 26% and 

38%, respectively, of hydrolases used in industrial biotransformations [Fernandez-Arrojo, 

2010]. 

Proteases are a subclass of hydrolases that catalyze the hydrolysis of peptide 

bonds in proteins. As the peptide bond is a fundamental biological linkage, proteases are 

involved in such varied processes as food digestion, blood coagulation, hormone 

regulation, apoptosis, cellular protein homeostasis, and antigen processing [Doucet, 

2009]. Analysis of complete genomes shows that 2% of proteins across various 

organisms are proteases or their homologues [Rawlings, 2010]. In addition to studying 
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the large number of natural proteases, protein engineers have been interested in 

producing novel protease variants with improved catalytic activities and altered 

specificities, to provide tools for biotechnology, analytics, and therapeutics as well as to 

facilitate a deeper understanding of protease structure-function. 

Esterases are a subclass of hydrolases that catalyze the cleavage and formation of 

ester bonds. The physiological roles of many esterases are not known, although the 

generally broad substrate tolerance hints at roles in providing access to carbon sources 

[Dalrymple, 1996] or for catabolic purposes [Soreq, 2001] such as the hydrolysis of 

triacylglycerols [Kourist, 2010]. Of relevance to this work, cutinase, an esterase from the 

fungal pathogen Fusarium solani, hydrolyzes the protective cuticular polymer of plants 

[Carvalho, 2000].   Biotechnological applications of esterases include degradation of 

plastics such as polycaprolactone, a synthetic polyester [Murphy, 1996]; resolution of 

racemic mixtures for pharmaceuticals [Zhang, 2005]; and degradation of plant cell walls 

for food production [Falconnier, 1994]. 
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Table 1.1.  Examples of commercial uses of hydrolases. 

Use Enzyme Description References 

Cleavage of protein 

fusions during 

recombinant protein 

purification 

NIa protease from tobacco 

etch virus  

removing affinity tags from 

recombinant proteins 

Tropea, 2009 

detergent additives M-protease from B. clausii 

KSM-K16 

alkaline-resistant protease Saeki, 2007 

 KP-43 protease from 

Bacillus sp. strain KSM-

KP43 

oxidant-resistant protease Saeki, 2007 

biofuels cellulases, hemicellulases, 

ligninases 

deconstructing cellulose into glucose 

for biofuel production 

Sticklen, 2008 

 lipase from R. oryzae synthesis of methyl esters for biodiesel 

production 

Matsumoto, 

2001 

food production α-amylase hydrolyzing corn starch to produce 

food sweeteners 

Olempska-

Beer, 2006 

 chymosin hydrolyzing casein for curd formation 

in cheese making 

Kumar, 2010 

animal feed additives β-xylanase, β-glucanase, 

subtilisin, 

polygalacturonase 

improved digestibility and amino acid 

absorption of animal feed 

Nahm, 2007 

thrombolytic therapy tissue plasminogen 

activator 

FDA-approved for treatment of 

myocardial infarction, acute ischemic 

stroke, pulmonary embolism 

Murray, 2010 

resolution of racemic 

mixtures 

lipase from C. antarctica resolution of racemic flurbiprofen, an 

anti-inflammatory 

Zhang, 2005 

 lipase from C. cylindracea resolution of racemic Baclofen, used to 

treat spasticity 

Muralidhar, 

2001 

 lipase B from C. antarctica resolution of racemic 2-pentanol for 

the synthesis of anti-Alzheimer's drugs 

Patel, 2000 

waste treatment lipase from 

P. cepacia 

methanolysis and ethanolysis of 

restaurant grease for biodiesel 

Hsu, 2002 

pulp and paper 

industry 

β-xylosidase from B. 

subtilis 

removal of lignin (pulp bleaching) in 

paper production 

Paice, 1988 
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1.2. ENGINEERING HYDROLASES  

 

Biocatalysts for new research or industrial processes are frequently discovered in 

one of three ways: (1) selected from the many known enzymes with established 

properties, (2) isolated from known microorganisms likely to express the desired catalytic 

activity, or (3) identified from metagenomic approaches by sequencing DNAs encoding 

related (homologous enzymes) isolated from complex microbial communities. While 

finding a known enzyme or microorganism with the desired activity is the simplest 

approach, screening of microbial metagenomes has become an appealing option 

[Pazmino, 2007]. The majority of microbes cannot be cultured and thus potentially 

contain an enormous hidden reservoir of biocatalysts [Fernandez-Arrojo, 2010]. Using 

culture-independent techniques of microbial metagenomics to sequence relevant DNAs, 

express the respective proteins, and screen for them novel catalytic activities opens up 

much more functional diversity and makes isolating appropriate enzymes easier [Lorenz, 

2005; Handelsman, 2005]. 

Despite the natural diversity of enzymes available, an enzyme selected using the 

above methods often still needs to be optimized for specific applications. Typical 

strategies for optimization have included solvent optimization, immobilization 

techniques, changes in reaction conditions, or combining chemocatalysis with 

biocatalysis [Turner, 2003; Bornscheuer, 2002]. Protein engineering techniques, 

however, have also become a chief tool for modifying existing enzymes to better satisfy 

specific technological needs. The goal of enzyme engineering is to generate an enzyme 

with desirable properties including high activity, specificity, stability at certain 

temperatures or pH values, stereoselectivity, or lack of inhibition.  To generate such an 
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enzyme, two approaches to protein engineering can be taken: rational design and directed 

evolution. 

 

1.2.1. Rational Design 

In rational design of proteins, detailed knowledge of protein structure and 

function is used to make carefully chosen alterations in the amino acid sequence of the 

protein. The alterations in sequence are chosen based on crystal structure data and, often, 

computationally intensive molecular modeling techniques [Kazlauskas, 2000]. Site-

directed mutagenesis is then used to generate genes encoding the novel enzymes. 

Numerous examples exist of successful redesign of hydrolases, often with only a small 

number of amino acid substitutions [Henke, 2003; Heinze, 2007; Kourist, 2007]. In one 

example, the enantioselectivity of C. antarctica B lipase for the resolution of 1-chloro-2-

octanol was doubled by a single amino acid exchange predicted by molecular modeling 

[Rotticci, 2001]. In similar work with the same enzyme, a single amino acid substitution 

near the active site inverted the enantioselectivity of acyl transfer to 1-phenylethanol 

[Magnusson, 2005]. Rational design has also been successful in more complicated 

instances where larger changes in protein structure were attempted. One of the first major 

successes in altering enzyme specificity was converting the protease trypsin, which 

cleaves peptides after arginine and lysine, to a chymotrypsin-like enzyme that cleaves 

after large hydrophobic amino acids [Hedstrom, 1992]. The conversion of trypsin to 

chymotrypsin was accomplished by replacing two surface loops of trypsin with the 

analogous loops from chymotrypsin as well as exchanging residues in the binding site. 

More recently, the specificities of neurolysin and thimet oligopeptidase were flipped by 

swapping key residues in each binding pocket [Lim, 2007]. Rational design, however, 



 6 

can often fail to generate enzyme variants with dramatically different properties from the 

parent enzyme, especially when structural data is lacking. 

 

1.2.2. Directed Evolution 

In contrast to rational design, the process of directed evolution can be applied to 

enzymes given no structural information or computational resources. In directed 

evolution (Fig. 1.1), random mutagenesis or recombination is used to make a large 

number of DNA sequences encoding protein variants (a library) which are then passed 

through a screen or genetic selection to identify variants with desired properties 

[Shivange, 2009; Kazlauskas, 2009]. When a gene encoding the desired activity or 

conferring a desired phenotype to a cell in the assay is recovered, then further 

enhancements in function can be made by repeating the cycle starting with the new 

variant. Directed evolution of various subclasses of hydrolases has been extensively 

reviewed [Böttcher, 2010; Pogson, 2009; Kourist, 2010; Jaeger, 2004]. One example of 

the power of directed evolution was the engineering of BS2 esterase from Bacillus 

subtilis for inverted enantioselectivity towards tertiary alcohol acetates [Bartsch, 2008]. 

Using saturation mutagenesis at three residues, a library of variants was created and 

screened for enantioselectivity. A double mutant was isolated with inverted 

enantioselectivity, and when the mutations were individually substituted back into the 

wild-type enzyme, one variant had enantioselectivity similar to wild-type and the other 

had only slightly inverted enantioselectivity. Therefore, only the simultaneous saturation 

mutagenesis of multiple residues followed by screening was able to identify the rare 

double mutant with desirable properties. In another example of directed evolution, 

random mutagenesis by error-prone PCR amplification and screening were used to 



 7 

increase the thermostability of a variant enzyme N-carbamyl-D-amino acid 

amidohydrolase from Ralstonia pickettii by 7°C [Yu, 2009]. This improvement in 

thermostability was possible even after extensive engineering of the wild-type enzyme 

had already improved its thermostability [Ikenaka, 1999], solubility [Jiang, 2007], and 

oxidative stability [Chien, 2002]. Thus, the ability to use random mutagenesis and 

screening even after many mutations had been discovered and rationalized demonstrates 

the effectiveness of the directed evolution approach to protein engineering. 
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Figure 1.1.  The principles of directed evolution. A gene of interest is chosen for 

directed evolution, and a large library of gene sequence variants is created 

and cloned into a host (typically bacteria or yeast) so that each cell receives 

one variant of the gene sequence. The phenotype of each cell is assayed for 

the desired properties, and the cells demonstrating the best phenotype are 

isolated. The genes from the isolated cells can then be used to iterate the 

directed evolution process, or the encoded proteins can be characterized to 

identify proteins with evolved properties. 
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1.3. ENZYME SCREENING AND SELECTION FOR DIRECTED EVOLUTION 

 

Finding appropriate screening or selection methods for the directed evolution of 

enzymes is a more challenging task than the well-understood and generalized methods for 

library diversification [reviewed by Shivange, 2009; Bloom, 2005]. The chief difficulty 

in developing enzymatic screens and selections is that enzymes catalyze a large range of 

reaction chemistries. Even within a specific class of enzymes, such as hydrolases, 

substrates vary from proteins to triacylglycerols to synthetic polyesters, and enzymatic 

hydrolysis can have many different functional consequences. Therefore, optimizing a 

new biocatalyst by directed evolution often first requires labor-intensive development of 

a custom screen or a genetic selection whereby a cell expressing an enzyme variant 

having improved function can grow selectively under certain conditions. Screens or 

selections that can be generalized to multiple enzymes are both difficult to develop and 

immensely useful.  

Enzymatic screens and selections are challenging to develop because the nature of 

enzymatic reactions is a short-lived interaction between the enzyme and substrate. In the 

directed evolution of binding molecules such as antibodies, screens can instead rely on 

the prolonged capture of a ligand. Physical capture allows for enrichment of particles on 

immobilized surfaces as in phage display [Skerra, 1988] and ribosome display [Zahnd, 

2007]. Alternately, clones expressing binding molecules can be enriched based on the 

capture of fluorescent antigens on the cell surface as in bacterial display [Harvey, 2004] 

or yeast display [Feldhaus, 2003]. Screening for enzymatic activity, however, must rely 

on correlating  reactant usage or product formation with a cell expressing a particular 

variant. Also, the screen should have an output signal proportional to substrate turnover 

to select for appropriate catalytic properties. Screening for a single turnover event can 
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lead to the isolation of enzyme variants with undesirable catalytic properties, as was 

demonstrated in a selection of β-lactamase variants using phage display [Clackson, 

2004]. In this work, phage displaying β-lactamase variants were reacted with a 

biotinylated suicide substrate that formed a covalent complex with the enzyme. The 

substrate-phage complex allowed for enrichment of reacted β-lactamase by panning the 

complexes on immobilized streptavidin. The selection recovered enzyme variants that 

formed acyl-enzyme intermediates at very high rates but deacylated very slowly making 

for poor turnover characteristics [Vanwetswinkel, 2000]. The recovery of undesirable 

variants demonstrates the directed evolution maxim ―you get what you screen for‖ and 

highlights the importance of properly designing screens and selections. 

The optimal screening methods for directed evolution are able to rapidly assay 

large libraries to find rare variants. Large libraries are important for directed evolution 

because they allow for greater exploration of protein sequence space [Reetz, 2008]. 

Because the effects of altered amino acid residues can be non-additive, synergistic pairs 

of mutations are often hard to find through small library sampling or iterative screening. 

The synergistic interaction between mutations is called epistasis [Ortlund, 2007, 

Horovitz, 1996]. Beneficial epistatic mutations have been found only when screening 

large libraries of 10
7
–10

9
 clones [Varadarajan, 2008a; Griffiths, 2003]. 

A final practical aspect of library screening is the need for a linkage between a 

gene, its encoded enzyme, and the enzyme's activity. Screens identify and separate 

desired phenotype or activity, most obviously by detecting a reaction product. Once the 

desired activity is detected, the gene encoding the enzyme responsible for that activity 

must be isolated. The gene can only be isolated if it is linked to the reaction product 

physically or by compartmentalization. This required linkage imposes a substantial 

restriction on the design of screens. 
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1.3.1 Plate Screens for Hydrolase Activity 

The most common method of linking genotype and phenotype for enzymatic 

screens is by growing library clones separately on a macroscopic level [Reymond, 2006]. 

Separation is typically achieved by picking clones into 96-well microtiter plates (10
3
 

clones/day). Advances in automated microtiter plate technology have allowed for smaller 

reaction volumes and greater throughput (10
5
 clones/day) [Sundberg, 2000]. Spreading 

clones onto agar plates at low cell densities also allows for faster screening (10
4
–10

5
 

clones/day) than picking clones into 96-well plates. When clones are grown in microtiter 

wells on a plate or spread on agar, reaction products remain physically localized with the 

DNA encoding the enzyme responsible for activity. Thus, the genotype and phenotype 

remain linked. To assay the phenotype, an output signal that can be detected by sight or 

plate reader is needed. 

The output of enzyme screens is most often generated using chromogenic or 

fluorogenic substrates that can be detected by a spectrophotometer or fluorometer. For 

example, peptide derivatives of p-nitroaniline have long been used to detect proteolysis 

because the released p-nitroaniline has strong absorbance at 385 nm [Erlanger, 1961; 

Bundy, 1962]. A peptide derivative of p-nitroaniline was used in a directed evolution 

experiment to improve thermostability of Bacillus subtilis subtilisin E [Zhao, 1999]. In 

that study, library clones were grown in 96-well plates and enzyme was secreted in the 

supernatant which was assayed with succinyl-Ala-Ala-Pro-Phe-p-nitroanilide. After five 

rounds of evolution and 15,000 clones screened, a variant was isolated whose 

temperature optimum for activity was raised 17°C from that of the wild-type enzyme. 
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While successful, screening 15,000 hand-picked clones highlights the labor-intensive 

nature of using microtiter plates. 

Screens that use agar plates with a chromogenic substrate or other type of 

visualization technique can increase the throughput over screens that use microtiter 

plates. As long as cell densities are kept low enough to achieve single colony resolution, 

a large number of clones can be grown on plates and quickly examined. In a recent 

example of agar plate-based screening, human lysozyme was engineered for increased 

antimicrobial activity in the presence of inhibitors by altering its surface electrostatic 

potential [Scanlon, 2010]. Yeast colonies secreting variants of lysozyme were grown on a 

lawn of bacteria and lysozyme activity was detected based on bacterial lysis around the 

colony. A lysozyme variant was found with activity in the presence of inhibitors as much 

as 43-fold higher than that tolerated by wild-type lysozyme. While the agar plate screen 

is higher throughput than screens involving microtiter plates, the lysis detection method 

makes the screen only applicable to lysozyme, demonstrating the difficulties inherent in 

developing more generalized screening methods. In other agar plated-based assays, cell 

viability is directly or indirectly linked to the enzymatic activity of interest. The clones 

are grown under selective conditions that only allow for survival of cells expressing an 

enzyme variant with improved function. The genetic selection approach to directed 

evolution of enzymes has been reviewed by Boersma et al. [2007]. 

One strategy for the genetic selection of protease variants with altered substrate 

specificity is the yeast-based GASP (genetic assay for site-specific proteolysis) system 

[Sellamuthu, 2008]. In GASP (Fig. 1.2), a three-part fusion protein is expressed 

containing an integral membrane protein, a cleavable linker, and a transcription factor. 

The transcription factor is localized near the plasma membrane and away from the 

nucleus. If the linker in the fusion protein is cleaved by a protease, the transcription factor 
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can diffuse to the nucleus and activate transcription of one or more reporter genes. The 

GASP system was used to select for a variant of Hepatitis A Virus 3C protease (HAV 

3CP) that could cleave the linker with P2 specificity different than the wild-type HAV 

3CP. Upon cleavage, the transcription factor activated expression of Leu2 in a Leu2 

mutant reporter strain, allowing for growth on plates with selective media lacking 

leucine. By plating 2.5×10
5
 colonies from a saturation mutagenesis library, Sellamuthu 

and coworkers recovered variants of HAV 3CP that could cleave peptides with glutamine 

at P2 where the wild-type HAV 3CP requires threonine. 

Figure 1.2.  Principle of yeast GASP (genetic assay for site-specific proteolysis) 

[Sellamuthu, 2008]. A fusion protein is constitutively expressed containing 

an integral membrane protein, a linker sequence, and the transcription 

factor, LexA-b42. A protease is expressed and if it can cleave the linker 

sequence, the transcription factor is released from the plasma membrane, 

diffuses to the nucleus, and activates the expression of a reporter gene. 
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1.3.2. Flow Cytometric Screens for Hydrolase Activity 

Flow cytometers analyze fluorescence and light-scattering properties of single 

particles and sort them at rates of 10
8
 per day [for a thorough discussion see Shapiro, 

2004]. The allowable size range of particles in flow cytometry is approximately 0.5-20 

μm in diameter, which encompasses bacteria, yeast, mammalian cells, microbeads, and 

emulsions. A schematic of flow cytometry is shown in Fig. 1.3. Sample particles enter a 

flow cytometer and flow into a single-file path by hydrodynamic focusing with a sheath 

fluid. The particles then individually pass through one or more lasers, and measuring 

optics record the fluorescence and light-scattering properties of the particles. Based on 

fluorescence and scattering characteristics, the cytometer can be set to collect desirable 

particles. As the stream of sheath fluid and particles pass through a nozzle, droplets are 

formed containing single particles. An electrostatic charge can be applied to a single 

droplet so that as the charged droplet passes through an electric field, the droplet is 

deflected into a collection tube.  

