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Engineering protease substrate specificity and selectivity has the potential to yield 

entirely new possibilities in the analytical, biotechnological, and therapeutic domains.  

For example, therapeutic applications can be envisioned in which engineered proteases 

could replace antibodies by irreversibly inactivating a large excess of disease-associated 

target proteins in a catalytic fashion.  Technological advances in molecular biology have 

made laboratory-based evolution techniques for protein engineering readily accessible.  

However, the ability to interrogate the activities and substrate preference of large 

numbers of protease variants is predicated on the availability of quantitative high-

throughput assays that maintain the essential link between genotype and phenotype.  In 

this work we have investigated a variety of novel single cell fluorescence assays and 

selections for engineering protease substrate specificity and selectivity, and demonstrated 

the utility of some of these systems for the engineering of novel enzymes. 

The second chapter of this dissertation reports the isolation of a highly active 

(kcat/KM ~105 M-1s-1) variant of the Escherichia coli endopeptidase OmpT that selectively 

hydrolyzes peptides after 3-nitrotyrosine while effectively discriminating against similar 

peptides containing unmodified tyrosine, sulfotyrosine, phosphotyrosine and 
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phosphoserine.  The isolation of protease variants that can discriminate between 

substrates based on the posttranslational modification of Tyr was made possible by 

implementing a multi-color flow cytometric assay using multiple simultaneous counter-

selection substrates for the screening of large mutant libraries. 

While primary sequence recognition may suffice for proteomic applications, 

many therapeutic applications of engineered proteases will require the cleavage of folded 

protein targets.  Unfortunately, we have found that engineered proteases that can cleave 

peptides very efficiently are often unable to digest the same sequences inserted into the 

loop regions of a folded protein.  The logical conclusion, then, is that an entire target 

protein or at least a protein domain, rather than peptide segments, must be incorporated 

into protease engineering screening assays.  As a critical first step toward the 

development of next generation, single cell screening systems for therapeutic protease 

engineering we have developed novel assays that exploit cell surface capture of 

exogenous protein substrates.   

One assay (Chapter 3) relies on an autoinhibited protein fusion that capitalizes on 

the p53 antagonist MDM2 as a detector of protease activity in addition to its utility as a 

counter-selection substrate.  Using this system we successfully isolated OmpT variants 

that selectively cleave a designed site within our autoinhibited substrate.  A second high-

throughput screen (Chapter 4) monitors native protein cleavage.  Target proteins are 

captured at the cell surface using a polycationic tail, incorporating counter-selection, and 

the proteolytic state of the substrate can be monitored using epitope tags fused to the N-

and C-termini and fluorescently labeled anti-epitope tag antibodies. 
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Chapter 1: Introduction 

 

Proteases make up the largest family of enzymes constituting an estimated 2% of 

all human genes [1,2].  As such, proteases are involved in a vast array of cell functions, 

and are intimately tied to cell survival at many different levels [3].  While some 

proteases, such as those involved with digestion and protein recycling in cells, are 

relatively non-selective, most proteases have evolved to recognize a limited set of peptide 

sequences.  For example, the catalytic cascades associated with complex functions such 

as thrombosis, complement activation, and apoptosis are critically dependent on the 

exquisite substrate specificities of the participating proteases [4-6].  

Proteases have proven to be indispensable tools for industrial applications and 

biomedical research, especially proteomics.  For example, protease digestion is a routine 

sample preparation step for proteomic mass spectral analysis of complex protein 

mixtures.  In addition, proteases have been utilized as therapeutics, with many clinical 

applications relegated to enzyme replacement in genetically deficient patients.  One of 

the most visible protease therapeutics is probably tissue plasminogen activator (tPA) and 

its derivatives (Activase, TNKase, Retavase, among others), which are used to dissolve 

thrombi during myocardial infarction and stroke [7].  Of the six therapeutic proteases 

available in 2006, two have been engineered for enhanced properties such as serum half-

life, but specificity and selectivity have remained unaltered [8,9].   

The ability to precisely engineer protease substrate specificity advances the 

potential to use engineered proteases as therapeutics.  As opposed to antibody-based 

therapies that function in a stoichiometric fashion, engineered proteases may be deployed 

for the catalytic and irreversible inactivation of target proteins. Thanks to catalytic 
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turnover, a single protease molecule can inactivate numerous target proteins, thereby 

reducing dosing and treatment costs.  The possibility of engineering novel therapeutic 

proteases has spawned at least two companies (Catalyst Biosciences and DIREVO 

Biotech, acquired by Bayer), and several others have added enzyme engineering projects 

to their pipelines.  

Earlier efforts to engineer the specificity of proteases have generally centered on 

structure-based approaches involving the transplantation of specificity between 

homologous enzymes, as in the conversion of trypsin to chymotrypsin, and the generation 

of subtilisin BPN’ variants engineered to have furin-like specificity [11-15].  Although 

these and similar efforts pioneered the field of protease engineering, generating protease 

variants with truly novel substrate specificities has remained more elusive.  
 

1.1 CREATING DIVERSITY TO ALTER SPECIFICITY 

 

Protease specificity is denoted using the Schechter and Berger nomenclature [16] 

in which substrate residues are labeled PX-P1, where P1 is the new C-terminal residue 

following cleavage, and residues P1’-PX’, where P1’ is the new N-terminal residue 

following cleavage (H2N-PX…P3-P2-P1P1’-P2’-P3’…PX’-CO2H).  The corresponding 

subsites within the protease responsible for substrate recognition are labeled as SX-S1 

and S1’-SX’, respectively.  Often, the functional consequences of amino acids that 

compromise the various protease subsites (SX-SX’) are difficult or impossible to predict 

based on the crystal structure information alone.  Presumably for this reason, rational 

mutagenesis approaches by themselves have been limited in their ability to generate 

highly active and selective protease variants displaying altered substrate specificity [17-
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19].  Nevertheless, site directed mutagenesis in and around a putative active site can be 

used to “zero in” efficiently on protease specificity determinants, thereby providing 

guidance for directed evolution approaches [20-23].   

Technological advances in molecular biology have made gene assembly, 

modification and expression in microorganisms readily accessible [21-23].  A common 

methodology for the somewhat random diversification of a gene sequence is the error-

prone polymerase chain reaction (epPCR) [24], a technique that introduces mutations 

along the length of the gene being mutagenized.  DNA shuffling and ITCHY-

SCRATCHY [25,26] or their variations can also be employed for the homologous or non-

homologous recombination of gene pools.  Targeted approaches such as saturation 

mutagenesis at selected codons are also used [27,28] when structural information is 

available.   

The ability to interrogate the activities and substrate preferences of large numbers 

of enzyme variants is of particular importance in engineering proteases, because 

typically, a combination of amino acid changes is required to alter substrate specificity 

while maintaining high levels of catalytic activity.  Although never truly predictable, 

choosing which residues to randomize in a focused library can be informed by combining 

insights gleaned from structures as well as by rational mutagenesis experiments that 

probe potential subsites and their vicinity [29].   
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1.2 ASSAYING FOR VARIANTS 

 

The general scheme for isolating protease variants with desirable new attributes is 

easy to depict but technically very challenging to implement (Figure 1.1).  Protease 

engineering has most often relied on rational mutagenesis and low-throughput assays.  

An example of two recently engineered proteases using low throughput screening 

methods are the E. coli signal peptidase SPase I and rat brain neurolysin [30,31].  In both 

cases, enhanced activity for a desired new substrate was achieved by in vitro peptide 

hydrolysis assays involving fluorescence resonance energy transfer (FRET) as indicators 

Generate Diversity

Parent Protease

Screen/Select for 
desired specificity

Isolate Potential 
Variants

Characterize

e.g. Random mutagenesis,
Targeted mutagenesis

e.g. Display/FACS,
Survival,

Transcription activation

e.g. PCR,
Replication

Figure 1.1: Schematic summary of protease engineering.  Including, but not limited to, 
some processes and techniques used to perform laboratory-directed evolution. 
 



 5 

of activity.  The specificity of SPaseI was reprogrammed to accept Arg, Gln, and Tyr 

residues at the P3 position instead of the wild-type preferred Ala or other small aliphatic 

amino acids.  This change in specificity was accomplished by mutating two previously 

defined specificity-determining residues in SPase I [32].  The substrate specificity of rat 

brain neurolysin was altered at P2’ by a single amino acid change to accommodate Glu in 

place of the wild-type preferred Ala, resulting in a 10-fold switch in specificity (Table 

1.1).  

The effective exploration of protease sequence space and the isolation of enzyme 

variants with high catalytic activity and selectivity is predicated on the availability of 

quantitative high throughput assays for detecting catalytic activity.  In simple terms, a 

higher throughput protease library screening assay increases the likelihood that rare 

variants can be found possessing extraordinary levels of a desired new activity.  

Table 1.1: Kinetics parameters for Trypsin/Chymotypsin conversion, Rat Brain 
Neurolysin and SPase I. 

Enzyme Mutations Cleavage Site kcat/KM (M-1s-1) Fold switch in 
specificity Ref

Typsin — Lys!AMC 1.9±0.1x105 —

Rat Brain Neurolysin — RPKP!YAN 2.9x105 —
Y610L RPKP!VEN 1.9x105 10

SPase — AXA!AT Not Reported —
I86T, I144C XXA!AT Not Reported  —*

* In the case of SPase engineering, the specificty was relaxed at P3 and not alterred for a specific substrate.

Tr Ch[S1+L1+L2+Y172W]
I138T, Y172W, L185A, E186S, 
D189S, Q192M, Y217S, 219T, 
A221S, P222T, D223S, N224T

[31]

[30]

[13]Phe/Tyr/Trp!AMC 104 108
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However, the directed evolution of proteases poses unique complications 

compared to other enzyme systems.  Expression of most proteases is toxic to a host cell 

due to adventitious cleavage of any number of essential host proteins.  Also, in multi-

round directed evolution studies, the conversion of a “specialist enzyme” with narrow 

substrate selectivity to a specialist enzyme variant with a different but equally narrow 

specificity often proceeds via “generalist” intermediates, present in the middle rounds, 

that display relaxed specificity (Figure 1.2) [10,33].  Protease variants with relaxed 

substrate specificities are generally even more toxic to the host and therefore cannot be 

New Function!

W
ild

-T
yp

e 
Fu

nc
tio

n! “Generalist”!

“Specialist”!

“Specialist”!

Figure 1.2: Graphical depiction of protein evolution via promiscuous intermediates.  
Evolution of new functionality is expected to proceed either by i) large increases in new 
function with small decreases in original function, creating true generalists (red line) or 
ii) small increases in new function with larger losses of the original function (purple line). 
The second route is seen most often in experiments using dual selection, enabling 
counter-selection against wild-type activity.  Figure adapted from Khersonsky et al. [10]. 



 7 

expressed effectively.  In addition, there is always the possibility that a newly engineered 

protease will cleave and inactivate itself.  Nonetheless, technologies that overcome these 

constraints and have led to the successful engineering of interesting and useful protease 

variants have been reported in recent years. 

 

1.3 HIGH-THROUGHPUT PLATE BASED SCREENS FOR PROTEASE ENGINEERING 

 

1.3.1 ß-galactosidase Inactivation 

 

In an attempt to counter the isolation of promiscuous, or “generalist,” 

intermediates an in vivo E. coli screen based on ß-galactosidase (ß-gal) inactivation has 

been developed and applied to alter the specificity of the human immunodeficiency virus 

type I protease (HIV PR) [34].  It has previously been demonstrated in vivo that HIV PR 

will cleave an insertion of a decapeptide HIV PR cleavage site into an accessible surface 

loop of ß-gal when the two enzymes are co-expressed [35].  Furthermore, HIV PR 

cleavage is reduced and ß-gal activity is increased when this decapeptide is altered to a 

different sequence found in the human cytokine TNF-α.  Therefore, protease activity can 

be monitored as a decrease in ß-gal activity (Figure 1.3). 

The wild-type HIV PR is cytotoxic due to cleavage of essential E. coli proteins.  

Consequently, this toxicity was exploited to exclude promiscuous variants generated 

from an ePCR library.  Surviving variants were then assayed for a decrease in ß-gal 

activity.  Using this approach, an HIV PR variant containing two amino acid mutations, 

P9S/I50L, was recovered and further demonstrated to be specific for the new decapeptide 

sequence coupled with non-toxic expression (Table 1.2).  In that respect, the evolution of 
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HIV PR specificity was favored to bypass the “generalist” intermediates typically 

recovered during directed enzyme evolution [10]. 
  