Flow cytometry is an appealing technique for any type of enzyme screen that 

operates at the single-cell level and has a fluorescent output. Firstly, flow cytometric 

screening is much higher throughput (10
8
 clones/day) than plate-based screens (10

3
–10

5
 

clones/day). Secondly, the output fluorescence can come from a variety of products or 

sensors including fluorescent proteins, fluorogenic reactants, or pH sensors. Flow 

cytometry has been successfully implemented in directed evolution of binding molecules 

[Harvey, 2004; Hackel, 2008] but less so in directed evolution experiments with 

enzymes. The lack of success with enzymes is due to the difficulty of linking genotype to 

phenotype in enzyme screens and to coupling the substrate turnover to a fluorescent 

output.  
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 Figure 1.3.  Cell sorting of bacteria by flow cytometry. A mixed population of bacterial 

cells is streamed through the flow cell single-file in a process known as 

hydrodynamic focusing. When a cell passes through the laser, light is 

scattered at small angles (forward scatter) and wide angles (side scatter) and 

can excite any fluorophores present. Emitted fluorescence is then detected 

and cells with high fluorescence can be chosen for sorting through software 

settings. The droplet containing a chosen cell is charged before passing 

through an electric field where the droplet is deflected to a collection tube. 
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1.3.2.1. FRET Substrates for Fluorescent Screening in Directed Evolution 

Protease substrates that capitalize on recombinant fluorescent proteins hold much 

appeal for protease screening. In particular, screening strategies have been reported using 

protease substrates consisting of two fluorescent proteins tethered together to produce 

fluorescence resonance energy transfer (FRET) [Felber, 2004]. The method (Fig. 1.4) 

consists of expression of a fusion protein made of a fluorescent protein FRET pair, 

typically cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP), linked by 

a protease-cleavable sequence. When the two fluorescent proteins are linked in close 

proximity, excitation of one protein, the FRET donor (CFP), results in energy transfer to 

the other, the FRET acceptor (YFP), which then emits fluorescence. When the linker is 

cleaved by a protease, the fluorescent proteins separate and energy transfer between the 

two no longer occurs. Instead when the donor is excited it emits its normal fluorescence. 

Thus, hydrolysis of the peptide substrate can be monitored by observing a decrease in 

fluorescence of the acceptor protein (YFP) and an increase in fluorescence of the donor 

protein (CFP). 
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Figure 1.4.  A CFP-substrate-YFP system for studying protease activity [Felber, 2004]. 

A fluorescent protein pair, CFP and YFP, are expressed as a fusion protein 

with a peptide linker. When the fluorescent protein pair is in close 

proximity, FRET can occur between the two. If a protease cleaves the linker, 

the pair separates and FRET is no longer detected. 

 

While FRET assays for protease activity have been studied for 15 years [Mitra, 

1996], the assays have yet to be implemented in high-throughput protease screens. One 

reason for the slow development is that the systems have mostly been demonstrated for in 

vitro characterization of proteases [Mitra, 1996; Felber, 2004]. On the path to a high-

throughput screen, one study described in vivo detection of protease activity as measured 

by flow cytometry [Xu, 1999]. The study, however, involved transfection of mammalian 

cells, which is not suited to generating large libraries. Nevertheless, the ease of substrate 

construction and in vivo nature make protein FRET substrates an appealing option for 

potential protease screens. 
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1.3.2.2. Engineering GFP for Protease Detection 

In addition to FRET protein substrates, other substrates for protease assays have 

also been explored using fluorescent proteins. In one report, loops of eGFP were tested 

for their sensitivity to peptide sequence insertion [Chen, 2009]. One loop was found near 

the chromophore where insertion of a linker altered the fluorescence profile of eGFP. A 

trypsin-cleavable linker was grafted to the sensitive position, and when the engineered 

eGFP variant was exposed to trypsin the linker was cleaved and the original eGFP 

fluorescence returned (Fig. 1.5). The engineered eGFP protease sensor was then used for 

real-time imaging of trypsin activation in pancreatic cancer cells by measuring changes in 

fluorescence. Like the FRET substrate above, the engineered eGFP protease sensor could 

potentially serve in a flow cytometric high-throughput screen for protease activity 

because of its easily quantifiable fluorescent output and single-cell in vivo nature.  
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Figure 1.5.  An in vivo protease sensor using an engineered eGFP [Chen, 2009]. A 

protease cleavage site was grafted into a sensitive loop of eGFP, reducing its 

fluorescence. Upon proteolytic cleavage of the loop, the original 

fluorescence profile was restored. GFP image from pdb:1EMA. 

 

1.3.2.3. Bacterial Surface Display of Proteases 

FRET peptide substrates that can be electrostatically captured on the surface of E. 

coli offer another strategy for flow cytometric detection of protease activity [Olsen, 

2000]. In the electrostatic capture system (Fig. 1.6), a positively charged peptide substrate 

is chemically modified with a fluorophore and a quenching fluorophore that acts as an 

intramolecular FRET partner. When the FRET peptide is added to a suspension of E. coli 

cells, the peptide associates with the negatively charged cell surface. A protease can be 

displayed on the cell surface that cleaves the peptide between the two fluorophores. The 

E. coli OmpT protease which is naturally localized on the cell surface was used to 

demonstate this system [Olsen, 2000]. When the quencher is freed by peptide cleavage, 

FRET is disrupted and the change in fluorescence can be detected by flow cytometry. 
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Importantly, the fluorescence signal produced by loss of FRET is proportional to the 

catalytic turnover. Thus variants showing improvements in both enzymatic KM and kcat 

properties can be screened for. The system has been extended to include multiple 

counter-selection substrates to select for variants with both reduced activity with wild-

type preferred substrates and increased activity with non-preferred substrates 

[Varadarajan, 2005; 2008a]. 

 

Figure 1.6.  Fluorescent detection of OmpT activity on the surface of E. coli using FRET 

peptide substrates [Olsen, 2000]. OmpT variants were displayed on the 

surface of E. coli. Positively charged cleavage peptides were synthesized 

containing a quenched FRET pair. The charged peptides associate with the 

negatively charged E. coli surface. If OmpT cleaves the peptide, the 

quenched FRET pair is separated and the altered fluorescence profile is 

detected by flow cytometry. Figure from Olsen et al. [2000]. Image 

reprinted with permission from Nature Publishing Group. 
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The bacterial surface display screen has been used extensively to engineer the 

specificity of E. coli outer membrane protein OmpT. The wild-type protease cleaves 

between dibasic residues, preferentially Arg-Arg [McCarter, 2004]. A variant was 

engineered that had 60-fold enhanced activity for cleavage of Arg-Val [Olsen, 2000]. 

When screening with counter-selection was implemented, a variant was found that had its 

selectivity altered three million-fold towards the cleavage of (Ala-Arg)- but not (Arg-

Arg)-containing peptides [Varadarajan, 2005]. Activity towards other substrates, 

including Glu-Arg, Tyr-Arg, and Thr-Arg, has also been engineered [Varadarajan, 

2008a]. Of note is the variant capable of cleaving Glu-Arg as the inversion of 

electrostatic specificity from a basic amino acid to an acidic amino acid is substantial. 

Furthermore, the specificity of OmpT was altered such that variants could cleave 

specifically after post-translational modifications such as sulfated tyrosine [Varadarajan, 

2008b] and 3-nitrotyrosine [Varadarajan, 2009]. Proteases with specificities for post-

translational modifications could be particularly useful for proteomic applications.  For 

example, proteases could be used as part of a modification-specific enrichment technique 

prior to mass spectroscopy methods and computational data analysis [Zhao, 2009]. 

 

1.3.2.4. Hydrolysis Detection with pHluorin 

At neutral pH, a hydrolysis reaction releases a proton. Several assays have been 

developed for detecting hydrolase activity based on the associated pH change. The assays 

use chromogenic or fluorogenic molecules that are able to detect changes in pH caused 

by enzymatic hydrolysis [Griswold, 2003; Janes, 1998]. pH-sensing molecules have been 

used in microtiter plate screens for the directed evolution of hydrolases, including 

glycosyltransferases [Persson, 2008] and alkenyl and arylmalonate decarboxylases 
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[Okrasa, 2009]. However, adapting the assays to higher throughput formats has been 

challenging because of the difficulties in using pH sensors in a single-cell manner 

[Griswold, 2005]. 

A novel in vivo assay was developed to detect change in pH from enzymatic 

hydrolysis [Schuster, 2005]. A pH-sensitive variant of GPF, called pHluorin, was used 

for the determination of intracellular pH changes. pHluorin has two excitation maxima, at 

395 nm and 475 nm, that are pH-dependent in the range of pH 5.5–8.0 allowing for 

observation of ratiometric changes in fluorescence due to pH shifts [Miesenbock, 1998]. 

An esterase from Geobacillus stearothermophilus and pHluorin were co-expressed in the 

cytoplasm of E. coli, and the hydrolysis of various ester substrates was monitored by 

changes in fluorescence. The permeability of a substrate through the E. coli cell 

membrane and the activity of the enzyme with the chosen substrate were found to have a 

large effect on the fluorescence signals from pHluorin. Although the assay was 

demonstrated in a flow cytometric format, the changes in fluorescence due to enzymatic 

hydrolysis were small and might make flow cytometric sorting of libraries difficult. 

 

1.3.2.5. Emulsion-based Screening 

Hydrolase assays in a single-cell format allow for flow cytometric screening, but 

substrate access or weak signal intensities often cause limitations with the screens. As a 

solution to the challenges of a single-cell format, an emulsion-based technique termed in 

vitro compartmentalization (IVC) was developed [Tawfik, 1998]. IVC works analogously 

to the microtiter plate screens discussed above except that instead of each reaction 

occurring in a well on a plate each reaction occurs in a separate microscopic compartment 

within a water-in-oil emulsion. The emulsions can be made such that each compartment, 
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or aqueous droplet, has a mean diameter of 2.6 μm [Tawfik, 1998]. The small droplet 

diameter means that 1 ml of emulsion can contain approximately 10
10

 compartments. The 

emulsions are made such that each compartment contains no more than a single cell or 

gene, and thus IVC can screen 10
8
–10

9
 cells per ml of emulsion, vastly outperforming 

microtiter plate screening in terms of throughput. 

Numerous methods to select for enzymatic catalysis have been devised using IVC 

[reviewed by Taly, 2007; Griffiths, 2006]. As with any screening system, genotype and 

phenotype must be linked to allow for retrieval of the desired DNA, and in the case of the 

original IVC methods [Tawfik, 1998; Lee, 2002; Cohen, 2004], the substrate was 

physically linked to the gene. An in vitro transcription and translation reaction within 

each compartment would produce an enzyme variant which could then modify the 

substrate-DNA complex. After breaking the emulsion, affinity purification with a 

product-specific ligand could isolate genes encoding enzymes with desired properties. 

While genotype and phenotype are linked by the compartment in IVC, there is no 

direct method of selecting compartments containing variants with the desired activity. To 

address the inability to directly select compartments, IVC was modified to allow for 

selection of droplets by flow cytometry [Bernath, 2004]. In the modified IVC method 

(Fig. 1.7), the initial emulsification steps are the same as above except that a fluorogenic 

substrate is also compartmentalized with the genes. There is no longer a need for a 

physical linkage between the gene and the substrate because the resulting fluorescence 

will be used to select droplets. The water-in-oil emulsion is then re-emulsified to give a 

water-in-oil-in-water double emulsion containing compartments in an external continuous 

water phase. The double emulsion compartments are stable enough to be sorted by flow 

cytometry. Thus, genes encoding enzymes that possess catalytic activity with the 

fluorogenic substrate can be enriched from genes that do not. 
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Figure 1.7.  Flow cytometric sorting of water-in-oil-in-water double emulsions for 

enzyme screening. Single genes are compartmentalized in a water-in-oil 

emulsion with a fluorogenic substrate. In vitro transcription and translation 

of the gene produces enzyme. Active enzyme catalyzes the reaction of 

substrate to fluorescent product within the compartment. A double emulsion 

is formed from the primary emulsion and the resulting droplets can be sorted 

by flow cytometry to collect compartments containing fluorescent product. 

The genes within the sorted compartments are isolated and amplified. Image 

adapted from Bernath et al. [2004]. 

 

The potential of double emulsion IVC has been demonstrated for the directed 

evolution of enzymes [Aharoni, 2005; Mastrobattista, 2005]. Serum paraoxonase 

(PON1), a mammalian enzyme that catalyzes the hydrolysis of homocysteine thiolactone 

(HcyT), was evolved to yield 100-fold improvement in thiolactonase activity by using 

flow cytometric sorting of double emulsions [Aharoni, 2005]. Because of high 

background signals due to spontaneous hydrolysis of HcyT and because of poor catalytic 

efficiency of PON1 with HcyT, hydrolysis of HcyT was difficult to detect. Increasing the 
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enzyme concentration overcame the low signal-to-background ratio. The increase in 

enzyme concentration was accomplished by compartmentalizing intact bacterial cells 

containing 10
4
–10

5
 enzyme molecules per cells instead of using in vitro transcription and 

translation reactions yielding 10–10
2
 enzyme molecules per droplet. Chapter 4 presents a 

similar method for selecting compartmentalized cells expressing an esterase with 

catalytic activity towards fluorescein esters. 

 

1.4. CONCLUDING REMARKS 

 

The ability to improve catalytic activity and alter substrate specificity of enzymes 

through protease engineering makes engineered enzymes a potentially rich source of 

biocatalysts for use in analytics, synthesis, biotechnology, and therapeutics. Directed 

evolution, in particular, offers a powerful process for discovering new enzyme variants 

with desired properties. However, directed evolution requires the screening of large 

libraries to find rare beneficial mutations that can be epistatic, unpredictable, and located 

far from the active site. 

Owing to difficulties in detecting substrate turnover and in linking genotype to 

phenotype, few screens exist capable of assaying hydrolase activity in a high-throughput 

manner. Of the screens that have been described in the literature, fewer still have been 

successfully used to engineer hydrolase activity or specificity. However, flow cytometry 

offers promise as a high-throughput screening technology for hydrolases. The success of 

flow cytometry for the directed evolution of antibodies provides support for its use with 

enzymes. As described above, a limited number of flow cytometric assays for hydrolase 

activity have been reported. The potential for novel flow cytometric screens for hydrolase 
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activity, especially screens with large applicability, should be investigated further. This 

dissertation details a novel flow cytometric assay for protease activity in the cytoplasm of 

E. coli (Chapter 2) and attempts to use this assay to engineer protease specificity (Chapter 

3). Furthermore, a flow cytometric assay for esterase activity is described (Chapter 4). 

Finally, conclusions and future work towards exploiting these assays for library screening 

are discussed (Chapter 5). 
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Chapter 2. 

Development of a High-throughput Screen for Protease Activity Based 

on the Bacterial SsrA Pathway 

 

2.1. INTRODUCTION 

Novel protein variants can be generated using a process known as directed 

evolution, in which a large number a protein variants (a library) are created using 

molecular biology techniques such as error-prone PCR [Leung, 1989; Cadwell, 1992] or 

saturation mutagenesis with oligonucleotide mixtures encoding all possible amino acids 

at desired positions [Ho, 1989; Reidhaar-Olson, 1992] and then screened for functional 

improvements.  The mutagenized DNA is inserted into microorganisms that express the 

protease variants and a high-throughput screen is employed to isolate clones encoding 

protease variants with the desired properties. As mutagenesis strategies are well 

understood, the availability of appropriate high-throughput screens has become the rate-

limiting step in directed evolution of proteins.   

A small number of high-throughput screens for protease activity have been 

developed (see Chapter 1). These screens have drawbacks including weak fluorescence 

signals, expensive and limited substrates, or limited applicability to only certain types of 

proteases. However, one valuable insight from the high-throughput protease screens 

reported so far is that selecting for enzyme variants that can catalyze the hydrolysis of a 

non-native substrate broadens the specificity of the enzyme, i.e. results in catalytic 

promiscuity [Matsumura, 2001; Aharoni, 2005c].  For example, in earlier studies in our 

lab, directed evolution of the E. coli OmpT protease to cleave a non-native peptide 
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between Ala and Arg (AR cleavage) resulted in a variant that retained full activity for its 

preferred cleavage between consecutive Arg residues (RR) [Olsen, 2000; Varadarajan, 

2005]. To address this problem, Varadarajan and coworkers employed a simultaneous 

counter-selection screen to eliminate variants with wild-type activity. When counter-

selection was used, Varadarajan et al. isolated clones with high levels of activity with a 

variety of peptides that are not cleaved at all by OmpT and also show greatly reduced 

activity with peptides containing the RR sequence that is recognized by the wild-type 

enzyme [Varadarajan, 2005; 2008].    

As was mentioned in Chapter 1, the high-throughput protease screen used by 

Varadarajan et al. requires the protease to be displayed on the surface of E. coli.  

Consequently it is only suitable for the engineering of proteases that can be secreted and 

can function in the extracellular environment. Instead, we sought to develop a protease 

assay that could accommodate cytoplasmic proteases. Additionally, the screen used by 

Varadarajan et al. requires peptide substrates. As secondary and tertiary protein structure 

in the substrate is known to affect proteolysis [Prabu-Jeyabalan, 2002], we also wanted to 

design an assay that could accept a folded protein substrate. Developing a novel high-

throughput screen for protease activity, especially a screen allowing for counter-selection, 

could provide more opportunities for the generation of a range of proteases useful for 

biotechnology purposes by directed evolution.  

The SsrA pathway is used by bacteria to degrade polypeptides attached to 

ribosomes that have stalled during translation due to a transcript error or truncations 

[Keiler, 1996]. The SsrA tmRNA mediates the addition of a C-terminal 11-amino acid 

peptide tag (AANDENYALAA) to nascent polypeptides on stalled ribosomes which 

releases them from the ribosome and directs them to the to Clp(X/A)P proteolytic 

machinery for degradation (Fig. 2.1) [Gottesman, 1998]. The processes of SsrA-tagging, 
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delivery of tagged proteins to Clp(X/A)P, and degradation by Clp(X/A)P have been well 

studied in E. coli [Dougan, 2003; Martin, 2007; Barkow, 2009].  
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Figure 2.1.  Model for SsrA-tagging of polypeptides after ribosome stalling during 

translation. The SsrA tmRNA recognizes ribosomes that have stalled during 

translation. Alanine-charged SsrA tmRNA behaves in a tRNA-like fashion, 

binding to the stalled ribosome and appending alanine to the C-terminus of 

the nascent polypeptide in a transpeptidation reaction. SsrA tmRNA then 

behaves in an mRNA-like fashion, providing the template for an additional 

ten amino acids (ANDENYALAA) and a stop codon. The tagged protein is 

released from the ribosome and then recognized by Clp(X/A)P and 

degraded. Image adapted from Roche et al. [1999]. 

 

The TEV protease is the Nuclear Inclusion a (NIa) protein encoded by tobacco 

etch virus (TEV). It is a cysteine endopeptidase that has been shown to cleave the 
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sequence ENLYFQS between Q and S with high specificity [Dougherty, 1988]. The 

specificity has allowed for the TEV protease to become a useful tool in biotechnology for 

the cleavage of fusion proteins to release a desired polypeptide from a fusion partner that 

is used to provide higher solubility or improve purification. While previous work has 

been reported on engineering the solubility of TEV protease for improved production and 

storage [Cabrita, 2007; van den Berg, 2006], no successful attempts towards engineering 

the specificity of the TEV protease have been reported to date. 

Caspase-8 is a cysteine endopeptidase found in the cytoplasm of mammalian cells 

[Adams, 2003]. Caspase-8 is one of the initiators of the Fas apoptotic pathway with a 

chief function being to activate caspase-3, although it has 50-100 target substrates in the 

cell [Crawford, 2011]. The preferred cleavage sequence for caspase-8 is IETD with 

cleavage occurring after the aspartic acid [Lien, 2004]. The protease has a strict 

requirement for D at the P1 position but can cleave sequences with some variability at P4, 

P3, or P2 residues [Fuentes-Prior, 2004]. 

Here we describe the development of a fluorescence-based single cell assay for 

protease activity in the cytoplasm of E. coli. The method exploits the SsrA degradation 

system to produce short-lived fluorescent protease substrates that can be rescued from 

degradation by cleavage of a target peptide. A similar protease assay was recently 

reported in the literature, further confirming the potential utility of this screen [Kostallas, 

2010]. We show with this assay that two cysteine proteases, the tobacco etch virus (TEV) 

protease and human caspase-8, can be expressed in E. coli and that they specifically 

cleave their respective substrates resulting in strong fluorescent signals. Additionally, the 

potential for simultaneous counter-selection with this screen is explored. 
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2.2. MATERIALS AND METHODS 

 

2.2.1. Bacterial Strains and Reagents 

E. coli strain DH5α [F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
- mK

+), λ– ] [Grant, 1990] was used as 

the host for construction of plasmids. E. coli strain BL21 [F- dcm ompT hsdS(rB- mB-) 

gal [malB+]K-12(λS)] (Stratagene) was used as the host for flow cytometry experiments. 

Culture media, chemicals, and DNA-modifying enzymes were purchased from BD 

Biosciences (Sparks, MD), Sigma-Aldrich (St. Louis, MO), and New England Biolabs 

(Ipswich, MA), respectively.  

 

2.2.2. Oligonucleotides 

The oligonucleotides (5'→3') in Table 2.1 were obtained from Integrated DNA 

Technologies (Coralville, IA). 
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Table 2.1 Oligonucleotides used in this study 

Oligonucleotide 

name 

sequence (5'→3') 

MCG133 GCGATGGAGCTCAAGAGGAGAAAGGTCATGAGTAAAGGAG

AAGAACTTTTC 

MCG150 TTACAAACAAGCACTTGTTTCGCCGCAATAATGGAACACTG

TTG 

MCG151 CAACAGTGTTCCATTATTGCGGCGAAACAAGTGCTTGTTTGT

AA 

MCG191 ATACAGATTTTCTTTGTATAGTTCATCCATGCC 

MCG192 ATACAAAGAAAATCTGTATTTTNNSTCTGCAGCAAACGACG

AAAACTAC 

BADrev GTGGGACCACCGCGCTACTGCC 

MCG205 TTTGTATAGTTCATCCATGCC 

MCG206 ATGGTGAAGCTTGATGAGTGAATCACAGACTTTG 

MCG210 ATGGACAAGCTTAAGAGGAGAAAGGTCATGAG 

MCG211 ATGGACAAGCTTTCAATCAGAAGGGAAGACAAG 

MCG246 ATACAGATTTTCGTTCAGTTTGTGACCCAGTTTAG 

MCG247 CAAACTGAACGAAAATCTGTATTTTCAGTCTGCAGCAAACG

ACGAAAACTAC 

MCG337 GGCATGGATGAACTATACAAAAGCGGCCTGGAAACCNNSG

GTTCTGCAGCAAACGACGAAAACTA 

 

2.2.3. Construction of Plasmids 

An array of TEV substrate expression plasmids (Table 2.2) was constructed by 

cloning the product of a splicing overlap extension PCR (SOE-PCR) reaction [Horton, 

1993] into the plasmid pBAD33 [Guzman, 1995]. Briefly, the two fragments for SOE-

PCR were created by amplifying the gene for GFPmut2 [Cormack, 1996] with primer 

pair MCG133/MCG191 and amplifying the ssrA gene from pGS [DeLisa, 2002] with 

MCG192 (containing an NNS codon at the P1 position of the TEV recognition sequence) 

and BADrev. These fragments were gel purified (QIAquick Gel Extraction Kit, 

QIAGEN) and mixed together as the template in a new PCR reaction using outside 

primers MCG133/BADrev. The product of this SOE-PCR reaction was purified 
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(QIAquick PCR Purification Kit, QIAGEN) and digested with restriction enzymes SacI 

and HindIII. The digested insert was ligated into a similarly-digested pBAD33 backbone 

and transformed into E. coli DH5α. Clones were sequenced to find the various P1 

substitutions, resulting in pGS-tevQ, pGS-stop, pGS-tevS, etc. An identical method was 

used to make caspase-8 substrates, using primers MCG205 and MCG337 in place of 

MCG191 and MCG192, respectively. This resulted in substrate plasmids pGS-8D, pGS-

8stop, pGS-8W, etc. 

 

Table 2.2 Plasmids used in this study 

Plasmid Purpose Relevant characteristics Reference or 

Source 

pBAD33 backbone expression 

vector for pGS 

Cm
r
, araBAD promoter, 

pACYC184 origin 

Guzman, 1995 

pGS source for gfpmut2 

and ssrA 

pBAD33 backbone 

expressing GFP with the SsrA 

recognition sequence fused to 

the C-terminus 

DeLisa, 2002 

pGS-tevX expression of GFP-

X-SsrA 

pBAD33 backbone 

expressing a fusion protein of 

GFP, the TEV protease 

recognition sequence with 

P1=X (ENLYFXS), and the 

SsrA recognition sequence 

this study 

pGS-stop expression of GFP pBAD33 backbone 

expressing a fusion protein of 

GFP and the TEV protease 

recognition sequence with a 

stop codon at P1‘ (ENLYFQ-

stop) 

this study 

pGS-8X expression of GFP-

X-SsrA 

pBAD33 backbone 

expressing a fusion protein of 

GFP, the caspase-8 

recognition sequence with 

P1=X (IETX), and the SsrA 

recognition sequence 

this study 
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pGS-8stop expression of GFP pBAD33 backbone 

expressing a fusion protein of 

GFP and the caspase-8 

recognition sequence with a 

stop codon at P1‘ (IETD-

stop) 

this study 

pGSBS expression of GFP-

X-SsrA and BFP-X-

SsrA 

pBAD33 backbone for 

bicistronic expression of 

GFP-X-SsrA and BFP-X-

SsrA 

this study 

pRK792 expression of MBP-

TEV 

Amp
r
, lac promoter, pBR322 

origin, expression of TEV 

protease with MBP fused to 

the N-terminus   

Kapust, 2001 

(Addgene 

8830) 

pET15b-Casp8 

ΔDED 

template for 

caspase-8 sequence 

sequence for human caspase-

8 with the N-terminal death 

effector domain (DED) 

removed 

Zhou, 1997 

(Addgene 

11827) 

pRK792-casp8 expression of 

caspase-8 

Amp
r
, lac promoter, pBR322 

origin, expression of caspase-

8 with MBP fused to the N-

terminus   

this study 

pBAD18 expression of GFP 

and GFP-SsrA 

Amp
r
, araBAD promoter, 

pBR322 origin 

Guzman, 1995 

 

The TEV substrate plasmid incorporating genes for both GFP-X-SsrA and BFP-

Y-SsrA for counter-selection was constructed by starting with pGS-tevQ, digestion with 

HindIII, and treatment with antarctic phosphatase to remove the 5‘ phosphate group. The 

gene encoding BFP-SsrA was constructed by SOE-PCR by first amplifying the gene for 

mTagBFP [Subach, 2008] with MCG210 and MCG246 and by amplifying pGS-tevQ 

with MCG247 and BADrev. These fragments were gel purified and used as template in a 

PCR reaction with primers MCG210 and BADrev. The product was digested with 

HindIII and ligated into the digested and phosphatase-treated pGS-tevQ. This ligation 

product was transformed into E. coli DH5α cells. Clones were sequenced to find one with 
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the gene for BFP in the correct orientation for bicistronic expression, and this counter-

selection plasmid was named pGSBS. 

The TEV protease expression plasmid pRK792 [Kapust, 2001] was obtained from 

the Addgene plasmid depository (Addgene plasmid 8830). This plasmid overproduces the 

catalytic domain of TEV protease as a C-terminal MBP fusion protein that contains a 

linker with the TEV recognition sequence between MBP and TEV. After translation, the 

fusion protein is auto-digested at this linker, resulting in a free TEV catalytic domain 

with an N-terminal His-tag [Kapust, 2001]. In addition, the variant of TEV produced 

from pRK792 has the mutation S219P that eliminates the auto-inactivation of wild-type 

TEV protease [Parks, 1995; Kapust, 2001]. The plasmid pRK792 was altered by site-

directed mutagenesis [Cormack, 1994; Zheng, 2004] using primer pair MCG150/151 to 

change a sequence encoding consecutive arginine codons (AGAAGA), used rarely in E. 

coli, to the sequence CGCCGC, which encodes two commonly used arginine codons. 

Replacing these tandem rare codons has been shown to improve yield of TEV protease 

[Kapust, 2002b] and likely reduce SsrA-tagging of truncated protein caused by stalled 

translation at the rare codons [Roche, 1999]. 

The human caspase-8 expression plasmid pET15b-Casp8 ∆DED [Zhou, 1997] 

was obtained from the Addgene plasmid depository (Addgene plasmid 11827). This 

plasmid overproduces the catalytic domain of human caspase-8 with the Death Effector 

Domain (aa 1-216) removed. The caspase-8 gene was amplified by PCR using primers 

MCG206 and MCG211. This fragment was gel purified, digested with HindIII, and 

ligated into pRK792 that had been digested with HindIII and treated with antarctic 

phosphatase. After transforming the ligation product into E. coli DH5α, clones were 

sequenced to find the correct orientation of the caspase-8 gene. This resulted in a 

plasmid, pRK792-casp8, which expresses caspase-8 as an MBP fusion protein. 
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2.2.4. Flow Cytometry Analysis 

E. coli BL21 cells were transformed with pRK792 and pGS-tevX or pGS-8X 

plasmids. The cells were inoculated to OD600=0.1 in Luria-Bertani (LB) media 

supplemented with 50 mg/l carbenicillin and 30 mg/l chloramphenicol and then grown at 

37°C. When the cells reached OD600=0.6, they were transferred to 25°C, allowed to 

adjust for 15 min, and then expression of the protease was induced through the addition 

of isopropyl β-D-thiogalactopyranoside (IPTG) (0.5 mM). After 1.5 h of growth at 25°C, 

the cells were shifted to 37°C and expression of GFP-X-SsrA was induced through the 

addition of L-arabinose (0.2%) for 4 h. Prior to FACS analysis, the cells were diluted 

1:100 in PBS to ensure a flow cytometric event rate of 5,000-15,000 sec
-1

. 

Flow cytometric analysis was performed on a FACSAria I SORP cell sorter (BD 

Biosciences – Sparks, MD). The threshold was set on side scatter to eliminate noise and 

GFP signal was followed using the 488 nm Coherent Sapphire solid state laser (100 mW) 

and the 530/30 band pass filter. In the case of counter-selection, BFP signal was followed 

using the 407 nm Point Source Violet solid state laser (25 mW) and 450/50 band pass 

filter. 

 

2.3. RESULTS 

 

2.3.1. A Cytoplasmic Protease Assay 

The method presented here exploits green fluorescent protein (GFP) and the SsrA 

degradation system of E. coli. GFP is the well-characterized protein from the jellyfish 

Aequorea victoria that requires no cofactors or external enzyme components for 
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fluorescence [Tsien, 1998]. Previous work had shown that genetically encoding the 11-

amino acid SsrA peptide tag at the C-terminus of GFP targets the protein for degradation 

and thus prevents its accumulation in the cell [Flynn, 2001; Farrell, 2005]. As a result, 

cells expressing GFP-SsrA display a low level of fluorescence, typically 100-1,000 fold 

lower than that observed in cells expressing GFP alone [DeLisa, 2002]. GFP or a GFP 

fusion to the SsrA peptide tag was expressed from the arabinose promoter in pBAD 

derived plasmids [Guzman, 1995] in E. coli BL21 cells. Four hours after induction of 

protein synthesis from the araBAD promoter by the addition of 0.2% L-arabinose at 

37°C, the median fluorescence of cells encoding GFP-SsrA was >40-fold lower than cells 

expressing GFP alone (Fig. 2.2). 
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Figure 2.2.  GFP fluorescence of E. coli expressing GFP or GFP-SsrA as measured by 

flow cytometry. E. coli BL21 cells were transformed with pBAD18 

derivative plasmids encoding either GFP (green) or GFP-SsrA fusion 

protein (red). Cells were grown to mid-log phase, at which point expression 

of GFP or GFP-SsrA was induced for 4 h, and the cells were analyzed by 

flow cytometry. The median fluorescence of cells expressing GFP-SsrA was 

>40-fold less than the median fluorescence of cells expressing GFP. 

 

We developed a method that capitalizes on the GFP-SsrA reporter and flow 

cytometry to detect targeted proteolysis in the cytoplasm of E. coli. Briefly, (Fig. 2.3), a 

protease recognition sequence is inserted between GFP and the SsrA tag in a manner that 

does not disrupt the recognition of SsrA by the Clp(X/A)P machinery, permitting 

degradation in the absence of targeted proteolysis. For simplicity, this substrate is termed 

GFP-X-SsrA   Upon the co-expression of a protease, which cleaves specifically the 

protease recognition sequence (the X in GFP-X-SsrA) preceding the SsrA tag, the SsrA 
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tag is removed from GFP conferring higher cellular fluorescence. Consequently, cells 

expressing specific and active protease can be detected and sorted by flow cytometry. 

 

Figure 2.3.  An assay that capitalizes on GFP-SsrA for the detection of protease activity 

at the single cell level: GFP-X-SsrA fusion protein is expressed in the 

cytoplasm of E. coli. (A) ClpXP and other proteases recognize the SsrA tag 

and degrade the fusion protein resulting in limited cellular fluorescence. (B) 

If a protease cleaves specifically the target X in the fusion protein, GFP is 

rescued from degradation resulting in increased cellular fluorescence. 

 

 

2.3.2. Detecting Protease Activity 

The method, shown schematically in Fig 2.3, was tested with two proteolytic 

enzymes: the TEV protease and human caspase-8. GFP-X-SsrA fusions, where X 
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encoded the respective preferred recognition sequences for the TEV protease and 

caspase-8, ENLYFQS and IETD respectively, were constructed. Cells were transformed 

with two plasmids (Fig. 2.4): (1) pRK792 encoding a fusion of maltose-binding protein 

(MBP) and the TEV protease or caspase-8 behind a tac promoter, and (2) pGS-tevX or 

pGS-8X encoding the GFP-X-SsrA substrate with either the TEV protease recognition 

sequence or the caspase-8 recognition sequence behind an araBAD promoter. 
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Figure 2.4.  Design of the plasmids for co-expression of protease and GFP-X-SsrA 

substrate. (A) The TEV protease or (B) human caspase-8 was expressed as 

an MBP fusion downstream from the tac promoter on plasmid pRK792 

(Table 1) following induction through the addition of IPTG. Various GFP-

X-SsrA substrate proteins were expressed from the araBAD promoter on 

pBAD33 following induction through the addition of L-arabinose in the 

following manner: (C) GFP-X-SsrA where X is the TEV recognition 

sequence, ENLYFQS; (D) A bicistronic operon encoding GFP-X-SsrA and 

BFP-Y-SsrA where X and Y are different TEV recognition sequences, 

ENLYFSS and ENLYFQS; or (E) GFP-X-SsrA where X is the caspase-8 

recognition sequence, IETD. 
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To establish optimal expression conditions for the protease assay, the effect of 

growth temperatures during induction on cellular fluorescence was evaluated. First, cells 

containing a plasmid encoding the TEV protease and a plasmid encoding GFP-X-SsrA 

where X was either the TEV protease recognition sequence ENLYFQS or a non-preferred 

sequence were grown overnight at 37°C. The next day, the overnight cultures were used 

to inoculate fresh subcultures. The subcultures were grown at 37°C until reaching mid-

log phase. Since the TEV protease expresses better at lower temperatures [Kapust, 2001], 

the cells were moved to 25°C, allowed to adjust for 15 min, and expression of the TEV 

protease was induced through the addition of IPTG (0.5 mM) for 1.5 h. L-arabinose 

(0.2%) was then added to induce expression of GFP-X-SsrA and the cells were placed at 

either 25°C, 30°C, or 37°C for 4 h. Cells were analyzed using flow cytometry (Fig. 2.5). 

Induction of GFP-X-SsrA at 37°C produced the greatest difference in fluorescence 

signals between cells where X was the preferred site compared to cells where X was a 

non-preferred site. 
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Figure 2.5.  Effect of growth temperature following induction on cell fluorescence 

distributions. Cells expressing the TEV protease and GFP-X-SsrA where X 

was either the preferred TEV recognition sequence ENLYFQS (green) or a 

non-preferred sequence FYR (crimson) were evaluated. Expression of 

protease was induced by the addition of IPTG at 25°C for 1.5 h and 

expression of substrate was induced by the addition of L-arabinose at 25°C, 

30°C, or 37°C for 4 h. 

 

The protease assay was capable of reporting specific cleavage of recognition 

sequences by two proteases, the TEV protease and human caspase-8. Each protease was 

tested in the assay using both ENLYFQS and IETD, representing both a preferred and 

non-preferred cleavage site (Fig. 2.6). Cells containing two plasmids, one encoding the 

protease and one encoding the substrate GFP-X-SsrA where X was either ENLYFQS or 

IETD, were used. As discussed above, cultures were grown at 37°C until mid-log phase, 

shifted to 25°C, and expression of protease was induced by the addition of IPTG (0.5 

mM) for 1.5 h. Cultures were shifted to 37°C, and expression of GFP-X-SsrA was 

induced through the addition of L-arabinose (0.2%) for 4 h. Cells were then analyzed by 

flow cytometry. As expected, cells expressing the TEV protease and GFP-ENLYFQS-

SsrA were fluorescent (fluorescence median = 50, interquartile range (IQR) = 30) but 

cells expressing the TEV protease and GFP-IETD-SsrA were not (median = 1.7, IQR = 
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1.7). Likewise, cells expressing caspase-8 and GFP-IETD-SsrA were fluorescent (median 

= 74, IQR = 34) but cells expressing caspase-8 and GFP-ENLYFQS-SsrA were not 

(median = 4.6, IQR = 4.1). A replicate experiment produced matching results.  

Figure 2.6.  GFP fluorescence histograms of cells expressing either the TEV protease or 

human caspase-8 together with GFP-X-SsrA. X is either the peptide 

sequence ENLYFQS or IETD, which are the preferred recognition 

sequences for the TEV protease and caspase-8, respectively. 