1.3.2 The Yeast GASP system 

 

A common theme in gene regulation is the localization of a transcriptional 

activator at a site that is physically separated from the nucleus.   Interactions with 

signaling molecules or post-translational modifications, such as proteolytic cleavage of 

an anchoring motif, mediate the translocation of the activator to the nucleus resulting in 

transcription.  This concept, similar in principal to one previously described [36], was 

exploited in a yeast-based transcriptional activation screen, named GASP (genetic assay 

Figure 1.3: ß-galactosidase inactivation assay utilized in engineering HIV-PR.  A 
protease cleavage is introduced into an accessible loop of ß-galactosidase.  Protease 
cleavage within this loop abolishes ß-galactosidase activity preventing turnover of the 
XGal substrate, allowing the facile identification of colonies containing active protease. 
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for site-specific proteolysis), which was employed to alter the P2 specificity of the 

Hepatitis A Virus 3C protease (HAV 3CP) (Figure 1.4) [37].  Briefly, in this approach, 

the LexA-b42 transcription factor is sequestered at the cytoplasmic face of the plasma 

membrane by fusing it to an integral membrane protein using a cleavable linker.  Upon 

specific cleavage of the linker, the transcription factor diffuses to the nucleus and 

activates transcription of a reporter gene, in this case ß-galactosidase.  An HAV 3CP 

variant recovered from a focused four member saturation mutagenesis library was shown 

to display a greater than 5-fold reduction in wild-type activity, Thr at P2, and a 160-fold 

switch in specificity towards a peptide substrate containing Gln at P2 (Table 1.2).  

Figure 1.4: Yeast Gasp System.  A transcription factor is sequestered at the cytoplasmic 
face of the plasma membrane.  Cleavage of a peptide linker releases the transcription 
factor, which can then activate reporter gene expression. 

Table 1.2: Kinetic parameters and mutations for HIV PR, HAV3CP, and reported 
variants. 

Enzyme Mutations Cleavage Site kcat/KM (M-1s-1) Fold switch in 
specificity Ref

HIV PR — VSFNF!PQITL Not Reported —
P9S, I50L NRPDYLLFAE** Not Reported ! 2

HAV 3CP — ELRTQ!SFSN Not Reported —

Var7 M29V, H145C, K146W, K147G, 
L155W ELRQQ!SFSN Not Reported 160

** The precise cleavage site of HIV PR P9S/I50L was not identified

[34]

[36]
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1.4 FLUORESCENCE-ACTIVATED CELL SORTING (FACS) BASED SCREENS FOR 
PROTEASE ENGINEERING 

 

1.4.1 Fluorescence-Activated Cell Sorting 

 

Advantages of using a FACS-based approach to library screening include the very 

high throughput nature of FACS, exceeding 106 clones per hour (Figure 1.5).  In addition, 

multiple colors can be used in conjunction with multiple substrates so that a simultaneous 

selection/counterselection can be accomplished in the same screen [38,39].  Because 

FACS is a quantitative assay, library quality as well as the number of positive clones 

present under the given screening conditions can be ascertained in real-time.  Such real-

time analysis provides for the rapid optimization of conditions to favor isolation of only 

the desired variants.  This optimization can be as simple as adjusting substrate 

concentration and/or the FACS sort gates.  Despite the proven utility of FACS based 

assays in protein engineering very few exist for monitoring protease activity in vivo.  The 

development of assays capable of reporting protease substrate specificity and activity 

coupled to a fluorescence signal pose a significant challenge since the desired fluorescent 

signal must be linked to protease activity.  Additionally, the fluorescent signal must be 

“trapped” within the cell to prevent diffusion leading to a break of the requisite 

phenotype-genotype link. 
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1.4.2 GFP-ssrA Fluorescence Rescue with FACS Sorting 

 

The bacterial ssrA pathway salvages stalled ribosomes during translation by 

targeting the nascent polypeptide for destruction via the addition of an 11 amino acid C-

terminal peptide tag [40].  The exploitation of the ssrA-tag via fusion to the fluorescent 

reporter GFP, as well as other reporter genes, for protein engineering and screening 

Excitation Laser(s)!
Fluorescence!

!" #"

!"#$%&#" !"

Sheath!

Hydrodynamically!
Focused stream!

Sample!

Figure 1.5:  Fluorescence Activate Cell Sorting (FACS).  A mixed population of cells is 
hydrodynamically-focused into a single-file line and individual cells are interrogated by 
laser light.  Scattered light and fluorescence emission, which correlate with physical and 
chemical attributes, is detected.  Cells meeting desired criteria can be isolated via droplet 
deflection. 
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purposes has been previously described [41].  Owing to the short lived fluorescence of 

GFP as a result of the ssrA-tag fusion, the GFP-ssrA system is easily adapted to monitor 

protease activity.  In short, a protease substrate sequence can be introduced between the 

GFP and ssrA moieties.  Upon co-expression of a cleavage competent protease, the 

substrate sequence will be cleaved releasing the ssrA tag, rendering cells fluorescent.  In 

the absence of such a protease, the GFP-substrate-ssrA fusion will be targeted for 

degradation by the intracellular protease ClpXP, eliminating, or markedly reducing, the 

associated cellular fluorescence (Figure 1.6) [42,43].  

This screen has been employed to assess the optimal substrate specificity of the 

Tobacco Etch Virus protease, TEVp [44].  As opposed to in vitro methods of protease 
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Figure 1.6:  GFP-ssrA FACS Screen.  The ssrA degradation peptide tag is fused to GFP 
after a protease recognition site.  Protease cleavage liberates the tag resulting in sustained 
fluorescence.  In the absence of an active protease the GFP reporter is degraded by 
ClpXP, resulting in a decrease in the cellular fluorescence signal. 
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substrate evaluation, like positional scanning-synthetic combinatorial libraries, PS-SCL 

[45], which randomize a single substrate amino acid at a time, the GFP-ssrA screen 

permits a library of substrates, made using standard molecular biology techniques, to be 

screened covering many substrate positions simultaneously.  As anticipated, the optimal 

substrate specificity of TEVp was demonstrated to be ENLYFQG, as it was the most 

abundant substrate sequence isolated from three different libraries randomized at various 

positions. 

Future applications of the GFP-ssrA screen would also enable the engineering of 

protease substrate specificity.  Instead of creating libraries of substrates, libraries of 

protease variants could be screened for altered specificity against a desired sequence 

introduced between the GFP and ssrA moieties.  Furthermore, this screen may allow for 

the combination of both libraries of protease and libraries of substrate, potentially 

increasing the probability of isolating unique variants that might otherwise be missed.  