 

To test further the specificity of the TEV protease for its preferred sequence, 

ENLYFQS, the P1 residue (in this case, glutamine, Q) in the GFP-ENLYFQS-SsrA 
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substrate was mutated to W, S, P, T, G, and R giving rise to GFP-ENLYFWS-SsrA, 

GFP-ENLYFSS-SsrA, GFP-ENLYFPS-SsrA, GFP-ENLYFTS-SsrA , GFP-ENLYFGS-

SsrA , and GFP-ENLYFRS-SsrA.  The fluorescence of cells expressing each of these 

substrate proteins together with the TEV protease (as a TEV-MBP fusion) was measured 

by flow cytometry with representative data shown in Fig. 2.7. Consistent with in vitro 

observations indicating that the TEV protease has a strict preference for Q in the P1 

position [Dougherty, 1988], substitution of that residue by W, S, P, T, G, or R conferred 

low cell fluorescence. The results shown in Fig. 2.7 also indicate that the assay has a 

dynamic range of 11, measured in terms of median fluorescence ratio between the cells 

encoding preferred substrate (ENLYFQS; median = 50, IQR = 30) and cells encoding 

poor TEV protease substrates (ENLYFXS, where X is R, S, or P; maximum fluorescence 

observed from P1=Pro, median = 4.5, IQR = 3.3). These results indicate that it may be 

possible to use this assay to select TEV protease variants that can recognize and cleave 

substrates containing W, S, P, T, G, or R in the P1 site by screening large libraries of 

mutants. 
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Figure 2.7.  GFP fluorescence histograms of E. coli cells expressing the TEV protease 

and three non-preferred substrates. Cells containing two plasmids, one 

encoding wild-type TEV protease and one encoding the substrate GFP-X-

SsrA (where X is the preferred TEV recognition sequence, ENLYFQS (red) 

or various non-preferred sequences with mutations at P1), were grown as 

described above and measured by flow cytometry. Cells containing only the 

plasmid encoding GFP-ENLYFQS-SsrA (black) were also grown and 

measured by flow cytometry. 

 

2.3.3. A counter-selection Substrate for Eliminating Natural Activity 

Analogous to the counter-selection assay discussed in Section 2.1 [Varadarajan, 

2005], we sought to develop a counter-selection screening strategy that capitalizes on 
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rescue of Fluorescent Protein-X-SsrA substrates described above. The multiparameter 

capabilities of flow cytometry allow for the detection of many fluorescent proteins 

expressed simultaneously within the same cell. A blue fluorescent protein (mTagBFP) 

has been reported to have a quantum yield and molar extinction coefficient similar to 

those of eGFP (and hence to be suitable for FACS screening), to mature with a half-time 

of 13 min, and to have a fluorescence emission spectrum that is non-overlapping with 

GFP [Subach, 2008]. This protein was chosen to design a counter-selection substrate, 

BFP-Y-SsrA, where Y is a peptide sequence different from the sequence encoded in 

GFP-X-SsrA. Cells expressing BFP-Y-SsrA, GFP-X-SsrA, and a protease that can cleave 

the sequence X but not Y, would be expected to display high green and low blue 

fluorescence (Fig. 2.8). Such a three protein system might be employed to select for 

proteases that display a desired specificity.   
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Figure 2.8.  Flow cytometric assay using simultaneous selection and counter-selection 

substrates. Cells expressing fusions to two different fluorescent proteins 

having non-overlapping fluorescence emission spectra, GFP-X-SsrA and 

BFP-Y-SsrA, are used where X and Y are peptide sequences consisting of 

the desired cleavage site and a counter-selection (undesired) cleavage site, 

respectively. Flow cytometry is used to identify and sort cells displaying 

high GFP fluorescence and low BFP fluorescence.  

 

To develop this two fluorescent protein screening system, first we evaluated the 

fluorescence of cells expressing either BFP or BFP-X-SsrA. Cells were transformed with 

a plasmid encoding either BFP or BFP-X-SsrA transcribed from the araBAD promoter, 
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grown at 37°C to mid-log phase at which point expression of fluorescent protein was 

induced through the addition of L-arabinose (0.2%). After 4 h at 37°C, cellular 

fluorescence was analyzed by flow cytometry.  The median fluorescence of cells 

expressing BFP (median = 44, IQR = 22) was 18-fold greater than that of cells expressing 

BFP-X-SsrA (median = 2.4, IQR = 2.0) (Fig. 2.9A). Duplicate experiments showed 

matching results. Subsequently, cell fluorescence was determined under conditions where 

the TEV protease was expressed. Again, two controls were compared, one containing a 

plasmid encoding BFP-X-SsrA (X is the peptide sequence ENLYFQS) and another 

containing the same plasmid encoding BFP-X-SsrA and a second plasmid encoding the 

TEV protease.  Cells were grown at 37°C to mid-logarithmic phase and then the cultures 

were shifted to 25°C. Protease expression was induced by the addition of IPTG for 1.5 h, 

the cells were shifted back to 37°C and substrate expression was induced through the 

addition of L-arabinose for 4 h. Flow cytometric analysis revealed that the median 

fluorescence of cells expressing the TEV protease (median = 9.6, IQR = 7.8) was 

approximately 4.0-fold higher than cells without the plasmid encoding the TEV protease 

(median = 2.4, IQR = 2.0) (Fig. 2.9B). Finally, the dynamic range of the assay was 

assessed when both GFP-X-SsrA and BFP-X-SsrA were co-expressed from a bicistronic 

operon. A plasmid, pGSBS, that encoded both GFP-X-SsrA and BFP-X-SsrA (X is the 

TEV recognition sequence ENLYFQS) on a single operon downstream from the araBAD 

promoter was constructed. Cells containing both pGSBS and pRK792 were grown as 

described above in two cultures. One culture received IPTG (0.5 mM) to induce 

expression of the TEV protease and one culture did not. Both cultures received L-

arabinose (0.2%) to induce expression of GFP-X-SsrA and BFP-X-SsrA. Cell 

fluorescence (emission of both GFP and BFP) was analyzed by flow cytometry. Cells 

expressing the TEV protease (median BFP fluorescence = 46, IQR = 28) had 2.9-fold 
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higher median BFP fluorescence than cells not expressing the TEV protease (median BFP 

fluorescence = 16, IQR = 11) (Fig. 2.9C). Likewise, cells expressing the TEV protease 

(median GFP fluorescence = 120, IQR = 71) had 21-fold higher median GFP 

fluorescence than cells not expressing the TEV protease (median GFP fluorescence = 5.8, 

IQR = 3.8) (Fig. 2.9D). Three replicate experiments were performed with similar results. 
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Figure 2.9.  Testing the dynamic range of the protease assay using mTagBFP as an 

alternative fluorescent protein in the substrate reporter or as a simultaneous 

second reporter with GFP. (A) Fluorescence distributions of cells expressing 

BFP (blue) or BFP-X-SsrA (black) where X is the TEV recognition peptide 

ENLYFQS. (B) Fluorescence distributions of cells expressing BFP-X-SsrA 

and either the TEV protease (blue) or no heterologous protease (black). (C) 

Blue fluorescence distributions of cells expressing BFP-X-SsrA, GFP-X-

SsrA, and either induced for the expression of the TEV protease (blue) or 

not induced (black). (D) Green fluorescence distributions of cells expressing 

BFP-X-SsrA, GFP-X-SsrA, and either induced for the expression of the 

TEV protease (green) or not induced (black). 
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2.4. DISCUSSION 

A rapid and efficient method for isolating and characterizing proteases is essential 

for engineering altered protease activity and specificity by directed evolution. Here, we 

developed a high-throughput screen for detecting protease activity in the cytoplasm of E. 

coli. The screen relies on (1) expression of active protease variants in the cytoplasm; (2) 

expression of a three-part fusion protein consisting of a GFP molecule fused to a peptide 

sequence that is recognized and cleaved by the protease, and then followed at the C-

terminus by the SsrA peptide tag; (3) degradation of the three-part fusion protein by 

ClpXP unless the fusion is cleaved at the substrate sequence by a protease variant; and 

(4) detection of GFP fluorescence by flow cytometry. We have successfully implemented 

this method to show specificity differences between both the TEV protease and human 

caspase-8. 

The SsrA protease sensor offers several advantages over existing protease assays 

(see Chapter 1). First, the proteolytic reaction is contained within the cytoplasm. In 

developing a high-throughput screen a fundamental requirement is that the output of the 

assay (or phenotype) is physically linked to the DNA encoding the enzyme that generates 

the output signal. By containing the protease reaction and fluorescent product within the 

bacterial cytoplasm, high speed sorting by flow cytometry can be utilized to isolate cells 

containing DNA encoding any protease variants with desirable properties. In addition, 

expressing the protease and substrate in the cytoplasm allows for the activity of 

chaperones potentially increasing solubility and provides a redox environment suitable 

for intracellular proteases. An advantage of the SsrA protease screen compared to the 

OmpT screen [Olsen, 2000] is that the substrate in the SsrA screen does not contain 

chemical modifications. FRET peptide substrates in the OmpT screen are made by 

conjugating fluorophores to amino acid side chains in the peptide. These fluorophores 
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could potentially interfere with protease-substrate recognition. In contrast, substrate in the 

SsrA screen is entirely genetically encoded, presenting a more natural context for the 

protease. Moreover, rather than requiring peptide substrates as in the OmpT screen, the 

SsrA protease screen should be able to use longer sequences in the three-part fusion (X in 

GFP-X-SsrA), potentially small domains or even whole proteins. Larger substrates would 

allow for secondary/tertiary structure which has been shown to affect proteolysis [Prabu-

Jeyabalan, 2002]. Finally, because the substrate is genetically encoded on a plasmid and 

expressed in the cytoplasm, there is no need to synthesize the substrate. Many existing 

protease assays rely on synthesis of peptide substrates, which can be slow and costly, 

especially if they involve chemical modifications. With this method, however, arrays of 

new substrates can be generated in days using standard molecular biology techniques. 

Compared to most of the existing protease screens [Felber, 2004; Sellamuthu, 

2008; Chen, 2009], the method presented here allows for greater sensitivity in 

distinguishing between levels of catalytic activity and substrate selectivity. In particular, 

the flow cytometric output from this assay provides a quantitative fluorescence signal 

that, generally, should correlate with catalytic activity. Additionally, the ability to 

counter-select against wild-type specificity using a second fluorescent protein substrate 

while simultaneously selecting for activity towards new substrates should help find rare 

variants with the desired selectivity rather than more common variants with promiscuous 

catalytic activity. The usefulness of this type of counter-selection was demonstrated in 

the successful engineering of OmpT selectivity [Varadarajan, 2005; Varadarajan, 2008]. 

Also, protease screening in the cytoplasm allows for counter-selection against all 

intracellular proteins, preventing the isolation of truly promiscuous protease variants due 

to lethality.  However, it would still be important to include an encoded counter-selection 

substrate, like BFP-Y-SsrA, to minimize the carry over of parental protease activity.   
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Nonetheless, this particular screen is not without shortcomings: The main 

drawback is that the protease must be functional when expressed in the cytoplasm of E. 

coli. Immediately, this requirement eliminates proteases that contain essential disulfide 

bonds, eukaryotic post-translational modifications, or pre-/pro-peptides that must be 

processed extracellularly to yield the active form of the enzyme. This limitation excludes 

secreted proteases such as thrombin, the granzymes, and the cathepsins. On the other 

hand, cysteine proteases are suitable for cytoplasmic expression. However, a bacterial 

strain containing an oxidizing cytoplasm that allows for disulfide bond formation 

[Bessette, 1999] could be useful for circumventing the shortcoming discussed above. 

Initial experiments were done to judge the potential for the screen in one such strain with 

an oxidizing cytoplasm (Origami B, Novagen). However, it was found that E. coli 

Origami B cells expressing GFP-X-SsrA exhibited high fluorescence, indicating that 

GFP-X-SsrA is not degraded as rapidly in this strain as in E. coli BL21. Nevertheless, 

optimization of growth conditions and expression levels of substrate could potentially 

make this strategy viable for screening proteases with essential disulfide bonds. 

In addition to engineering improved catalytic activity and substrate selectivity, an 

important area of protease research is identifying peptide sequences that can be cleaved 

by the protease being studied, i.e. the substrate profile. The substrate profile is important 

for identifying natural substrates as well as for designing protease inhibitors. Screening 

methods have been developed to characterize the substrate profile of proteases, including 

substrate phage [Matthews, 1993] and cellular libraries of peptide substrates (CLiPS) 

[Boulware, 2006]. The protease assay presented here could also be used for substrate 

profiling. For this purpose, a randomized library of amino acid sequences could be 

inserted between GFP and SsrA. In that case, flow cytometric screening could be used to 
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isolate cells having high fluorescence and thus encoding GFP-X-SsrA proteins where the 

X sequence is readily cleaved by the protease. This strategy would offer the only in vivo 

method for determining substrate preferences of cytoplasmic proteases. Also, by 

eliminating the need for potentially difficult or time-consuming protein purification, this 

method could allow for rapid characterization of numerous proteases. Additionally, this 

method would allow for characterization of protease specificity for both P and P‘ sites 

simultaneously which is not possible with the common PS-SCL technique. Recently, 

substrate profiling using a GFP-X-SsrA substrate was demonstrated with the TEV 

protease demonstrating the utility of this method [Kostallas, 2011]. 
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Chapter 3. 

Engineering the TEV Protease for Novel Catalytic Specificity Using 

Fluorescence-activated Cell Sorting 

 

3.1. INTRODUCTION 

In Chapter 2, a single-cell flow cytometric assay for proteolytic activity was 

described. This assay is based on the co-expression of a protease and a three-part fusion 

polypeptide comprising, from the N- terminus to the C- terminus, a fluorescent protein, a 

substrate linker, and the SsrA peptide tag. It was shown that the SsrA tag marks the 

fusion protein for degradation unless the co-expressed protease cleaves the substrate 

linker removing the SsrA tag. In the assay, TEV protease cleaved its preferred sequence 

(ENLYFQS) resulting in high cell fluorescence but did not cleave sequences with an 

altered residue at P1 (ENLYFXS). Results from the assay matched the reported high 

specificity of TEV protease for glutamine at P1 [Dougherty, 1988]. A logical question 

resulting from these studies was whether or not the assay could be used in a directed 

evolution approach to generate a TEV protease variant capable of cleaving ENLYFXS 

where X was a non-preferred residue. 

To use a high-throughput assay for directed evolution purposes, a large library of 

variant genes is needed prior to screening. Two of the most common library-construction 

methods for protein engineering involve random mutagenesis and site-directed 

randomization [Lipovsek, 2009]. With random mutagenesis, a gene is amplified by PCR 

under conditions that cause the polymerase to incorporate errors in the amplified 

sequence. Since the mutations are randomly distributed throughout the sequence, random 

mutagenesis requires no information on protein structure but can help identify ―hot spots‖ 
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where mutations most affect protein function [Hamamatsu, 2006]. When more 

information is known about the critical positions in the sequence, site-directed 

randomization can be used. Here, positions are randomized using oligonucleotides 

containing degenerate codons. The gene library is constructed using the degenerate 

oligonucleotides in PCR-based gene assembly [Bessette, 2003; Varadarajan, 2009]. 

In this chapter, the SsrA protease assay was demonstrated to be useful for the 

enrichment of cells co-expressing the TEV protease and a GFP-X-SsrA fusion 

(X=ENLYFQS, the preferred sequence) from a large excess of cells co-expressing the 

TEV protease and a GFP-Y-SsrA fusion (Y=ENLYFRS, a non-preferred sequence). In 

addition, an error-prone PCR library and a site-directed saturation mutagenesis library of 

the TEV protease were constructed, and attempts were made to deploy the SsrA screen 

for the selection of TEV protease variants with novel specificities. Complications that 

became evident during the screening are also described. 

 

3.2. MATERIALS AND METHODS 

 

3.2.1. Bacterial Strains, Reagents, and Plasmids 

 

E. coli strain DH5α [F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
- mK

+), λ– ] [Grant, 1990] was used as 

the host strain for construction of plasmids. E. coli strain BL21 [F- dcm ompT hsdS(rB- 

mB-) gal [malB+]K-12(λS)] (Stratagene – Santa Clara, CA) was used as the host strain for 

flow cytometric experiments. Culture media, chemicals, and DNA-modifying enzymes 
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were purchased from BD Biosciences (Sparks, MD), Sigma-Aldrich (St. Louis, MO), and 

New England Biolabs (Ipswich, MA), respectively.  

 

Table 3.1 contains descriptions of the plasmids used in this study. Details of the 

construction of pRK792, pGS-tevX, and pGS-tevX-BS-tevY can be found in chapter 2. 

 

Table 3.1 Plasmids used in this study 

Plasmid Purpose Relevant characteristics Source 

pRK792 expression of MBP-

TEV 

Amp
r
, lac promoter, pBR322 

origin, expression of TEV 

protease with MBP fused to 

the N-terminus   

Kapust, 2001 

(Addgene 8830) 

pBAD33 backbone expression 

vector for pGS 

Cm
r
, araBAD promoter, 

pACYC184 origin 

Guzman, 1995 

pGS-tevX expression of GFP-X-

SsrA 

pBAD33 backbone expressing 

a fusion protein of GFP, the 

TEV protease recognition 

sequence with P1=X 

(ENLYFXS), and the SsrA 

recognition sequence 

this study 

pGS-tevX-

BS-tevY 

expression of GFP-X-

SsrA and BFP-Y-SsrA 

pBAD33 backbone for 

bicistronic expression of GFP-

X-SsrA and BFP-X-SsrA 

this study 

pTrc99A backbone expression  

vector for MBP and 

MBP fusions 

Amp
r
, trc promoter, pBR322 

origin 

Amann, 1988 

pTrc99A-

MBP 

expression of MBP pTrc99A backbone expressing 

MBP 

this study 

pTrc99A-

MBP-SsrA 

expression of MBP-

SsrA 

pTrc99A backbone expressing 

a fusion protein of MBP and 

the SsrA recognition sequence 

this study 

pRK792-

Age 

expression of MBP-

TEV 

pRK792 with the 3‘ HindIII 

site replaced with an AgeI site  

this study 

pGS-tevX-

clpXP 

expression of GFP-X-

SsrA and ClpXP 

pGS-tevX with the addition of 

the clpXP sequence to allow 

for polycistronic expression 

this study 
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pKD13 template plasmid 

containing kan gene 

for chromosomal 

inactivation 

Kan
r
, Amp

r
, kan gene flanked 

by FRT sequences for first 

step of chromosomal 

inactivation 

Datsenko, 2000 

pKD20 expression of λ Red 

recombinase 

Amp
r
, oriR101, araBAD 

promoter, expression of Gam, 

Bet, and Exo for 

chromosomal inactivation by 

λ Red recombination 

Datsenko, 2000 

 

 

Expression vectors for MBP and MBP-SsrA were derivatives of pTrc99A and 

were constructed as follows: First, the gene encoding MBP was PCR amplified from 

pRK792 using primers MCG249 and MCG250 (Table 3.2). Next, the gene encoding 

MBP was PCR-amplified using the oligonucleotide primers MCG249 and MCG291. The 

product of this reaction was used as a template in a subsequent PCR round using primers 

MCG249 and MCG292, which appended the gene sequence encoding an SsrA tag 

(AANDENYALAA) to the 3' end of the MBP gene. The two amplicons, encoding MBP 

and MBP-SsrA, were digested with EcoRI and KpnI, gel purified (QIAquick Gel 

Extraction Kit, QIAGEN), and ligated into a similarly digested pTrc99A backbone, 

creating pTrc99A-MBP and pTrc99A-MBP-SsrA. 

To allow for directional cloning of TEV protease libraries into pRK792, one of 

the vector's HindIII sites was replaced with an AgeI site using site-directed mutagenesis 

as previously described [Braman, 1996]. Briefly, pRK792 was used as template in a 

reaction with primers MCG241 and MCG242. The reaction solution (50 μl) contained 0.2 

mM of each dNTP, 1.5 mM MgCl2, 0.12 mM Tris pH 8.0, 10 mM KCl, 6mM (NH4)2SO4, 

0.1% Triton X-100, 0.001% BSA, 50 ng template, 0.3 μM each primer, and 1 unit of 

KOD DNA polymerase (Novagen). The PCR program was as follows: 98°C for 1 min; 
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25 cycles of 98°C for 15 sec, 50°C for 2 sec, 72°C for 1.5 min; and 72°C for 4 min. 

Following the reaction, 20 units of the restriction enzyme DpnI were added to the product 

and incubated for 2hr at 37°C to remove the methylated plasmid template.  The final 

product was purified and desalted by QIAquick PCR Purification Kit (QIAGEN), and 

then transformed into electrocompetent E. coli DH5α cells. DNA sequencing was used to 

confirm cloning and the product was named pRK792-Age. 

To test the effect of ClpXP overexpression on the fluorescence of cells expressing 

GFP-X-SsrA fusions, clpX and clpP from the E. coli genome were cloned into pGS-tevQ 

to allow for polycistronic expression. First, clpXP was amplified from the genome of E. 

coli XL-1 Blue [endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB+ 

lacIq Δ(lacZ)M15] hsdR17(rK
- mK

+)] using primers MCG222 and MCG223, which 

appended flanking HindIII sites. The resulting amplicon and pGS-tevQ were digested 

with HindIII, and the latter was dephosphorylated with antarctic phosphatase. The insert 

and vector were ligated and the product was transformed into E. coli DH5α cells. 

Sequencing confirmed the cloning of clpXP into a polycistronic operon, and this plasmid 

was named pGS-tevQ-clpXP. 

 

3.2.2. Library Construction 

A library of TEV protease variants was constructed using error-prone PCR 

[Fromant, 1995]. Briefly, the TEV protease gene in pRK792 was used as DNA library 

template and amplified with primers MCG209 and MCG252. PCR reactions (100 μl 

each) contained 0.23 mM dATP, 0.2 mM dCTP, 0.57 mM dGTP, 4.0 mM dTTP, 0.5 mM 

MnCl2, 5.2 mM MgCl2, 5 fM vector template, 1 μM each primer, 10 mM Tris (pH 8.3), 

50 mM KCl, 5 ng BSA, and 5 units of Taq polymerase. The PCR program was as 
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follows: 94°C for 2 min; 30 cycles of 94°C for 30 sec, 50°C for 30 sec, 72°C for 2 min; 

and 72°C for 4 min. The PCR product was gel purified, digested with HindIII and AgeI, 

and then gel purified once more. Similarly, pRK792-Age was digested with HindIII and 

AgeI and gel purified. The library insert and vector were ligated using T4 ligase in a 3:1 

molar ratio at 16°C overnight.  Next, the ligation reaction was heat inactivated, purified 

and desalted (QIAquick PCR Purification Kit), and the final product was eluted into 6 μl. 

The library was then transformed into electrocompetent E. coli DH5α cells, resulting in 

6x10
6 

unique transformants. 

A saturation mutagenesis library of the TEV protease at positions T154, D156, 

H175, and S178 was constructed as described previously [Bloom, 2005; Varadarajan, 

2009]. Briefly, PAGE-purified primers (MCG195, 196, 197, 198, 200, 201, 308, 334), 

which contained the randomized NNS codon (N = A, T, G, or C; S = G or C) in place of 

the wild-type codon at these four positions, were used to amplify the TEV protease gene 

by splicing overlap extension PCR (SOE-PCR) [Horton, 1990]. Primer MCG334 

appended a 5' KpnI site and primer MCG308 appended a PstI site to the 3' end of the 

gene. The PCR product was gel purified, digested for 2 h at 37°C with KpnI and PstI, and 

ligated to similarly digested pTrc99A-MBP using an analogous approach as described 

above. The library was then transformed into electrocompetent E. coli DH5α cells, 

resulting in 1x10
6 

unique transformants (maximum diversity from four NNS codons is 

32
4
=10

6
). 
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3.2.3. Flow Cytometry Analysis and Cell Sorting 

Sorting conditions for the enrichment experiment and for library screening of both 

the error-prone PCR TEV protease library and the saturation mutagenesis TEV protease 

library were identical. Cells harboring plasmids encoding the TEV protease and the 

appropriate GFP-X-SsrA substrate were inoculated to an initial OD600=0.1 in LB media 

supplemented with 50 mg/l carbenicillin and 30 mg/l chloramphenicol 

(LB/carbenicillin/chloramphenicol) and then grown at 37°C to OD600=0.6. Cells were 

then transferred to 25°C for 15 min, and subsequently protease expression was induced 

through the addition of IPTG (0.5 mM). After 1.5 h, the cells were transferred to 37°C 

and the expression of GFP-X-SsrA was induced through the addition of 0.2% L-arabinose 

for 4 h. Prior to flow cytometry, the cells were diluted 1:100 in PBS to ensure a flow 

cytometric event rate of 5,000-15,000 sec
-1

. 

Flow cytometric analysis and sorting were performed on a FACSAria I cell sorter 

(BD Biosciences – Sparks, MD). The detection threshold was set on side scatter to 

eliminate non-cell particles and electronic noise. The GFP signal was monitored using a 

Coherent Sapphire solid-state 488 nm laser (100mW) and the 530/30 band pass filter. A 

side scatter versus fluorescence gate was set in a way that all but 0.1% of the negative 

control was excluded.  

For flow cytometric sorting, a gate was selected to collect cells with the top 1% of 

GFP fluorescence. Sorted cells were collected in a microfuge tube and spread on an 

LB/carbenicillin/chloramphenicol agar plate. After overnight growth at 37°C, the plate 

was scraped to collect cells, and these cells were used to inoculate a liquid culture to an 

initial OD600=0.1 in LB/carbenicillin/chloramphenicol. Cells were grown at 37°C until 

OD600=0.6 at which point they were transferred to 25°C. After 15 min, expression of the 

TEV protease was induced by the addition of IPTG (0.5 mM), and cells grew for 1.5 h. 
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Cells were then transferred to 37°C, and expression of GFP-X-SsrA was induced by the 

addition of L-arabinose (0.2%). Cells grew an additional 4 h. Cells were sorted as above 

for another round of enrichment. The above process was repeated for three total rounds of 

sorting. 

After sorting the error-prone PCR TEV protease library and the saturation 

mutagenesis TEV protease library, and after recovering clones with mutations discussed 

below, an alternate sorting strategy was used. The saturation mutagenesis library was 

grown as above and sorted by flow cytometry as above. Sorted cells were spread on an 

LB/carbenicillin/chloramphenicol plate and grown overnight at 37°C. The plate was 

scraped to collect cells and plasmid DNA was isolated (QIAprep Spin Miniprep Kit, 

QIAGEN). The recovered DNA was transformed into E. coli BL21/pGS-tevR-BS-tevQ 

electrocompetent cells. These cells were then used as above for three total rounds of 

sorting. 

 

Table 3.2. Oligonucleotides used in this study. 

Primer name Sequence (5'-3') 

MCG195 GGAAGCATTGGATTCAANNSAAGNNSGGGCAGTGTGGCAGTC

C 

MCG196 ATTAGTATCAACTAGAGATGGGTTCATTGTTGGTATA 

MCG197 ATCTCTAGTTGATACTAATGGACTGCCACACTGCCC 

MCG198 TTTGTGTTGGTGAAATTSNNTGCTGASNNTATACCAACAATGA

ACCC 

MCG200 TTGAATCCAATGCTTCCAGAA 

MCG201 AATTTCACCAACACAAACAA 

MCG209 TCGATGAAGCCCTGAAAGAC 

MCG222 ATGTGGAAGCTTATCCAGGAGACGGAAATGTCATACAGC 

MCG223 ATGTGGAAGCTTTTATTCACCAGATGCCTGTTGCG 
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MCG241 GAGTCGACCTGCAGGCACCGGTGGCACTGGCCGTCGTTT  

MCG242 AAACGACGGCCAGTGCCACCGGTGCCTGCAGGTCGACTC 

MCG249 ATGGACGAATTCAGGAGGATTACAAATGAAAATCGAAGAAG

GTAAACTGG 

MCG250 TAGCATGGTACCTCCCCTTCCCTCGATCCCG 

MCG252 GTCCATAAGCTTCTGCAGTTATTTATTTAGCGACGGCGACGA

CGATTCATGAG 

MCG253 TCTGGTATACTTACCTTTACACATTGGGGCTGATTCATTGTGT

AGGCTGGAGCTGCTTC 

MCG254 GGTAATCACCGATGGAGAATTTTGGTGGAGCTGGCGGTCAAA

CATGAGAATTAATTCCG 

MCG291 TAAAGCGTAGTTTTCGTCGTTTGCTGCCGAGCTCGAATTAGTC

TGC 

MCG292 TCACATGGTACCTTAAGCTGCTAAAGCGTAGTTTTCGTCGTTT

GC 

MCG299 TCAGGCTACATGGGTGCTAAATC 

MCG300 GTGCGGGCTCTTAGGACT 

MCG308 TACCATCTGCAGAGCGACGGCGACGACGATTCATGAG 

MCG334 ATGGTTGGTACCGAAAATCTTTATTTTAGCGGTCATCATCATC 

 

3.2.4. Constructing an ssrA Deletion in E. coli BL21 

An engineered strain of E. coli BL21 with the chromosomal ssrA gene deleted 

was constructed to test the effect of the SsrA-tagging pathway on cell fluorescence 

conferred by the protease screen. The ssrA gene was deleted using the λ Red recombinase 

method of Datsenko and Wanner [2000]. Briefly, the gene for kanamycin resistance was 

amplified from pKD13 using primers MCG253 and MCG254. These primers contain 

flanking regions homologous to sequences surrounding ssrA in the E. coli genome. As 

the λ Red recombinase method was unsuccessful with E. coli BL21, the E. coli strain 

MC1061 [F- Δ(ara-leu)7697 [araD139]B/r Δ(codB-lacI)3 galK16 galE15 λ- e14- mcrA0 



 66 

relA1 rpsL150(strR) spoT1 mcrB1 hsdR2(r-m+)] was used instead.  E. coli MC1061 was 

transformed with plasmid pKD20 and grown at 30°C in the presence of L-arabinose 

(0.2%) to induce expression of the λ Red system. When cells reached mid-log phase 

(OD600=0.6) they were made electrocompetent by three washes with ice-cold water and 

electroporated with the linear amplicon from above. Cells were recovered on LB agar 

plates containing 30 mg/l kanamycin and clones were checked for successful 

recombination using PCR with primers MCG299 and MCG300. Standard P1 transduction 

was then used to transfer the ΔssrA::kan mutation to E. coli BL21 [Thomason, 2007]. 

 

3.3. RESULTS 

 

3.3.1. Enrichment of Cells Co-expressing the TEV Protease and a Substrate 

Containing the Preferred Recognition Sequence. 

To evaluate the potential of the SsrA protease screen for isolating rare clones 

from an excess of background cells encoding GFP-X-SsrA substrates that are not subject 

to proteolytic processing, a sorting experiment was set up with a mixture of cells co-

expressing the TEV protease and GFP-X-SsrA, where X represents either the preferred 

TEV recognition sequence (ENLYFQS) or a highly inefficient recognition sequence 

(ENLYFRS). In vitro experiments have shown that the TEV protease has no measurable 

activity with the sequence ENLYFRS [Dougherty, 1988]. Briefly, E. coli BL21, 

transformed with pRK792/pGS-tevQ or pRK792/pGS-tevR, were grown in 

LB/carbenicillin/chloramphenicol, and expression of the TEV protease and expression of 

GFP-X-SsrA were induced in mid-log phase as discussed above. Approximately 4 h after 

expression was induced, the fluorescence of the two cell populations was evaluated by 
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flow cytometry (Fig. 3.1A). Cells with X=ENLYFRS exhibited low fluorescence (median 

= 9.5, interquartile range (IQR) = 5.9), and cells with X=ENLYFQS exhibited high 

fluorescence (median = 760, IQR = 580). The two populations were then mixed in a 

1:100 ratio of E. coli BL21/pRK792/pGS-tevQ cells to E. coli BL21/pRK792/pGS-tevR 

cells, based on OD600 measurements. The mixture was analyzed by flow cytometry and 

highly fluorescent clones were collected by cell sorting (Fig. 3.1B). The collected cells 

were recovered on LB/carbenicillin/chloramphenicol agar plates. Sequencing of plasmid 

pGS-tevX from 10 randomly picked clones revealed that all 10 clones harbored the 

plasmid pGS-tevQ, encoding the preferred substrate. This result indicates that the 

enrichment afforded by the GFP-X-SsrA screen, i.e. [fraction of positive/total cells]output/ 

[faction of positive/total cells]input, is at least 100-fold. The experiment was repeated, with 

matching results. This enrichment factor indicates that the screen should be well suited 

for the isolation of rare mutants with desired substrate specificity from large libraries.  
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Figure 3.1.  Enrichment of cells co-expressing the TEV protease and GFP-X-SsrA where 

X encodes either an efficient substrate (ENLYFQS) or a highly inefficient 

substrate (ENLYFRS). (A) Fluorescence histograms of E. coli 

BL21/pRK792/pGS-tevR cells (red) and E. coli BL21/pRK792/pGS-tevQ 

(black). (B) Fluorescence histogram of a 100:1 mixture of E. coli 

BL21/pRK792/pGS-tevR to E. coli BL21/pRK792/pGS-tevQ. A gate was 

selected to capture the highly fluorescent clones and the mixture was sorted 

by flow cytometry. After one round of sorting, sequencing of plasmid pGS-

tevX from 10 recovered clones revealed that all 10 clones harbored the 

plasmid pGS-tevQ, encoding the preferred substrate. 

 

3.3.2. Sorting of TEV Mutant Libraries Selected for Mutations in the Gene 

Encoding the GFP-X-SsrA Substrate 

The gene encoding the TEV protease was subjected to random mutagenesis by 

error-prone PCR [Fromant, 1995], and a library of 6x10
6
 transformants was obtained. 

Sequencing five randomly picked clones revealed a mutation rate of 0.3%. The plasmid 

library was transformed into E. coli BL21/pGS-tevR to screen for activity towards the 
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inefficient substrate sequence ENLYFRS. After growth of the E. coli library and 

expression of the TEV protease and the GFP-ENLYFRS-SsrA substrate, 1.5x10
7
 cells 

were analyzed by flow cytometry and the most fluorescent 1% of cells were sorted into 

LB media and then plated on LB/carbenicillin/chloramphenicol agar plates. Recovered 

clones were pooled and used to inoculate a liquid culture and initiate a second round of 

sorting. Enrichment of fluorescent clones was seen after two rounds (Fig. 3.2A). 

Individual clones were then randomly picked, grown in liquid media as above, and 

analyzed by flow cytometry to find the most fluorescent clones (Fig. 3.2B) 

Clones exhibiting the highest fluorescence were selected for further study. 

Initially, the plasmid encoding the TEV protease gene from the clone with the highest 

fluorescence was isolated and transformed into E. coli BL21/pGS-tevR. However, these 

cells were found to be non-fluorescent. To investigate the reasons for the absence of a 

fluorescent signal, the plasmid encoding the GFP-X-SsrA substrate (pGS-tevR) from the 

clone with the highest fluorescence was isolated and transformed into E. coli BL21 cells. 

Unexpectedly, this transformant was found to be fluorescent, contrary to the expectation 

that when GFP-X-SsrA is expressed on its own (i.e. without co-expression of a protease), 

it should be degraded by ClpX(A)P resulting in low cellular fluorescence. Surprisingly, 

sequencing of the pGS-tevR plasmid revealed that E. coli insertion sequence IS3 had 

transposed itself into the gene encoding GFP-X-SsrA (Fig. 3.2C). The insertion 

introduced a stop codon at the 3‘ end of the gene encoding GFP, disrupting expression of 

the intact fusion protein.  Thus cells containing this plasmid expressed GFP which was 

not directed to degradation by the ClpX(A)P machinery and hence conferred cell 

fluorescence. Of eight randomly picked clones recovered from the second round of 

sorting, four were fluorescent and contained the same insertion sequence mutation in 

pGS-tevR. 
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Figure 3.2.  Sorting a TEV random mutant library led to the recovery of false positive 

clones containing an IS3 transposition in the gene encoding GFP-X-SsrA 

substrate. (A) Fluorescence histograms of cells co-expressing GFP-

ENLYFRS-SsrA and an error-prone mutagenesis library of the TEV 

protease before sorting (green), and after one round of sorting (red) and two 

rounds of sorting (blue). (B) Fluorescence histogram of a clone recovered 

after two rounds of sorting. (C) Sequencing results from the clone exhibiting 

the highest fluorescence revealed that the GFP-ENLYFRS-SsrA gene 

contained the insertion sequence IS3 transposed between the coding region 

for GFP and the SsrA tag, disrupting the fusion protein.  
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We speculated that while transposition of insertion sequences into the gene 

encoding the substrate was likely a rare event, it nonetheless resulted in clones with high 

fluorescence, which in turn were isolated preferentially by our screen over rare protease 

variants with altered specificity. To circumvent this problem, a more targeted library 

approach was taken in which four amino acid residues (T154, D156, H175, and S178) 

within the S1 binding pocket of the TEV protease, as determined from the crystal 

structure of the enzyme [Phan, 2002], were subjected to saturation mutagenesis [Bloom, 

2005; Varadarajan, 2009]. A library was constructed by assembly PCR using 

oligonucleotides containing NNS codons at these four sites, and 1x10
6
 clones were 

obtained after transformation. The plasmid library was re-transformed into E. coli 

BL21/pGS-tevR to screen for protease activity towards the sequence ENLYFRS. The E. 

coli library was grown and sorted as above. After three successive rounds of sorting (Fig. 

3.3A), several recovered clones were observed to display high fluorescence (Fig. 3.3B). 

However, one again the isolated TEV protease variants displayed no activity for the 

sequence ENLYFRS when re-cloned with new pGS-tevR. Instead, the recovered plasmid 

encoding the substrate, pGS-tevR, revealed the presence of a deletion mutation at the end 

of the coding region for the SsrA tag (Fig. 3.3C). This mutation causes the SsrA tag to be 

truncated through a deletion of the final three residues, LAA, which have been shown to 

be critical for recognition of the SsrA tag by ClpX and ClpA [Flynn, 2001].  Thus, the 

selected truncation abolished the recognition of the GFP-X-SsrA substrate by ClpX(A)P 

conferring high cell fluorescence which in turn resulted in the isolation of this clone. 
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Figure 3.3.  Sorting a TEV saturation library at positions T154, D156, H175, and S178 

resulted in the isolation of clones with a deletion in the coding region of the 

SsrA tag. (A) Fluorescence histograms of cells expressing GFP-ENLYFRS-

SsrA and a four-site saturation mutagenesis library of the TEV protease 

before sorting and after rounds one, two or three. (B) Fluorescence 

histogram of a clone recovered after three rounds of sorting. (C) DNA and 

protein sequences of the C-terminus of GFP-ENLYFRS-SsrA (top) 

compared to the sequences from a highly fluorescent clone recovered after 

three rounds of sorting (bottom). The final three amino acids of the SsrA tag 

have been lost to a deletion mutation in the clone, disrupting recognition of 

the SsrA tag by ClpX(A)P. 