There is also the potential to include an orthogonal autofluorescent protein (AFP), which 

does not spectrally overlap with GFP, for enhanced counterselection [43], where the 

wild-type preferred sequence can be inserted between the AFP and a ssrA tag.  When 

used in conjunction with the selection substrate, variants displaying the novel specificity 

can be distinguished from wild-type-like or promiscuous variants by virtue of their 

fluorescence profile. 

However, with GFP-ssrA, there exists the possibility that clones giving a positive 

signal arise from mutations not associated with protease activity.  For example, 

introduction of a premature stop codon after GFP, but prior to the ssrA tag, can lead to 

high cell fluorescence independent of protease activity.  Aberrant positive signals with 

genetically encoded reporters, such as GFP-ssrA, have been previously observed [43].  
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One way to overcome this type of spurious signal is to add the protease substrate 

exogenously. 

 

1.4.3 E. coli Surface Expression Combined with FACS Sorting 

 

A versatile and powerful high throughput screen has also been developed for 

assaying protease activity in E. coli [46].  This technique relies on expression of the 

protease on the bacterial surface followed by fluorescence-activated cell sorting (FACS).  

Substrates that generate positively-charged fluorescent protease cleavage products are 

produced and electrostatically captured on the negatively-charged bacterial surface 

(Figure 1.7).  The capture of the fluorescent product by the cell results in a fluorescence 

signal that is proportional to the catalytic activity of the enzyme.  Thus, variants 

displaying a desired level of activity can be isolated. 

The E. coli surface expression/FACS assay system has proven to be remarkably 

successful for the engineering of the native E. coli protease outer membrane protein T 

(OmpT).  OmpT is a surface membrane protease that represents the prototypical member 

of the Omptin family from Gram-negative bacteria, folding into a ß-barrel composed of 

10-strands with surface exposed loops (Figure 1.8).  The protease cleaves substrates 

between dibasic residues with high catalytic efficiency, preferring Arg in both the P1 and  

P1’ [47,48].  The active site of OmpT is unique with respect to its catalytic tetrad, formed 

by Asp83, Asp85, Asp 210 and His212, that is found at the bottom of a large negatively 

charged groove consistent, with OmpT substrate specificity (Figure 1.8) [49].  

Additionally, OmpT has been implicated in bacterial virulence as it cleaves protamine 
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and other cationic peptides, an activity that confers protection against the action of these 

antibiotic agents [50,51].   
  

Figure 1.7: Surface expression and Electrostatic substrate capture with FACS.  A protease 
is expressed to the E. coli outermembrane.  Cells are simultaneously incubated with a 
positively charged selection substrate (labeled with BODIPY (BD) and a dark quencher 
(Q)) and a zwitterionic counter-selection substrate (labeled with tetramethylrhodamine 
(TMR)).  Cleaved substrates are captured on the negatively charged E. coli surface 
fluorescently labeling the cells according to the specificity profile of the expressed 
protease. 
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Figure 1.8:  The crystal structure of OmpT with overlaid electrostatic surface potential.  
Catalytic residues D83, D85, D210 and H212 are highlighted (bottom right).  
Additionally, the large negatively charged active site groove responsible for basic amino 
acid substrate specificity is depicted (bottom left). (PDB 1I78) 
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The engineering of OmpT variants with altered specificity at P1’, changing the  

preference from a basic residue preferred by wild-type OmpT to Val, has been reported 

[46].  Using a single FRET selection substrate and FACS, a variant with a 60-fold 

enhanced preference for cleavage at Arg-Val was isolated.  The implementation of multi-

color FACS by using fluorophores with different emission wavelengths enabled the 

simultaneous assay for activity with selection and counter-selection substrates.  Using 

this approach, an OmpT variant with several different mutations that displayed a 3 

million-fold preference for cleavage of an Ala-Arg sequence, while maintaining high 

overall catalytic activity, which was equivalent to wild-type OmpT cleaving its preferred 

Arg-Arg substrate, was isolated from an epPCR library.  This dramatic shift in selectivity, 

coupled with near wild-type activity of the engineered enzyme, was traced to a single 

mutation, Ser223Arg, which when introduced into OmpT alone, resulted in a variant that 

retained high levels of activity while completely abolishing all activity for cleavage of 

Arg-Arg substrates (Table 1.3) [52]. 

In subsequent studies, structural information regarding probable S1 residues led to 

the generation of a 3-member saturation mutagenesis library targeting the bottom of the 

S1 pocket of OmpT.  Screening of this library yielded a variant specific for Glu-Arg 

Table 1.3: Kinetics parameters and mutations for OmpT and reported variants. 

Enzyme Mutations Cleavage Site kcat/KM (M-1s-1) Fold switch in 
specificity Ref

OmpT — Arg!Arg 1.7±0.4x105 —
AR-OmpT S223R Ala!Arg >1.8x105 > 107

ER-OmpT E27L, D208R, S223G, L183F Glu!Arg 3±2x105 ! 106

YR-OmpT E27W, V29P, I170V, Y172V, 
D208H, Y221A, L265V Tyr!Arg 8±0.5x104 ! 106

TR2-OmpT
E27H, V29S, D208L, D214N, 
S223D, P243S, W253G, N270Y, 
S276G

Thr!Arg 2±1x104 ! 106

RV-OmpT D97H, S223D, Q63R Arg!Val 5±2x105 Not Reported

EA-OmpT
E27L, N48D, L183F, D208R, 
D214N, G216E, S223G, N244I, 
D274G, A280E

Glu!Ala 1±0.3x105 Not Reported

[52]

[53]
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(Table 1.3) [53], a specificity that has not yet been observed in naturally occurring 

proteases found in the database.  Importantly, the active site mutations responsible for the 

switch in substrate selectivity of the Glu-Arg specific variant were shown to be epistatic 

(that is they exhibited a non-additive effect on function), thereby enhancing the 

importance of screening focused mutagenesis libraries targeting specific sets of residues.   

The isolation of enzyme variants specific for aromatic or polar amino acids at P1 

required full or partial saturation libraries encompassing up to 21 residues around the 

active site.  These “expanding zone” libraries yielded enzyme variants specific for Tyr-

Arg and Thr-Arg.  Together these results validate the generality of using directed 

evolution principles coupled with a high-throughput FACS screen to isolate an entire 

family of protease variants reprogrammed to recognize a diverse array of peptide 

sequences.  These newly accepted substrate sequences spanned the entire range of 

chemical properties such as charge, relative hydrophobicity, and size (Table 1.3).  

Importantly, every protease variant in Table 1.3 exhibited a level of overall catalytic 

activity that was similar to the wild-type enzyme reacting with its preferred Arg-Arg 

substrate.  

Some of the engineered OmpT variants isolated using the screening methods 

above have been shown to have biologically relevant functions.  Microbial virulence is 

thought to rely, in part, on OmpT’s neutralizing activity against antimicrobial cationic 

peptides, ß-defensins [54], and its modest ability to activate plasminogen [55].  

Plasminogen activation occurs through cleavage of an Arg-Val bond [56] and the RV-

OmpT variant shown to convert plasminogen to plasmin in vitro with activity comparable 

to human tissue plasminogen activator (tPA).  Additionally, human ß-defensin 3 (HBD-3) 

contains potential cleavage sites recognizable by OmpT variants specific for Arg-Val or 

Thr-Arg.  In the presence of HBD-3, expression of either of these variants results in a 
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>2000-fold increase in cell viability compared to cells expressing no enzyme and 60-fold 

higher survival compared to wild-type OmpT. 

 

1.5 SPECIFICITY FOR POST-TRANSLATIONALLY MODIFIED AMINO ACIDS 

 

Although natural protease specificity profiles exhibit a remarkable diversity of 

substrate preferences [57,58], no naturally occurring protease reported to-date has been 

shown to recognize preferentially any post-translationally modified amino acids.  

Recently, however, two separate bacterial proteases, subtilisin BPN’ and OmpT, have 

been engineered to be specific at P1 for phosphorylated and sulfated tyrosine (Figure 

1.9), respectively [59,60].  Structure-guided mutagenesis of Subtilisin BPN’ at two 

positions lining the S1 pocket led to a variant (P129G, E156R) that displayed a 2500-fold 

switch in substrate selectivity, cleaving a phosphotyrosine-containing substrate 5-fold 

more efficiently than the wild-type substrate.  This same variant was found to be 2-fold 

more specific for phosphotyrosine over sulfotyrosine.   
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Figure 1.9: Post-translationally modified tyrosine side chains. (a) Tyrosine (b) 
Phosphorylated Tyrosine (c) Sulfated Tyrosine. 
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A sulfotyrosine-specific OmpT variant was isolated using the FACS-based assay 

from a 21-residue partial saturation mutagenesis library that was later backcrossed to 

wild-type OmpT using DNA shuffling.  The sulfotyrosine specific variant displayed high 

overall catalytic efficiency (Table 1.4) and was over 200-fold more selective for 

sulfotyrosine over phosphotyrosine.   

These two variants, specific for post-translationally modified Tyr, represent the 

crucial first step toward generating practical enzymes useful for the detection of post-

translational modifications.   

 

1.6 CONCLUSIONS 

 

The engineering of novel specificity into protease scaffolds holds tremendous 

promise as a route to generate new tools for analytical, biotechnological, and therapeutic 

applications.  As previously mentioned, proteases are difficult engineering targets for 

several reasons, including host toxicity arising from protease expression and the potential 

for self-cleavage of the enzyme.  Perhaps for these reasons, protease engineering is still 

an emerging field.  Recent reports of high-throughput assays for screening protease 

Enzyme Mutations Cleavage Site kcat/KM (M-1s-1) Fold switch in 
specificity Ref

sT4-OmpT
E27F, V29A, M87R, Y126C, 
E153D, I170V, D208R, Y221A, 
I282H

sTyr!Arg 1.1±0.2x105 ! 106 [60]

Subtilisin BPN' — Phe/Tyr!Gly 3x106 —
E156R, P129G pTyr!Gly 1.41x107 2500 [59]

Table 1.4: Kinetic parameters and mutations for engineered proteases specific for post-
translationally modified tyrosine. 
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libraries represent major milestones in the field, especially when used in conjuction with 

simultaneous selection/counterselection pressures using techniques such as FACS. 

Therapeutic proteases will require an extreme level of substrate specificity that 

will require expanded substrate recognition, extending well beyond P1 and P1’, to 

minimize potentially lethal off-target cleavage events.  In stark contrast, proteases 

intended for proteomic use, as in the detection of post-translationally modified amino 

acids, will need more relaxed substrate specificity displaying selectivity for the post-

translationally modified amino acid only.  In Chapter 2 we describe the augmentation of 

the existing E.coli FACS based screen to include simultaneous counter-selection pressure 

enabling the isolation of a protease variants displaying fine-tuned selectivity for a post-

translationally modified tyrosine, while maintaining near wild-type catalytic efficiency.  

This result represents a critical first step in generating proteases with proteomic utility. 

A looming hurdle that also must be confronted before engineered protease 

variants see widespread application, especially in the therapeutic realm, is their cleavage 

ability against fully folded target proteins.  To date, most protease variants are 

characterized using the same peptide substrates as were used for screening, or a slight 

variation thereof.  Consequently, with the exception of two OmpT variants that have been 

shown to be active against biologically relevant targets [53], it remains to be seen if 

activity against peptide substrates translates to activity against fully folded protein 

substrates.  In other words, it is reasonable to expect that engineered proteases will 

require specific substrate conformations for activity, despite the presence of the same 

primary sequence used in a peptide selection substrate [61,62].   

In Chapter 3 we probe the sequence-structure relationship using previously 

isolated OmpT variants by examining their activity against a wild-type OmpT substrate 

mutated at the cleavage site to correspond to the respective OmpT variants specificity.  
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Consequently, we determined it necessary to develop a new high-throughput screen 

utilizing an auto-inhibited protein as a substrate.  The novel screening system 

incorporates an element of constrained structure allowing the isolation of highly selective 

OmpT variants recognizing not only primary amino acid sequence but sequence in the 

context of structure.  Nevertheless, as detailed in Chapter 4, incorporating an element of 

constrained structure into the screening substrate still did not yield protease activity 

against a desired target protein, when target protein sequences were grafted into the auto-

inhibited screening substrate.  Therefore, another FACS based screen was developed, 

building off innovations from the auto-inhibited protein screen, that uses native protein 

substrates.  The ability to engineer proteases for activity against a desired, and potentially 

therapeutically relevant, substrate represents a milestone in engineering proteases for 

therapeutic applications. 

Finally, we describe attempted selection technologies based on the creation of a 

zymogen (Chapter 5 and Appendix I), and conclude with a brief discussion detailing 

potential future applications and limitations of these novel technologies (Chapter 6). 
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Chapter 2: Proteases that can distinguish among different 
posttranslational forms of tyrosine engineered using multi-color flow 

cytometry 

 

2.1 INTRODUCTION 

 

Proteases constitute the largest enzyme family with ~2000 identified members. In 

humans alone there are ~560 proteases, accounting for ~ 2 % of the genome [1].  