 

3.3.3. Sorting Reveals Tandem Rare Arginine Codons 

The TEV protease saturation mutagenesis library was sorted a second time using a 

counter-selection scheme (see Fig. 2.8). The library was transformed into E. coli BL21 

housing the plasmid pGS-tevR-BS-tevQ, which encodes GFP-ENLYFRS-SsrA and BFP-
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ENLYFQS-SsrA. The presence of both substrates allowed simultaneous screening for 

enhanced activity towards the inefficient substrate ENLYFRS and reduced activity 

towards the wild-type substrate ENLYFQS. Three rounds of sorting were performed as 

described earlier (Fig. 3.4A), except that in this experiment, cells were collected based on 

a gate that simultaneously selected for high GFP fluorescence and low BFP fluorescence. 

Bacterial cells displaying increased GFP fluorescence were isolated, although none had 

decreased BFP fluorescence. Two clones in particular were selected for further study 

because they exhibited the highest GFP fluorescence among isolated clones (median = 

530, IQR = 440; median = 230, IQR = 870). Sequencing determined that both clones 

contained frameshift mutations in the plasmid encoding the TEV protease. One sequence 

(Fig. 3.4B) contained a GAG codon at one of the NNS positions of the library, together 

with a deletion that shifted the reading frame such that the GAG was part of the sequence 

AGGAGG. This six nucleotide sequence encodes tandem, rarely used AGG codons that 

encode for Arg [Calderone, 1996]. The protease sequence from the second clone 

contained a deletion that shifted an out-of-frame AGGAGG sequence into the reading 

frame (Fig. 3.4C). Tandem rare arginine codons have been shown to cause abortive 

translation and to induce SsrA-tagging of the nascent polypeptide via the incorporation of 

the SsrA tmRNA [Roche, 1999].  The resulting SsrA-tagged TEV polypeptides are 

degraded in a ClpX(A)P-dependent manner and thus competitively inhibit the 

degradation of the GFP-X-SsrA substrate, conferring high cell fluorescence.  
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Figure 3.4.  Sorting a TEV protease saturation library at positions T154, D156, H175, 

and S178 led to the isolation of clones with mutations resulting in in-frame 

tandem rare arginine codons. (A) GFP fluorescence distributions of cells 

expressing GFP-ENLYFRS-SsrA and a four-position saturation mutagenesis 

library of TEV protease before sorting (red), after one round of sorting 

(green), after two rounds (blue), and after three rounds (black). (B) Protein 

and DNA sequences of the TEV protease library (top) compared to the 

sequences of the most fluorescent clone (median fluorescence = 530, IQR = 

440) after three rounds of sorting (bottom). A frameshift mutation and GAG 

at the NNS saturation site caused the appearance of tandem rare arginine 

codons. (C) Protein and DNA sequences of TEV protease (top) compared to 

the sequences from another fluorescent clone (median fluorescence = 230, 

IQR = 870) recovered after three rounds of sorting (bottom). A single amino 

acid deletion shifted tandem rare arginine codons into the reading frame. 
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To test the effect of expression of high levels of heterologous proteins that 

become tagged with SsrA, plasmids pTrc99A-MBP and pTrc99A-MBP-SsrA were 

created to encode either MBP or an MBP-SsrA fusion protein behind a trc promoter. 

These plasmids were transformed into E. coli BL21/pGS-tevQ, which express GFP-X-

SsrA. The two cell populations were grown as described above and then analyzed by 

flow cytometry (Fig. 3.5). Cells expressing MBP-SsrA and GFP-X-SsrA exhibited high 

fluorescence (median = 99, IQR = 62), while cells expressing MBP and GFP-X-SsrA did 

not (median = 2.9, IQR = 3.0). These results indicate that the ClpX(A)P activity in the 

cell is rate limiting and can be saturated when SsrA-tagged proteins are overexpressed. 

When expression of GFP-X-SsrA outstrips degradation by ClpX(A)P, the tagged protein 

accumulates in the cytoplasm resulting in high cellular fluorescence. 
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Figure 3.5.  Fluorescence histograms of cells in the protease assay when SsrA-tagged 

protein is overexpressed in addition to the expression of GFP-X-SsrA. Cells 

expressing GFP-X-SsrA co-expressed either MBP (black) or MBP-SsrA 

fusion (red). High levels of SsrA-fused protein result in high fluorescence in 

the assay, indicating that under high expression conditions, the SsrA-tagged 

protein expression rate can sometimes outpace the degradation rate. 

 

3.3.4. Strategies for Avoiding Native SsrA-tagging 

As discussed above, tandem rare codons in the protease sequence result in SsrA-

tagging of the nascent polypeptide, saturating the ClpX(A)P machinery, and in turn 

resulting in the isolation of false positives with high fluorescence. Tandem rare codons 

found in sequences recovered during sorting were found to be due to both frameshifts and 

saturation mutagenesis with oligonucleotides containing NNS codons. These sources of 

rare codons may be difficult to eliminate during library creation. However, SsrA-tagging 

during translation of tandem rare codons could be eliminated by removing the host strain 

SsrA-tagging machinery. Without native SsrA-tagging capability, translation may still 

stall at tandem rare codons, but this event should no longer result in high fluorescence in 
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the protease assay. To test this hypothesis, the strain E. coli BL21ΔssrA was constructed 

using the method of chromosomal inactivation by λ Red recombination [Datsenko, 2000] 

and P1 transduction [Thomason, 2007]. This strain was transformed with plasmids pGS-

tevQ and pRK792. Two cultures of this strain, E. coli BL21ΔssrA/pRK792/pGS-tevQ, 

were grown as described above except one culture did not receive IPTG to induce 

expression of TEV protease. The two populations were analyzed by flow cytometry; 

however the ratio of median fluorescence between cells expressing the TEV protease 

(median = 34, IQR = 20) and cells not expressing the TEV protease (median = 17, IQR = 

8.6) was only 2.0-fold (Fig. 3.6, red and blue). For comparison, the median fluorescence 

of E. coli BL21 harboring pRK792/pGS-tevQ (median = 140, IQR = 120) and grown 

exactly as above was 4.1-fold higher than in the ΔssrA strain (Fig. 3.6, green). Hence, 

because the ΔssrA mutation lowers fluorescence of the positive control, E. coli 

BL21ΔssrA cannot be used for screening purposes to circumvent problems with the 

selection of TEV clones containing tandem rare codons and hence subject to translational 

pausing.  
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Figure 3.6.  Effect of ssrA deletion on fluorescence in the protease assay. Fluorescence 

was analyzed of two cultures of the strain E. coli BL21ΔssrA/pRK792/pGS-

tevQ that had expression of GFP-ENLYFQS-SsrA induced (blue) or co-

expression of the TEV protease and GFP-ENLYFQS-SsrA induced (red). 

With the wild-type E. coli BL21 strain harboring the same plasmids, E. coli 

BL21/pRK792/pGS-tevQ, co-expression of GFP-ENLYFQS-SsrA and the 

TEV protease resulted in 4.1-fold higher mean fluorescence (green). 

 

 

Instead of using the ΔssrA mutation to reduce the occurrence of false positives in 

the protease assay, an alternate strategy could be to increase the level of ClpXP present in 

the cytoplasm. To test this hypothesis, the clpXP operon was PCR-amplified from the 

genome of E. coli and cloned downstream from the araBAD promoter in pGS-tevQ to 

make pGS-tevQ-clpXP. This cloning strategy allows for the polycistronic expression of 

GFP-ENLYFQS-SsrA and ClpXP from the same promoter (araBAD). E. coli BL21 cells 

were transformed with pRK792 from a clone recovered during sorting that was found to 
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contain a truncated TEV protease sequence with tandem rare arginine codons (a false 

positive). The resulting strain was then transformed with either pGS-tevQ or pGS-tevQ-

clpXP. These two strains were grown as described above. Fluorescence of the two 

populations was analyzed by flow cytometry. Cells that overexpressed ClpXP exhibited 

lower fluorescence (median = 1.6, IQR = 1.4) than cells that did not (median = 45, IQR = 

23), consistent with the hypothesis stated above (Fig. 3.7A). This result indicates that 

higher levels of ClpXP can accommodate additional SsrA-tagged protein in this assay 

eliminating false positives due to tandem rare codons. To test the effect of ClpXP 

overexpression on true positives (i.e. cells expressing intact TEV protease and GFP-X-

SsrA), the plasmid pGS-tevQ-clpXP described above was transformed into E. coli BL21 

cells harboring plasmid pRK792 and encoding wild-type TEV protease. Cells from 

cultures that either had expression of the TEV protease induced by IPTG or were grown 

in the absence of the IPTG were analyzed by flow cytometry (Fig. 3.7B). While the true 

positive (median fluorescence = 17, IQR = 13) was still more fluorescent than 

background cells (median = 2.4, IQR = 2.7), the dynamic range of the assay was reduced 

when cells overexpressed ClpXP. 
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Figure 3.7.  Effect of ClpXP overexpression on fluorescence in the protease assay. (A) 

Fluorescence histograms of cells with (blue) and without (red) 

overexpressed ClpXP when co-expressing GFP-ENLYFQS-SsrA and a 

nonfunctional TEV protease variant with tandem arginine residues encoded 

by rare codons (a false positive). (B) Fluorescence histograms of cells with 

(yellow) and without (green) expression of wild-type TEV protease when 

co-expressing GFP-ENLYFQS-SsrA and ClpXP. 

 

3.4. Discussion 

The development of a single-cell fluorescent assay for protease activity in the 

cytoplasm of E. coli (see Chapter 2) has allowed for a novel high-throughput screening 

strategy that could be useful for directed evolution purposes. This strategy has inherent 

advantages relative to other protease screens, chiefly that it is one of only a few protease 

screens reported so far that operate in a high-throughput manner [Olsen, 2000; 

O'Loughlin, 2006; Sellamuthu, 2008]. High-throughput allows for directed evolution 

approaches that employ sequence randomization to generate large protein libraries 

covering a greater portion of sequence space. Additionally, the screen described here 
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functions in E. coli, which is low cost, has fast doubling times, and has high 

transformation efficiencies compared to other microbial expression systems. 

Furthermore, the genetically encoded substrate allows for rapid generation of new target 

peptide sequences through molecular cloning and eliminates the need for costly or time-

consuming chemical synthesis steps involving peptides or fluorophore modifications. 

Finally, in this screen, proteases can be expressed with their native N- and C-termini, as 

there is no need to incorporate signal sequences or anchoring peptides. Proteases are 

often regulated through propeptides, and therefore non-native fusions at the protease 

termini may not be well-tolerated [Demidyuk, 2010]. In cases for which a protease can 

accommodate terminal fusions, this screen allows for fusion partners such as MBP to be 

used to enhance protease expression and solubility [Kapust, 1999].  

A proof-of-concept experiment demonstrated that cells expressing a protease and 

its preferred substrate could be enriched from an excess of cells expressing that same 

protease with a non-preferred substrate. The TEV protease has been shown to cleave the 

sequence ENLYFQS with a kcat/KM of 5 mM
-1

sec
-1

 [Kapust, 2002a] and has been shown 

to cleave ENLYFRS in undetectable amounts [Dougherty, 1988]. Cells expressing the 

TEV protease and either GFP-ENLYFQS-SsrA or GFP-ENLYFRS-SsrA in the assay 

showed an 80-fold difference in median fluorescence (Fig. 3.1A). The large dynamic 

range of the assay allowed for sorting of clones displaying high catalytic activity with a 

100-fold enrichment factor after one round. This enrichment factor demonstrates the 

suitability of the assay for screening large libraries to detect protease activity. 

When the assay was used to isolate TEV protease variants that could cleave the 

sequence ENLYFRS, which is not recognized by the wild-type enzyme, by screening a 

large library of mutants generated by error-prone PCR, we instead observed and isolated 

mutations in the substrate expression plasmid. In one sorting experiment, a clone was 



 82 

recovered in which the E. coli insertion sequence IS3 had transposed itself between the 

coding regions of GFP and SsrA. This mutation resulted in the expression of GFP alone, 

rather than the intended GFP-X-SsrA fusion, causing a false positive signal. Insertion 

sequence IS3 is a type of mobile genetic element varying in length between 1200-1300 

bp, flanked by inverted repeats, and encoding its own transposase [Mahillon, 1998]. 

Insertion sequences are known to choose targets based on consensus sequences, GC- or 

AT-rich regions, and DNA structure influenced by supercoiling, replication, and 

transcription, but the target specificity of IS3 is not well defined [Mahillon, 1998]. It 

would have been difficult to predict a priori that the sequence in the gene for GFP-X-

SsrA was a target for IS3. 

One solution to avoid deleterious effects of insertion sequences may be to 

optimize the screen in a reduced-genome E. coli, which is an engineered strain with 

deletions of mobile DNA and non-essential, cryptic, and virulent genes [Pósfai, 2006]. 

One such strain is available commercially as Clean Genome® E. coli from Scarab 

Genomics (Madison, WI). Initial experiments were done with Clean Genome® E. coli to 

judge the strain‘s potential as a host with the assay. However, it was found that Clean 

Genome® E. coli expressing GFP-X-SsrA exhibited high fluorescence, indicating that 

GFP-X-SsrA is not degraded as rapidly in this strain as in E. coli BL21. Another solution 

to avoid insertion sequences in the gene encoding GFP-X-SsrA (from pGS-tevX) may be 

to recover the protease-encoding plasmid, pRK792, from cells after each round of sorting 

and re-transform it into fresh electrocompetent cells. If an insertion sequence is 

transposed into pGS-tevX and causes fluorescence, a false positive clone will be 

collected for one round. However, if that clone‘s protease gene is re-transformed into 

cells harboring fresh pGS-tevX, the clone will no longer be fluorescent in the assay and 

will not be sorted in the next round of screening. In this way, mutations by insertion 
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sequences should not be enriched. For the same reason, this approach would eliminate 

enrichment of deletion mutations in pGS-tevX like that seen in the sort of the saturation 

library (Fig. 3.3C).  

When the re-transformation strategy discussed above was adopted during library 

sorting, variants containing tandem rare arginine codons were enriched. These codons 

originated both from the targeted NNS mutagenesis and from deletions that resulted in a 

shift of the rare arginine codons into the reading frame of the protein. As tandem rare 

arginine codons have been shown to trigger SsrA-tagging [Roche, 1999], it seemed likely 

that this additional tagged protein was competing with GFP-X-SsrA for ClpX(A)P, 

slowing the degradation of GFP-X-SsrA, and resulting in the observed fluorescence of 

these clones. An attempt to use a ΔssrA strain to avoid this problem proved unsuccessful 

because cell fluorescence from a positive control (expressing the TEV protease and GFP-

ENLYFQS-SsrA) in the ΔssrA genetic background (median = 34) was substantially 

reduced from the fluorescence of the same positive control in the wild-type background 

(median = 140) (Fig. 3.6). It is unclear why an ssrA deletion would reduce fluorescence 

of a positive control in this assay, but ssrA is known to have diverse pleiotropic effects. 

Several phenotypes have been reported for ssrA mutants including growth defects at high 

temperatures [Komine, 1994], reduced phage propagation [Ranquet, 2001], increased 

sensitivity to some antibiotics [Abo, 2002], and growth inhibition under amino-acid 

starvation [Li, 2008]. Tracking the cause of the reduced fluorescence in the ΔssrA strain 

may be difficult amid these numerous phenotypic effects. 

Overexpression of ClpXP was also considered as a solution to the above issues. 

An increased level of ClpXP in the cytoplasm eliminated fluorescence in this assay of a 

―false positive‖ clone expressing a TEV protease variant from a sequence with tandem 

rare codons (Fig. 3.7A). However, the increased ClpXP also reduced the fluorescence of 
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a ―true positive‖ clone expressing wild-type TEV protease (Fig. 3.7B).One explanation 

for the weaker true positive control may be that GFP-X-SsrA is degraded more rapidly 

owing to the higher ClpXP levels, which gives the TEV protease less time to cleave its 

recognition sequence and rescue GFP from degradation. This possibility suggests a 

delicate balance between target protease, GFP-X-SsrA substrate, ClpXP, and native 

SsrA-tagged proteins. It may be possible to tune the levels of these species to optimize 

fluorescence and avoid false positives. Tuning could be accomplished by altering 

promoter strength, induction conditions, and plasmid copy number, but this would require 

significant optimization and further study. 

Although the sorting of TEV protease libraries to isolate variants with altered 

specificity has so far been unsuccessful, numerous options remain for improving the 

current screening method. As mentioned above, tuning the levels of substrate and 

protease to adjust the rate of GFP-X-SsrA degradation may prevent its buildup and result 

in improved fluorescence. Additionally, optimizing the fluorescent signal of the counter-

selection probe (BFP-Y-SsrA) could reduce some of the false positives that have been 

observed. In particular, mutations in the protease gene that result in the synthesis of TEV 

polypeptides that cause ribosomal stalling and become tagged with SsrA peptide would 

cause levels of both GFP-X-SsrA and BFP-Y-SsrA to increase. Clones expressing this 

type of protease would not be enriched because sorting with counter-selection only 

collects clones exhibiting an increase in GFP fluorescence and a decrease in BFP 

fluorescence. However, fluorescence from the counter-selection probe may need to be 

stronger than that provided by BFP-Y-SsrA (signal-to-background ratio of 2.9). While 

mTagBFP was chosen for its quantum yield, molar extinction coefficient, and 

chromophore maturation time [Subach, 2008], other fluorescent proteins may be better 

suited for the counter-selection probe. Derivatives of mRFP1, the so-called ―fruit‖ 
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fluorescent proteins, have been optimized for expression and fluorescence and do not 

overlap with GFP fluorescence [Shaner, 2004]. These proteins may provide better signal-

to-background ratios than mTagBFP. A final option for improving on the screening of 

TEV protease libraries discussed above would be to design new starting libraries. In 

particular, site-directed mutagenesis could be used to remove out-of-frame tandem rare 

codons from the library template prior to other mutagenesis strategies. Removing out-of-

frame tandem rare codons from the TEV protease gene could reduce the effect of 

deletions that shift the codons back into the reading frame and lead to translation stalling 

and SsrA-tagging. This type of sequence will no longer create a false positive clone and 

will not be enriched by sorting. An additional change in library design could be to submit 

residues of the TEV protease in a substrate binding pocket other than S1 to saturation 

mutagenesis; the library would be screened for altered specificity at the corresponding 

substrate position (P2, P3, etc.). Alternatively, proteases other than the TEV protease 

could be more amenable targets for engineering substrate specificity. 