Proteases play fundamental roles in almost every cell function including migration, 

adhesion, apoptosis/degradation and signaling [2].  Therefore, it is not surprising that 

proteases exhibit a wide range of substrate preferences, catalytic activities and 

selectivities [1,2].  Unfortunately, however, the routine application of proteases in a wide 

variety of contexts from proteomics and biotechnology to therapeutics is restricted to 

only a small fraction of proteases like the subtilisins, trypsins and carboxypeptidases.  

Engineering programmed specificity into stable protease scaffolds holds promise as a 

route to a new generation of useful proteases.  For example, properly engineered 

proteases can be envisioned as the protein cleaving equivalents of restriction 

endonucleases, with the potential to revolutionize proteomic research [3].  As such, 

selectivity is a major consideration, because secondary/off-target cleavages will preclude 

any widespread application.  General high-throughput library screening assays are the 

first step towards isolating highly active protease variants possessing the desired new 

activity, but for practical applications it is likely that a counter-selection strategy will be 

required to engineer proteases with the appropriate selectivity [4-6]. 

The utility of counter-selection in programming enzyme selectivity is now widely 

recognized, but its implementation in screening experiments remains challenging from a 



 29 

technical standpoint [7].  Consequently, there have been few screening experiments that 

profile enzymatic reactivity across more than one substrate and those that have been 

reported have been primarily restricted to dual selections, i.e. they involve a single 

selection and a single counter-selection substrate [8,9].  Although such dual screening 

experiments might prove sufficient for certain enzymes, protease engineering will 

necessitate the use of multiple counter-selections to engineer precise selectivity [3,10].  A 

multiple simultaneous counterselection approach has at least two significant advantages 

compared to a tiered strategy using separate rounds with different individual 

counterselection substrates: 1) The simultaneous multicounterselection approach is 

potentially far less time and resource intensive compared to a tiered approach and 2) the 

most selective overall clone may not be the most active in any single counterselection 

experiment, increasing the risk it will be lost in an early round by being outcompeted due 

to an excess of more active clones with reduced selectivity. 

Current proteomic methodologies for detecting post-translational modifications 

are based mostly on tandem mass spectrometry (MS/MS) to sequence individual peptides 

generated via proteolysis using standard proteases such as chymotrypsins, trypsins and 

carboxypeptidases. However, it is still often difficult to identify all modification sites 

during proteomic analysis since post-translational modifications are often in low 

stoichiometric abundance, resulting in ion suppression during mass spectrometry [11,12], 

and labile under the ion dissociation methods used in tandem mass spectrometry [13-15].  

One potential strategy to circumvent this problem would be to engineer a set of proteases 

that only cleave at a site of modification, followed by either mass spectrometry or even 

fingerprint analysis using N-terminal sequencing to identify the site of cleavage and 

therefore the site of post-translational modification. Unfortunately, no naturally 

occurring, post-translational modification-specific proteases have been reported.   
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We, and others, have been pursuing an enzyme-engineering-based approach to 

produce the first proteases specific for substrates with post-translational modifications 

[10,16].  For example, Shokat and coworkers were able to engineer a bacterial protease 

subtilisin BPN’ variant with enhanced activity for phosphotyrosine (pTyr)-containing 

substrates [16].  However, this variant is incapable of adequately discriminating between 

phosphotyrosine, sulfotyrosine, tyrosine, nor phenylalanine.  We have previously 

reported an E. coli outer membrane protease (OmpT) variant capable of recognizing 

sulfotyrosine (sTyr).  Although the sTyr-specific variant displayed remarkable selectivity 

over pTyr (200-fold), its selectivity in comparison to unmodified tyrosine was only 

modest (10-fold) [10].  

 

2.2 3-NITRO-TYROSINE 

 

Posttranslational oxidation of tyrosine to 3-nitro-tyrosine (nTyr) (Figure 2.1), 

mediated by reactive nitrogen species, has been recognized as a biomarker for 

neurodegenerative and chronic inflammatory diseases like Parkinson’s, Alzheimer’s, 

cancer and ocular inflammation [17].  Nitration of tyrosine causes a dramatic shift in the   

side chain pKa from ~10 to ~7 and is usually associated with a decrease or loss in protein 

function [18].  Additionally, nitration is believed to modify the propensity of tyrosine to 

be phosphorylated thus permanently altering a proteins signaling capability [19].  Unlike 

phosphorylation/sulfation that are catalyzed by enzymes with preferred recognition 

sequences, nitration of tyrosine and other amino acids such as cysteine is the result of 

reactive nitrogen species that originate from NO [17], and only certain Tyr residues 

appear to be susceptible to nitration [20].  Currently, identifying nitration sites in proteins 
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is not trivial [17].  The lack of convenient tools that can identify nTyr containing 

peptides/proteins has been an obstacle in understanding its potential mechanistic 

contribution to inflammation/disease [19]. 

Herein, we report the engineering of enzymes that selectively hyrdolyze peptides 

with a nTyr residue in P1 with rates (kcat/KM ~105 M-1s-1) that are well over two orders of 

magnitude higher than peptides containing pTyr, sTyr or unmodified Tyr.  Key to the 

isolation of such enzymes was the implementation of a multi-color flow cytometric assay 

that enabled the selection of the desired activity with simultaneous counterselection 

against two (or potentially more) substrates.  This work represents the first critical step 

toward the production of a nTyr-specific protease useful for proteomic applications. 

 

2.3 RESULTS 
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 32 

 

The nTyrR selection substrate, 1a, contained a cleavage site (nTyr↓Arg) flanked 

by a fluorophore (Atto633, λem = 657 nm) and a positively-charged tail on one side, and a 

dark quencher (QSY21) on the other.  Cleavage after nTyr by any of the surface-
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displayed OmpT variants resulted in the capture of the positively-charged, red-

fluorescent portion of the substrate, thereby labeling the cells expressing an active variant 

red-fluorescent (Figure 2.2). Using the same scheme but different fluorescent dyes, three 

different counter-selection substrates (CSub) containing TyrArg (2a)/ sTyrArg (3a)/ 

pTyrArg (4a), were synthesized and flanked by BODIPY (λem = 505 nm) and QSY7   

(Figure 2.2B).  Cleavage at any of the CSubs lead to the electrostatic capture of an 

unquenched BODIPY-containing product, rendering the cells green fluorescent.  Another 

CSub using a zwitterionic, fluorescently-labeled (Tetramethyl rhodamine, orange 

fluorescent) peptide containing the dibasic ArgArg sequence (5a) preferred by the wild-

type (WT) OmpT was used to monitor parental-like activity. Simultaneous incubation of 

cells expressing OmpT variants with multiple substrates labeled the cells according to the 

selectivity profile of the surface-expressed variants, with red-only fluorescence indicating 

the desired selective variant, and any other combination indicating reduced selectivity, 

Figure 2.2: Three-color assay scheme and substrate design. (A) Three-color flow-
cytometric assay to engineer selectivity across multiple substrates.  BD = BODIPY, TMR 
= Tetramethyl rhodamine, At = Atto 633, Q = Dark quencher. (B) Sequences of the 
substrates used for screening and characterization. 

(B) 
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and therefore, undesired variants. The ability of the assay to report enzymic activity and 

selectivity accurately was confirmed using the previously reported OmpT-YR variant [3] 

(specific for cleavage between tyrosine and arginine residues) simultaneously incubated 

with 20 nM GluArg-BQ7 (7a), 20 nM TyrArg-AtQ21 (6a) and 100 nM ArgArg-

TMR (5a) (Figure 2.3).  

A partial saturation library targeting 21 amino acids encompassing the entire 

OmpT active-site [21] was constructed using oligonucleotide-based gene synthesis by 

mixing oligonucleotides containing the degenerate NNS codon (N = A, T, G, C; S = G, 

C) with wild-type oligonucleotides at a 9:1 molar ratio, respectively.  The resulting 

library was transformed into electrocompetent E. coli BL21(DE3), an ompP ompT 

deficient strain, to yield ~109 transformants (3-fold library coverage) [10].  The cells were 

grown at 37˚C to an OD600 of 2 units and a 1 ml aliquot of the culture in 1 % sucrose was 

incubated with 20 nM 1a, 20 nM 2a and 100 nM 5a.  Gates were set based on 

forward/side scatter, red (Atto633, 660/20 nm), green (BODIPY, 530/30 nm) and orange 

(TMR, 570/40 nm) fluorescence channels to isolate E. coli cells labeled exclusively red,  
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isolating ~1% of the population. Subsequent rounds of sorting were performed using 20 

nM 1a, 20 nM 2a (rounds 2&5)/ 20 nM 3a (round 3)/ 20nM 4a (round 4) and 100 nM 5a 

(Figure 2.4, for details of gating and sorting strategy please refer to Figures 2.5 and 2.6).  

After five rounds of regrowth and sorting, the isolated cells were plated. 

Subsequent flow-cytometric analysis of single clones (Figure 2.7) identified a highly 

active and selective OmpT variant designated OmpT-nYR. DNA sequencing revealed 

OmpT-nYR contained a total of seven amino acid changes including both an acidic and 

aromatic amino acid in the putative S1 binding pocket (Table 2.1).  

Figure 2.6: Tiered gating strategy employed for the isolation of selective OmpT variants 
(10,000 events displayed). Briefly, an initial gate P1, based on scatter is set to identify E. 
coli cells. A daughter gate, P2, is set to collect cells displaying high red fluorescence and 
low green fluorescence. A final gate, P3, set as the daughter of P2, is used to select 1% of 
the total variants that have high red fluorescence and low orange fluorescence. 

Table 2.1: Amino acid changes and kinetic parameters for WT OmpT and the OmpT-
nYR variant, measured at room temperature (25 °C). 

Enzyme Mutations Substrate, cleavage site kcat/KM (M-1s-1) Selectivity

WT OmpT - 5b, ArgArg 1.7 ±0.4 x 105  10

nYR-OmpT
V39G, E153S, I170V, G196S, 
D208F, S223G, L265G

1b, nTyrArg 8 ± 5 x 104

2b, TyrArg 5 ± 3 x 102 160-fold
3b, sTyrArg 22 ± 6 3600-fold
4b, pTyrArg <10 > 8000-fold
5b, ArgArg No measurable activity > 8000-fold
8b, pSerArg No measurable activity > 8000-fold
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The OmpT-nYR variant was purified (> 90% purity as judged by SDS-PAGE) by 

extraction with β–octylglucoside and the kinetics of hydrolysis of non-fluorescently 

labeled peptide substrates 1b-5b and 8b were determined.  Consistent with it’s 

fluorescence profile and the sorting criteria, OmpT-nYR demonstrated efficient 

hydrolysis of nTyrArg (1b, kcat/KM 8±5 x 104 M-1s-1) as well as high-selectivity based on 

greatly diminished cleavage activity with the substrates containing TyrArg (2b, 160-

fold), sTyrArg (3b, 3600-fold), pTyrArg (4b, >8000-fold) and ArgArg (5b, >8000-

fold) (Table 2.1). OmpT-nYR also showed no cross-reactivity with the phosphoserine 

peptide, 8b. Two particularly important features of the OmpT-nYR variant are that: 1) the 
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overall catalytic efficiency is comparable to WT OmpT with its preferred dibasic 

substrate 5b (Table 2.1) and 2) cross-reactivity was substantially eliminated by the 

designed concurrent counter-selection criteria.   

OmpT-nYR specificity was evaluated at P1’ using substrates 9c-11c.  Although, 

the enzyme displayed some activity against a substrate with Val in P1’ (9c), an activity 

present in wild-type OmpT, no hydrolysis was observed for nTyrTrp (10c) or nTyrGlu 

(11c) (Table 2.2), indicating the wild-type OmpT preference for a basic residue in P1’ 

likely remains intact in OmpT-nYR. 

2.4 DISCUSSION 

 

In order to facilitate the isolation of an engineered OmpT variant that could 

selectively distinguish nTyr (target post-translational modification) from sTyr, pTyr, Tyr 

(unmodified) and Arg (WT OmpT preferred) at P1, we designed a multi-color, flow-

cytometric assay capable of reporting activities with multiple substrates simultaneously  

(Figure 2.2).  A partial saturation mutagenesis library that systematically sampled 

combinations of different OmpT active site residues was constructed by oligonucleotide-

mediated gene-assembly PCR.  A 9:1 (randomized:wild-type oligonucleotide) molar ratio 

Enzyme Mutations Substrate, cleavage site kcat/KM (M-1s-1) Selectivity

WT OmpT - 5b, Arg!Arg 1.7 ±0.4 x 105  10

nYR-OmpT V39G, E153S, I170V, G196S, D208F, 
S223G, L265G

1b, nTyr!Arg 8 ± 5 x 104

9c, nTyr!Val 1.5 ± 0.6 x 102 530-fold
10c, nTyr!Trp No measurable activity > 8000-fold
11c, nTyr!Glu No measurable activity > 8000-fold