Screening for altered specificity of the TEV protease was defeated by multiple, 

distinct mechanisms. As discussed above, these mechanisms included an insertion 

sequence mutation in the gene encoding GFP-X-SsrA, a deletion in the sequence 

encoding the SsrA tag, and two different occurrences of tandem rare arginine codons in 

the protease sequence. While the frequency of these seemingly rare events is difficult to 

estimate, the events are apparently more frequent than a variant with the desired activity 

in the created TEV protease libraries. This conclusion indicates that it is difficult to 

engineer the P1 specificity of the TEV protease. Additionally, this work emphasizes that 

proteases can evolve exquisite substrate specificity that is not easily altered. 
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Chapter 4. 

A Flow Cytometric Assay for Esterolytic Activity in Double Emulsions 

 

4.1. INTRODUCTION 

Esterases have been used for the production of chemicals, pharmaceuticals, 

flavors, and fragrances [Wohlgemuth, 2009]. Enantioselective esterases, in particular, 

have been applied to chiral synthesis, chiral resolution, and production of pharmaceutical 

molecules [Krishna, 2002]. As interest develops in industrially relevant 

biotransformations, naturally-occurring esterases are no longer sufficient to handle the 

growing diversity of unnatural substrates. Protein engineering has been explored for the 

development of novel esterases with desired activities [Reetz, 2007]. Directed evolution 

is a powerful tool for protein engineering in which populations of protein variants can be 

screened or selected for a given functionality [Arnold, 1999]. Directed evolution has been 

successfully applied to improve properties of esterases including thermostability [Giver, 

1998], activity [Kobayashi, 2010], and enantioselectivity [Ivancic, 2007]. 

Previous attempts to screen esterase libraries have relied on diffusible 

chromogenic or fluorogenic substrates (see section 1.3). Using diffusible substrates has 

necessitated spatial separation in wells of microtiter plates following bacterial colony 

picking [Reymond, 2006]. Plate-based screens limit throughput which in turn limits the 

amount of protein sequence space that can be explored for protein engineering. To 

address the low-throughput problem in directed evolution of enzymes, a new screening 

technology was developed based on water-in-oil emulsions [Tawfik, 1998; Griffiths, 
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2003; Kelly, 2007]. The water droplets in water-in-oil emulsions serve as independent 

reaction vessels where the same diffusible substrates from plate screens can be contained, 

allowing for screening of libraries as large at 10
11

 [Griffiths, 2006]. The emulsion 

technology was extended further to water-in-oil-in-water (w/o/w) double emulsions to 

allow for sorting by flow cytometry [Mastrobattista, 2005; Aharoni, 2005a].  

The BS2 esterase from Bacillus subtilis is a hydrolytic enzyme with a large 

binding pocket allowing it to react with a number of esters including acetates of sterically 

demanding tertiary alcohols [Bartsch, 2008]. Although its crystal structure has not been 

published, it is highly homologous to B. subtilis pNB esterase which has a known crystal 

structure [pdb:1QE3; Spiller, 1999] and differs in only 11 out of 489 amino acids 

[Kourist, 2007]. Based on homology to pNB esterase, BS2 consists of an α/β hydrolase 

fold with a catalytic triad of Ser189, His399, and Glu310. BS2 has been cloned and 

functionally expressed in E. coli [Schmidt, 2007]. One application of B. subtilis esterase 

is its use to enantioselectively cleave (S)-1-phenylethyl acetate and 1-arylalkyl esters to 

produce synthetic building blocks for pharmaceutical agents [Krell, 1997]. An application 

of the homologue pNB esterase is the enzymatic removal of p-nitrobenzyl blocking 

groups used in the synthesis of the antibiotics cephalosporin and 1-carbacephalosporin 

[Cantwell, 1995]. 

Recently, BS2 esterase and its homologue pNB esterase have been used in 

directed evolution studies. Based on the pNB esterase crystal structure, key residues in 

BS2 were subjected to site saturation mutagenesis and the resulting library was screened 

for changes in enantioselectivity towards acetylated tertiary alcohols [Bartsch, 2007]. The 

authors found variants with inverted enantioselectivity and identified the E188W and 

M193C mutations as important contributors to altered substrate binding. For pNB 

esterase, engineering attempts have improved thermal stability [Giver, 1998] and 



 88 

tolerance of aqueous-organic solvents [Moore, 1996]. All engineering experiments with 

BS2 esterase have relied upon 96-well plate screens as no higher-throughput esterase 

screens exist. 

In this work we report the development of a screen for esterase activity using 

double emulsions and flow cytometry. BS2 esterase was displayed on the surface of E. 

coli cells, which were then encapsulated in a water-in-oil-in-water (w/o/w) double 

emulsion with a fluorogenic substrate. In a model experiment, wild-type BS2 esterase 

was enriched from an excess of inactive mutant BS2 esterase, demonstrating the potential 

of the screen for sorting libraries of esterase variants based on catalysis. 

 

 

4.2. MATERIALS AND METHODS 

 

4.2.1. Bacterial Strains and Reagents 

E. coli strain DH5α [F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
- mK

+), λ– ] [Grant, 1990] was used as 

the host for construction of plasmids. E. coli strain ABLE C [lac (LacZω
-
) [Kan

r
 McrA

-
 

McrCB
-
 McrF

-
 Mrr

-
 HsdR (rK

-
 mK

-
)][F' proAB lacI

q
 ZΔM15 Tn10 (Tet

r
)]] (Stratagene — 

Santa Clara, CA) was used as the host for plate assays and flow cytometry experiments. 

Culture media, chemicals, and DNA-modifying enzymes were purchased from BD 

Biosciences (Sparks, MD), Sigma-Aldrich (St. Louis, MO), and New England Biolabs 

(Ipswich, MA), respectively. The fluorogenic ester substrates were synthesized by Dr. 

Karl Griswold. 

 



 89 

4.2.2. Construction of Plasmids 

The gene for BS2 esterase from B. subtilis in plasmid pGaston [Heinze, 2007] 

was kindly provided by Dr. Uwe Bornscheuer (University of Greifswald). To allow for 

surface display of the esterase in E. coli, the gene was cloned into plasmid pAPEx-1 

[Harvey, 2004].  Briefly, the gene was amplified by PCR with primers MCG238 (5'-

ATGTGCGGCCCAGCCGGCCATGACTCATCAAATAGTAACGAC-3') and MCG240 

(5'-GAACATGGCCCCCGAGGCCAAACAGAAGCTTGGCTGCAGTC-3') which 

appended flanking SfiI sites compatible with pAPEx-1. The amplicon and pAPEx-1 were 

digested with SfiI, gel purified (QIAquick Gel Extraction Kit, QIAGEN), and ligated to 

make pAPEx-BS2. A similar plasmid encoding the gene for cutinase from Fusarium 

solani, named pAPEx-cutinase, was obtained from Dr. Karl Griswold. A mutation, 

Ser189Ala, at the catalytic serine of BS2 esterase was added to pAPEx-BS2 by site 

directed mutagenesis [Cormack, 1994; Zheng, 2004] using primers MCG244 (5'-

GTAACAGTATTTGGAGAAGCCGCCGGCGGGATGAG-3') and MCG245 (5'-

CTCATCCCGCCGGCGGCTTCTCCAAATACTGTTAC-3').  

 

4.2.3. Microplate Assays 

The catalytic activity of cells expressing surface-displayed esterase with 

fluorescein esters was determined by a fluorescence plate assay. The relative activity of 

BS2 esterase with the following fluorogenic ester substrates was compared: fluorescein 

esters of butyrate, butyryl carbonate, R-acetylthio-2-methylpropionic acid, S-acetylthio-2-

methylpropionic acid, R-flurbiprofen, and S-flurbiprofen. First, pAPEx-BS2 plasmid, 

which encodes BS2 esterase downstream from a lac promoter, was transformed into E. 

coli ABLE C cells. A liquid culture was inoculated with E. coli ABLE C/pAPEx-BS2 

cells and grown in Luria-Bertani (LB) medium supplemented with chloramphenicol (30 
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mg/l) at 37°C until mid-log phase (OD600=0.6). The culture was then transferred to 25°C, 

and expression of esterase was induced through the addition of isopropyl β-D-

thiogalactopyranoside (IPTG) (0.5 mM). Cells continued to grow at 25°C for 4 h. Cells 

were centrifuged at 5,000 RCF for 5 min and resuspended in PBS, pH 7.4 to OD600=10. 

Wells in a standard 96-well optical bottom polystyrene plate were loaded with 100 μl of 

PBS and 50 μM fluorescein ester substrate. Then 5 μl of the cell suspension was added to 

the wells with mixing, and the fluorescence was immediately measured on a plate reader 

(Synergy HT Multi-Mode Microplate Reader (BioTek – Winooski, VT)). The 

fluorescence was detected using an excitation band pass filter of 485/20 nm and an 

emission band pass filter of 528/20 nm. 

 

4.2.4. Emulsification of E. coli Cells 

Cells were emulsified according to the method of Aharoni et al. [2005a]. Briefly, 

E. coli ABLE C cells harboring pAPEx-BS2 were grown at 37°C in LB medium 

supplemented with chloramphenicol (30 mg/l) until cells reached mid log phase 

(OD600=0.6). Cells were transferred to 25°C, and expression of esterase was induced 

through the addition of IPTG (0.5 mM). After 4 h, cells were centrifuged at 2,500 RCF 

for 5 min, resuspended in phosphate buffered saline (PBS) to OD600=10, and put on ice. 

The cell-permeant SYTO 61 red fluorescent nucleic acid stain (Invitrogen – Carlsbad, 

CA) was added (10 μM) and cells were incubated on ice for 15 min. Following SYTO-

labeling, 80 μl of the cell suspension (approximately 10
8
 cells) was added to a 12×75 mm 

polycarbonate tube followed by 0.8 μl of 10 mM fluorescein dibutyrate substrate. The 

cells and substrate were mixed by vortexing, and 800 μl of ice-cold oil mixture (2.9% 

(wt/wt) cetyl PEG/PPG-10/1 dimethicone (Abil EM-90) in light white mineral oil) was 
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immediately added. The two phases were homogenized on ice for 5 min at 9500 rpm by 

using an Ultra Turrax T25 Homogenizer with S25N-8G dispersion tool (IKA Works – 

Wilmington, NC) to form the primary water-in-oil emulsion. The second water phase was 

then added (800 μl 1.5% (wt/vol) medium viscosity carboxymethyl cellulose and 1.0% 

(wt/vol) octylphenol ethoxylate  (Triton X-102) in PBS pH 8.5), and the mixture was again 

homogenized on ice for 3 min at 8000 rpm resulting in the water-in-oil-in-water double 

emulsion. 

 

4.2.5. Flow Cytometry Analysis and Sorting 

After emulsification, the cells were moved to room temperature for 30 min to 

allow the hydrolysis reaction to proceed. The double emulsion was diluted 100-fold in 

PBS and analyzed on a FACSAria I flow cytometer (BD Biosciences – Sparks, MD). The 

cytometer threshold was set on red fluorescence (excitation at 633 nm and emission at 

660/20 nm) from the SYTO 61 nucleic acid stain to exclude empty emulsion droplets and 

other non-cell particulates. A gate was selected on high forward scatter and side scatter to 

exclude cells not trapped in the emulsion droplets. Finally, green fluorescence (excitation 

at 488 nm and emission at 530/30 nm) of the gated population was detected to track 

hydrolysis of the fluorescein substrate. For sorting, a 100:1 mixture of cells expressing 

S189A BS2 esterase to cells expressing wild-type BS2 esterase was emulsified. A gate 

was selected based on green fluorescence such that all but 0.1% of the negative control 

(cells expressing S189A BS2 esterase) was excluded. Sorted cells were collected in a 

microfuge tube, immediately spread on an agar plate containing LB medium 

supplemented with 30 mg/l chloramphenicol, and incubated overnight at 37°C. 
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Recovered clones were identified as containing wild-type BS2 esterase or the Ser189Ala 

mutant by assessing the clones‘ activity using the microplate assay discussed above. 

 

 

4.3. RESULTS 

 

4.3.1. Fluorogenic Esterase Substrates 

Fluorogenic esters are fluorophores that have been esterified at the phenolic 

oxygens which results in quenched or shifted spectral properties of the fluorophore. 

When fluorogenic esters are hydrolyzed, the fluorophore product regains its fluorescence 

properties, thus acting as a strong fluorescent signal indicating catalysis (Fig. 4.1). Esters 

of fluorescein are non-fluorescent and have long been used as fluorometric determination 

probes for lipase activity [Kramer, 1963]. Fluorescein is a xanthene dye that has been 

used to label or sense biomolecules because of its high extinction coefficient and 

quantum yield [Ge, 2007]. Due to the fluorescence properties discussed above, 

fluorescein esters can serve as substrates in a flow cytometric high-throughput screen for 

esterase activity.  
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Figure 4.1.  The hydrolysis of fluorescein esters in the presence of esterase. Fluorescein 

esters are non-fluorescent, but upon hydrolysis, fluorescein is liberated 

which is highly fluorescent. 

 

Prior to testing substrates in a flow cytometric screen, we used a microtiter plate 

assay to monitor BS2 esterase activity towards fluorescein esters. In the assay, the 

enzyme is expressed and displayed in the periplasm of E. coli. With anchored periplasmic 

expression (APEx), the enzyme is fused to the leader peptide and first six amino acids of 

NlpA, an E. coli lipoprotein that localizes to the inner membrane [Harvey, 2004]. The 

APEx display system is well suited to esterase screening for the following reasons: (1) 

the esterase remains physically linked to the DNA that encodes the esterase. The linkage 

is crucial for recovering DNA during screening experiments. (2) The periplasm offers 

greater accessibility than the cytoplasm for exogenous substrates. (3) The esterase is able 

to repeatedly catalyze hydrolysis of substrate. Thus, the assay can assess catalytic rates 

rather than single turnover events as is the case with many high-throughput assays 

reported in earlier studies. This point is significant because screens for clones based on 
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multiple turnovers allow for stronger signals, greater assay sensitivity, and isolation of 

enzyme variants with improved kcat enzymatic properties. 

We have measured the hydrolysis of fluorogenic esters by BS2 esterase in 

microtiter plates (Fig. 4.2). A previous member of our lab, Dr. Karl Griswold, 

synthesized ester substrates consisting of fluorescein as the alcohol moiety and acid 

moieties on both phenolic oxygens of fluorescein. The acid moieties in the ester 

substrates include butyrate, butyryl carbonate, R-acetylthio-2-methylpropionic acid, S-

acetylthio-2-methylpropionic acid, R-flurbiprofen, and S-flurbiprofen. Butyrate and 

butyryl carbonate were chosen because many esterases can hydrolyze esters with short-

chain carboxylic acids [Berger, 1998]. The other substrates, acetylthio-2-methylpropionic 

acid and flurbiprofen, were chosen for their pharmaceutical interest. S-acetylthio-2-

methylpropionic acid is an important intermediate in the synthesis of angiotensin-

converting enzyme inhibitors such as captopril [Cushman, 1977; Ko, 2004]. Flurbiprofen 

is an analgesic and anti-inflammatory drug [Lotsch, 1995] and R-flurbiprofen has shown 

anti-cancer activity in vitro [Andrews, 2008]. For the plate assay, cells harboring pAPEx-

BS2 were grown, and expression of BS2 esterase was induced as described above. The 

cells were added to wells of a microtiter plate containing PBS with 50 μM fluorescein 

substrate. The hydrolysis reaction was monitored by detecting fluorescence at 528 nm. 

Cells expressing BS2 esterase were found to hydrolyze fluorescein dibutyrate fastest of 

the six substrates, making it a good choice for modeling rapid turnover when designing 

the esterase assay below. 
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Figure 4.2.  Hydrolysis of fluorogenic ester substrates by E. coli expressing BS2 

esterase. Cells expressing BS2 esterase were mixed with PBS and 50 μM 

ester substrate on a 96-well plate. Fluorescence (528 nm) was tracked over 

time on a plate reader. The substrates were fluorescein esters with acid 

moieties of (1) di-butyrate, (2) di-butyryl carbonate, (3) di-R-acetylthio-2-

methylpropionic acid, (4) di-S-acetylthio-2-methylpropionic acid, (5) di-R-

flurbiprofen, or (6) di-S-flurbiprofen. 
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4.3.2. A Flow Cytometric Screen for Esterase Activity 

Microtiter plate assays allow for only medium-throughput screening of libraries, 

in the range of 10
3
-10

5 
clones per day even with automation [Aharoni, 2005b]. To find 

variants by directed evolution with substantially altered catalytic properties, often due to 

rare epistatic mutations, a more efficient screening system than plate assays is needed. 

Taking the principles of the plate assay described above, an esterase assay can be 

miniaturized from wells on a plate to microdroplets in an emulsion. Miniaturizing the 

assay allows for less reagent use and, most importantly, higher throughput. We adapted 

an emulsion-based assay for thiolactonase activity [Aharoni, 2005a] to instead assay 

esterase activity (Fig. 4.3A). 

E. coli ABLE C cells expressing BS2 esterase anchored to the periplasmic side of 

the inner membrane were labeled with a red fluorescent DNA stain, SYTO 61. A 

fluorogenic substrate, fluorescein dibutyrate (100 µM), was added to 1×10
8
 cells and the 

mixture was quickly emulsified in ice-cold mineral oil with AbilEM90 surfactant. The 

emulsification procedure resulted in >10
10

 aqueous droplets ensuring that the vast 

majority of droplets contained either one cell or none [Aharoni, 2005a]. A second 

emulsification step with another aqueous phase formed the water-in-oil-in-water double 

emulsion. The double emulsion was warmed to room temperature and the surface-

displayed esterase hydrolyzed substrate within the microcompartments. The released 

fluorescein product remained trapped in the inner aqueous droplet. The double emulsion 

was then diluted 100-fold in PBS to allow for flow cytometric analysis. 

For flow cytometry experiments, the detection threshold of the flow cytometer 

was set on SYTO 61 red fluorescence (Fig. 4.3B, plot 1). Thus, the cytometer registered 

only events containing a cell and ignored empty compartments. Using SYTO 61 

fluorescence as an indicator for the presence of a cell in a compartment, we found by 
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flow cytometry that only 0.8% of compartments contained a cell. This percentage 

matches an estimate based on the number of cells added to the emulsion (10
8
 cells) and 

number of compartments in the emulsion (10
10

 droplets) [Aharoni, 2005a]. After 

triggering on SYTO 61 fluorescence, a gate was selected based on events with high 

forward scatter and high side scatter to exclude cells that were not compartmentalized 

(30% of the population) (Fig. 4.3B, plot 2). Finally, esterase activity of the 

compartmentalized cells was detected with the green fluorescence (530 nm) generated by 

hydrolysis of fluorescein dibutyrate to fluorescein (Fig. 4.3B, plot 3). 
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Figure 4.3.  Compartmentalizing cells in a water-in-oil-in-water double emulsion for 

flow cytometry. (A) E. coli cells are used with a plasmid encoding a 

periplasmically-displayed esterase. Cells are labeled with a nucleic acid 

stain, mixed with a fluorogenic ester substrate, and compartmentalized in 

the aqueous droplets of a double emulsion. The surface-displayed esterase 

hydrolyzes its ester substrate within the droplet releasing fluorescein. 

Droplets are analyzed on a flow cytometer to detect the fluorescence of the 

fluorescein product. (B) (1) Threshold triggering on the flow cytometer is 

set based on the nucleic acid stain to exclude detection of empty droplets. 

(2) A gate is selected on events with high forward scatter and high side 

scatter to exclude cells that are not contained within emulsion droplets. (3) 

Fluorescence (530 nm) of the gated events is monitored to track enzymatic 

activity.  
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The presence of esterase activity within an emulsion droplet was detected using 

the following flow cytometric method. Cells expressing wild-type BS2 esterase were 

compared in the assay to cells expressing the inactive form of the enzyme, BS2 

Ser189Ala. Residue 189 is the active-site serine in BS2 esterase responsible for 

nucleophilic attack of esters [Spiller, 1999]. The Ser189Ala mutation abolishes enzymatic 

activity in the above microtiter plate assay (data not shown), and thus cells expressing 

Ser189Ala BS2 esterase were used as a negative control. In the flow cytometric assay 

(Fig. 4.4), emulsion compartments containing cells expressing the wild-type BS2 esterase 

had strong green fluorescence (median = 970, interquartile range (IQR) = 1900) relative 

to compartments containing cells expressing the Ser189Ala point mutant (median = 2.2, 

IQR = 3.2). The experiment was repeated three more times with comparable results 

indicating that the assay is reproducible. Although the ratio of median fluorescence 

between cells expressing wild-type enzyme and cells expressing Ser189Ala enzyme is 

>400, the IQR of the fluorescence distribution of the positive control is large relative to 

the median. The large IQR is likely caused by the polydisperse nature of the droplets 

within the emulsion [Tawfik, 1998; Aharoni, 2005a]. Despite the large range in 

fluorescence values of droplets in the positive control, a gate could be selected on green 

fluorescence such that only 0.1% of events from the negative control fell within the gate 

while 73% of events from the positive control did. This level of distinction between 

populations should allow for sorting of desired droplets expressing active enzyme. 
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Figure 4.4.  Flow cytometric detection of BS2 esterase activity from cells in w/o/w 

emulsion droplets. Cells expressing either wild-type BS2 esterase (red) or 

the inactive Ser189Ala point mutant (black) were compartmentalized in a 

double emulsion with 100 μM fluorescein dibutyrate. After a 30 min 

reaction time, the emulsion was diluted in PBS and analyzed by flow 

cytometry. 

 

 

4.3.3. Surfactant Inhibition of Esterase Activity 

Surfactants are required in order to maintain the stability of emulsions by 

preventing coalescence of droplets. In the two published double emulsion formulations 

that have been used for enzyme screening, polysorbate 80 (Tween 80) [Mastrobattista, 

2005] and octylphenol ethoxylate (Triton X-102) [Aharoni, 2005a] are water-soluble 
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surfactants added during emulsification. Additionally, the formulations use oil-soluble 

surfactants sorbitan monostearate (Span 60) [Mastrobattista, 2005] and cetyl PEG/PPG-

10/1 dimethicone (Abil EM 90) [Aharoni, 2005a]. Surfactants, however, can potentially 

inhibit esterase activity [Guilhermino, 2000]. Span 60 and Tween 80, in particular, 

contain ester linkages which could act as competitive substrates in the enzymatic 

reaction. 

To test esterase compatibility with the published emulsion formulations, a plate 

assay was used to gauge the level of surfactant inhibition on two esterases, cutinase from 

Fusarium solani and BS2 esterase (Fig. 4.5). Cutinase was chosen because of its 

relatively non-specific activity [Purdy, 1975], its optimized expression in E. coli 

[Griswold, 2003] and its use in previous protein engineering experiments [Araúko, 2007]. 

Three cultures were grown for the plate assay: E. coli ABLE C, E. coli ABLE C 

harboring plasmid pAPEx-cutinase, and E. coli ABLE C harboring plasmid pAPEx-BS2. 

The plate assay was performed as described above with wells containing 50 μM FDB in 

either PBS, PBS+0.5% Tween 80, or PBS+0.5% Triton X-102 (100 μl per well). The 

concentration of surfactant, 0.5%, was chosen to replicate conditions in the emulsion 

formulation used earlier by Tawfik and coworkers [Aharoni, 2005a]. Fluorescence was 

monitored for 7 h on a plate reader. Cutinase was found to be dramatically inhibited by 

both surfactants making it incompatible with the emulsion assay. BS2 esterase showed 

moderate inhibition by Tween 80 and no inhibition by Triton X-102. The lack of 

inhibition of BS2 esterase by Triton X-102 makes BS2 esterase suitable for 

emulsification using the method of Aharoni et al. [2005a] which uses Triton X-102 as 

opposed to the method of Mastrobattista et al. [2005] which uses Tween 80. 
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Figure 4.5.  Inhibition of esterase activity by surfactants used in emulsification. Cells 

expressing (A) no esterase, (B) cutinase  or (C) BS2 esterase were added to 

50 μM FDB in PBS (blue), PBS+0.5% Tween 80 (pink), or PBS+0.5% 

Triton X-102 (yellow). Fluorescence was monitored by plate reader. 
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4.3.4. Enrichment of Esterase-expressing Cells by Flow Cytometric Sorting of 

Microemulsions 

A model sorting experiment was performed using the emulsion assay to test 

enrichment of cells expressing an esterase with high activity (wild-type BS2 esterase) 

from an excess of cells expressing an esterase with low activity (Ser189Ala BS2 

esterase). The two cell populations were mixed in a 100:1 ratio of Ser189Ala esterase to 

wild-type esterase. The mixture was emulsified as described above with 100 μM 

fluorescein dibutyrate and analyzed by flow cytometry using SYTO 61 fluorescence, 

forward scatter versus side scatter, and fluorescein fluorescence. Events in the top 2% of 

green fluorescence were collected and spread on agar plates.  

Because of the large difference in enzymatic activity between wild-type and 

Ser189Ala BS2 esterase, the esterase gene in recovered colonies was identified using a 

simple microplate assay. Briefly, individual colonies from the recovery plate were 

randomly picked to inoculate wells of a 96-well plate where they were grown in liquid 

culture. As described above, expression of esterase was induced and cells were grown for 

an additional 4 h. Then, 5 μl of each culture were added to 100 μl of PBS and 50 μM 

fluorescein dibutyrate in a 96-well plate. Fluorescence was detected on a plate reader to 

determine if the picked colonies expressed wild-type or Ser189Ala BS2 esterase. The 

enrichment of wild-type BS2 esterase afforded by the screen, i.e. [fraction of 

positive/total cells]output/[fraction of positive/total cells]input, was found to be 50±10-fold 

over three replicates. 

 

4.4. DISCUSSION 

We have developed a high-throughput assay for esterase activity based on flow 

cytometric sorting of E. coli cells compartmentalized in a double emulsion. The assay 
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relies on (1) the expression of esterase anchored to the periplasmic side of the inner 

membrane of E. coli, (2) an ester substrate that fluoresces when hydrolyzed, (3) a w/o/w 

double emulsion in which single bacterial cells can be compartmentalized, and (4) a flow 

cytometer to detect substrate hydrolysis and collect compartments containing active 

esterase. Additionally, a model sorting experiment was used to show the efficiency of the 

screen and demonstrated a 50-fold enrichment of cells expressing wild-type BS2 esterase 

from an excess of cells expressing inactive esterase. 

The emulsion-based screen offers several advantages over existing esterase 

screens, including standard microtiter plate assays and the pHluorin-based screen (see 

Chapter 1). The ability to rapidly interrogate single cells by flow cytometry (>10
8
 

cells/day) makes a flow cytometric screen much more likely than a plate screen (10
3
-10

5
 

cells/day) to find rare variants in large libraries. Additionally, the quantitative output and 

dynamic range of the screen provide a means of distinguishing between differing levels 

of esterase activity. The flow cytometric nature of the screen also allows for the detection 

of multiple fluorescent parameters. With two fluorogenic substrates based on 

fluorophores with minimal spectral overlap, two separate enzymatic activities could be 

screened simultaneously. For example, enzyme libraries could be screened to select for 

variants with novel specificity but also reduced activity with the wild-type preferred 

substrate. As discussed in Section 2.1, this type of counter-selection during screening has 

been shown to help avoid ―generalist‖ enzyme variants with relaxed specificity 

[Varadarajan, 2008]. Finally, the emulsion-based screen is applicable to other esterase 

and fluorogenic substrates. Any esterase that can be expressed in E. coli (and is not 

inhibited by surfactants) and any fluorogenic substrate can be substituted for BS2 esterase 

and FDB. No reaction specific product-capture method is needed to maintain the 

genotype-to-phenotype linkage because product is contained within the compartment. 
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In developing the emulsion-based screening method, we have learned that not all 

esterases and emulsion formulations are compatible. For an emulsion to remain intact 

long enough for the hydrolysis reaction and flow cytometric sorting, the emulsion 

requires stabilizing surfactants. Some surfactants, however, can inhibit esterase activity 

[Guilhermino, 2000], and double emulsion formulations have used ester-based 

surfactants such as sorbitan monostearate (Span 60) or polysorbate 80 (Tween 80) 

[Mastrobattista, 2005; Wang, 2010].  Using a plate assay, we demonstrated that both an 

ester surfactant (Tween 80) and a non-ester surfactant (Triton X-102) inhibited cell 

surface-displayed cutinase, while the surfactants only minimally inhibited cell surface-

displayed BS2 esterase. As a result, BS2 esterase was chosen for all emulsion-based 

experiments. 

One drawback to the screening method presented here is that the alcohol portion 

of the ester substrate comprises the fluorophore and therefore cannot be changed.  In 

some assays using fluorophore-containing substrates, ―fluorophore addiction‖ of selected 

clones has been reported [Aharoni, 2006]. With fluorophore addiction, the increase in 

catalytic efficiency seen with selected enzyme variants is due to the creation of a 

fluorophore binding site. A solution to this problem could be to alternate fluorophores 

between rounds of screening [Yang, 2009]. Furthermore, esterases have been shown to 

interact with both the acid and alcohol portion of their substrates [Tarbouriech, 2005; 

Faulds, 2005]. Since natural ester substrates cannot be used, the emulsion-based screen is 

limited in applicability to esterases that mostly involve interactions with the acid portion 

of the ester substrate. Some esterases do interact predominantly with the acid portion of 

the ester [Ko, 2004], and these esterases would be best suited for screening with the 

fluorogenic substrates used above.  
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Chapter 5.  

Conclusions and Future Directions 

 

This dissertation describes the development of two high-throughput screens for 

hydrolases. One hydrolase assay exploits flow cytometry, fluorescent proteins, and the E. 

coli SsrA degradation system to detect specific proteolytic cleavage of peptide sequences. 

While screening libraries of TEV protease variants created by error-prone PCR and 

saturation mutagenesis, mutations in both GFP-X-SsrA and protease variants were 

isolated that cause fluorescence in the assay without specific cleavage of the substrate. 

Possible solutions to avoid the mutations, including sorting strategies, ClpXP 

overexpression, and ssrA deletion from the genome, were tested. The protease screen, 

with improvements in counter-selection or tuning ClpXP levels by overexpression, 

should serve as a platform for high-throughput screening of variant libraries with a 

variety of protease candidates. The second hydrolase assay uses compartmentalization of 

bacterial cells in double emulsions to form μm-sized reaction vessels for detecting 

esterolytic activity. With the assay, clones expressing an esterase with high activity were 

enriched by flow cytometry from clones expressing an esterase with low activity, 

demonstrating the potential of the screen for use with esterase libraries.   

The SsrA protease assay provides strong fluorescence output corresponding to 

specific proteolytic cleavage. The signal-to-background ratio of the fluorescence was 

greater than an order of magnitude allowing for measurement of varying levels of 

catalytic activity. Additionally, the fluorescence output of the assay should be correlated 

with catalytic turnover of substrate which is an important characteristic of screens when 

engineering catalytic properties of enzymes [Vanwetswinkel, 2000]. However, a 



 107 

fundamental weakness of the screen is that the GFP fluorescence is not a direct product 

of the protease reaction. Other undesirable events that block or slow SsrA degradation 

can cause cells to exhibit GFP fluorescence due to the accumulation of GFP-X-SsrA. 

Mutations in the GFP-X-SsrA substrate can remove the SsrA tag from the fusion protein, 

as was discovered during sorting of TEV protease libraries. Likewise, genomic mutations 

in clpX or clpP could prevent degradation. SspB facilitates delivery of SsrA-tagged 

substrates to ClpX [Dougan, 2003], and genomic mutations in sspB could also slow 

degradation of GFP-X-SsrA. Additionally, protease sequences containing tandem rare 

codons can lead to SsrA-tagging of protease polypeptides which in turn compete for 

ClpXP with GFP-X-SsrA. As ClpXP may easily saturate in the presence of high levels of 

SsrA-tagged protein [Hersch, 2004], GFP-X-SsrA will accumulate and cells will exhibit 

fluorescence despite a lack of specific protease cleavage. 

Fortunately, modifications to the protease assay can reduce the detrimental effect 

of mutations on sorting libraries. Adjusting the expression levels of protease, GFP-X-

SsrA substrate, and ClpXP in the cell may improve the balance between substrate 

cleavage by the target protease and substrate degradation by ClpXP. When ClpXP was 

overexpressed in the screen, cells co-expressing a ―false positive‖ protease (containing 

tandem rare codons) and GFP-X-SsrA no longer exhibited fluorescence (without ClpXP, 

median fluorescence = 45; with ClpXP, median = 1.6). Further adjustments to promoter 

strengths, ribosome binding sites, and expression conditions of protease, GFP-X-SsrA, 

and ClpXP may enhance signal-to-background levels and eliminate fluorescence from 

some false positive clones.  

Clones exhibiting fluorescence in the protease assay that is not a result of desired 

proteolytic cleavage can be avoided while sorting if an effective counter-selection 

substrate is used. Non-proteolytic effects that interfere with SsrA-mediated degradation 
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and cause accumulation of GFP-X-SsrA substrate will also cause accumulation of the 

BFP-Y-SsrA counter-selection substrate. An additional possibility is that a protease 

variant cleaves the three-part fusion but not at the desired position. Any cleavage event in 

the X substrate linker or in the SsrA tag will prevent recognition of GFP-X-SsrA by 

ClpXP and cause an increase in cell fluorescence. A counter-selection substrate, however, 

would have an identical SsrA tag and a Y linker differing from the X linker in only one 

position. Because of the similarities between a selection substrate and a counter-selection 

substrate, cleavage at an undesirable location should occur in both. Cleavage in one of the 

fluorescent proteins, however, will likely inactivate its fluorescence and those cells will 

not be sorted. A sorting gate can be selected to avoid cells exhibiting fluorescence from 

both selection and counter-selection substrates, and thus these undesirable clones will not 

be enriched. The potential for counter-selection with mTagBFP was demonstrated in this 

work, but the signal-to-background ratio with BFP-X-SsrA (2.9-fold) was small relative 

to the ratio with GFP-X-SsrA (21-fold). Further work to optimize expression of 

mTagBFP or to find a better fluorescent protein that does not overlap with GFP is needed 

to make counter-selection effective. Access to a green laser (532 nm or 561 nm) would 

allow for experimentation with the large number of mRFP1 derivatives that have 

improved fluorescence and expression properties [Shaner, 2004]. 

With the groundwork laid for a high-throughput protease assay, the next step is to 

screen libraries of protease variants. Initial screening of TEV protease libraries for altered 

P1 specificity was unsuccessful because of the isolated mutations mentioned above. 

Additionally, wild-type TEV protease has high specificity for glutamine at the P1 

position [Dougherty, 1988], and altering the specificity may require more amino acid 

exchanges than were possible in the libraries that were screened (0.3% error rate in one 

library and four sites by saturation mutagenesis in another). As an example, in isolating 
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OmpT variants with specificity for an aromatic residue at the P1 position, Varadarajan et 

al. [2008] constructed a library that targeted 21 amino acids around the active site using a 

partial mutagenesis strategy. A similar approach to constructing TEV protease libraries 

may be necessary. Alternately, specificity of the TEV protease at substrate positions (P1', 

P2, P3, etc.) other than P1 may be easier to engineer. Likewise, the specificity of 

proteases other than the TEV protease may be more amenable to engineering. Like the 

TEV protease, caspase-8 has high specificity at P1, but caspase-8 has more flexibility 

than the TEV protease in the amino acids it will accept at P4, P3, and P2 [Muzio, 1997; 

Dougherty, 1988]. Screening libraries of caspase-8 for variants that will cleave substrates 

with non-preferred residues at P4, P3, or P2 positions may be more successful. 

The double emulsion-based assay for esterase activity also provides strong 

fluorescence output corresponding to hydrolysis of fluorogenic esters, with a signal-to-

background ratio of 270 based on median fluorescence. The polydispersity of the 

emulsion compartments, however, causes a large range in fluorescence (median 

fluorescence = 970, interquartile range = 1900) when wild-type BS2 esterase and 

fluorescein dibutyrate (FDB) are emulsified. The large range may limit the sensitivity of 

the assay in distinguishing fine levels of catalytic activity. All the same, with this method, 

a microtiter plate assay was miniaturized to allow for flow cytometric screening of single 

cells. However, not all esterases are compatible with the surfactants used in the 

emulsification method. Ester-containing surfactants can compete as substrates with the 

target fluorogenic substrate, as was seen with Tween 80. Moreover, surfactants can 

inhibit esterolytic activity, as was seen with Triton X-102. Nevertheless, BS2 esterase 

was shown to be compatible with the emulsion formulation and would thus make a good 

target for initial engineering experiments. Previous directed evolution efforts with BS2 

esterase in a plate-based screen have resulted in inverted enantioselectivity [Bartsch, 
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2008]. Attempting a similar goal using the emulsion screen would provide a comparison 

between the high- and low-throughput methods.  

An alternative engineering goal with esterases could be to improve 

thermostability using the emulsion assay. Because BS2 esterase already has high activity 

with FDB, this ester substrate could be used as a reporter in the screen after heating cells 

expressing a library of esterase variants. Sorting fluorescent compartments would enrich 

for esterase variants that increased thermostability. Similarly, FDB could be used as a 

reporter to engineer other enzymatic properties. Due to the strong inhibition of cutinase 

by surfactants in the emulsion, it may be possible to engineer cutinase variants that can 

hydrolyze FDB in the presence of surfactants. An improved cutinase variant could then 

be used for further engineering experiments using emulsions or may even have uses in 

detergent applications.  

Further study of the emulsion assay using fluorogenic substrates with orthogonal 

fluorescence properties would be valuable for testing counter-selection conditions. 

Coumarin-based esters display similar fluorogenic properties to fluorescein-based esters, 

but upon hydrolysis coumarin emits blue fluorescence (emission max 450 nm) as 

opposed to fluorescein's green fluorescence (emission max 520 nm) [Sun, 1998; 

Invitrogen]. With two orthogonal fluorogenic substrates, the emulsion screen could be 

used to simultaneously select for increased activity towards one substrate and decreased 

activity towards another. This counter-selection strategy could be especially useful for 

engineering enantioselectivity. 
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