Table 2.2: Kinetic parameters for OmpT-nYR evaluated using substrates containing 
different amino acids at the P1’ position. 
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(across all 21 active site residues) produced an average of 10 amino acid substitutions per 

gene and allowed efficient exploration of sequence space while still retaining protein 

folding/function in a significant fraction of library clones. The OmpT library was 

expressed on the surface of E. coli and screened using the flow-cytometry assay.  High 

activity for the desired nTyr substrate was achieved on the basis of fluorescence color, 

thereby excluding reactivity towards sTyr/pTyr/Tyr/Arg.  To increase the stringency of 

the screen, the combination of counter-selection substrates was systematically varied 

through the different rounds of sorting (Figure 2.5).  After five rounds, cells expressing a 

highly active and selective variant, OmpT-nYR, were isolated (Figure 2.7).  

The putative S1 pocket of OmpT-nYR contained both an aromatic residue 

(Asp208Phe), capable of hydrophobic or possibly aromatic donor-acceptor interactions, 

and an acidic residue (Glu27).  Although the crystal structure of WT OmpT has been 

previously reported, earlier efforts to obtain co-crystals of substrate analogues bound to 

OmpT variants have been largely unsuccessful (communication from Navin 

Varadarajan), precluding assignment of a definitive molecular recognition motif.  

Nevertheless, using the WT OmpT structure as a guide, the putative S1 binding pocket of 

OmpT-nYR can be compared with the mutations seen in the previously reported sulfo-

tyrosine variant [10].  Both engineered proteins have a phenylalanine (aromatic residue) 

in S1 (Glu27Phe for sT4 and Asp208Phe for OmpT-nYR), but while sT4 has basic 

Table 2.3: Comparison of amino acid changes in OmpT-nYR versus the sulfotyrosine 
variant sT4. 

27 29 39 87 126 153 170 196 208 221 223 265 282
OmpT-nYR Glu Val Gly Met Tyr Ser Val Ser Phe Tyr Gly Gly Ile

sT4 Phe Ala Val Arg Cys Asp Val Gly Arg Ala Ser Leu His

Amino Acid
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residues (Ile282His and Asp208Arg) to presumably recognize the negatively charged 

sulfate, OmpT-nYR has an acidic residue (Glu27) (Table 2.3).   

A detailed kinetic characterization, accomplished using unlabeled peptide 

substrates confirmed that OmpT-nYR is capable of easily distinguishing between nTyr, 

sTyr, pTyr, and Tyr in the P1 position.  In particular, OmpT-nYR preferred nTyr in P1 by 

160-fold over Tyr, 3600-fold over sTyr and greater than 8,000-fold over pTyr (no 

reaction observed within the limits of detection). 

It is of interest to compare the P1 substrate specificity of OmpT-nYR with the 

specificities of WT OmpT and the previously reported sTyr-specific variant sT4, which 

was isolated using a single counter-selection (Arg-Arg) substrate [10].  The plots shown 

in Figure 2.8 provide a visualization of the overall specificity for each enzyme.  OmpT-

nYR is considerably more specific than sT4 at P1. Presumably, when selectivity between 

chemically and structurally similar amino acids is required, for example between post-

translationally modified tyrosines, the simultaneous multicounterselction approach 

enables the isolation of variants displaying the desired degree of discrimination.  

Importantly, the multicounterselection strategy apparently does not produce specificity at 

the expense of overall activity because OmpT-nYR exhibits a high level of overall 

catalytic activity (kcat/KM).  

Kinetic characterization of the P1’ specificity of OmpT-nYR demonstrated that 

the enzyme displayed low activity against a substrate containing Val in P1’ and virtually 

no activity towards substrates containing a Trp nor Glu in the same position (Table 2.2). 

This result is not surprising in light of the fact that the specificity profile of wild-type 

OmpT is similar at this position and that our screening assay was focused on engineering 

P1 specificity. Future engineering efforts, starting with the OmpT-nYR variant reported 

here, should be directed towards creating enzyme variants displaying broad specificity in 
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the P1’ position in an attempt to generate proteomic tools of practical value.  This should 

be a tractable problem given that previous reports from both our lab [3], and others [22], 

have demonstrated that plasticity can be engineered into OmpT at the S1’ site. 
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Figure 2.8: Substrate specificity 3D plot for three different enzymes, sT4, WT OmpT and 
OmpT-nYR as a function of the P1 amino acid of the substrate. 
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2.5 MATERIALS AND METHODS 

 

2.5.1 Substrate Synthesis 

 

The peptide substrates were purchased from Genscript (Piscatway, NJ, USA).  QSY7 C5 

maleimide, QSY21 carboxylic acid, succinimidyl ester, 5-carboxytetramethylrhodamine, 

succinimidyl ester (5-TAMRA, SE), and BODIPY-FL-SE were purchased from 

Invitrogen (Carlsbad, CA , USA).  Atto-633 maleimide was purchased from Atto-TEC 

GmbH (Sigen, Germany). 

The conjugation of fluorophores to the substrates 1a-7a was performed essentially as 

described before [3].  Navin Varadarajan performed the conjugation of 2a, 3a, 4a, and 5a 

previously [10,23,24]. 

 

2.5.2 Library Construction  

 

Library construction was performed by as previously described Navin Varadarajan [24]. 

 

Briefly, the ompT gene was assembled by PCR using a set of 48 oligonucleotides 

designed to include a 5’ EcoRI and a 3’ HindIII site for ligation into pDMLE19. Reaction 

profiles were: 95˚C, 1 min; 54 cycles – 95˚C, 30 s /45˚C, 30 s /72˚C, 30 s; then 72˚C for 

10 min. A 2 μl aliquot of the first PCR reaction was used as template to for a second PCR 

reaction, amplified using the primers 5’ 

CCGGGAATTCACCATGCGGGCGAAACTTCTGGGAATAGTC 3’ and 5’ 

AACAGCCAAGCTTTTAAAATGTGTACTTAAGACCAGCAGT 3’.  The PCR 
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product was then gel-purified, digested and ligated into pDMLE19.  A 3 μl aliquot of the 

desalted ligation reaction was transformed with 40 μl of electrocompetent E. coli 

MC1061 (araD139 Δ (ara-leu) 7696 Δlac174 galU galK hsr - hsm+ strAR) cells.  

Following incubation in 1 ml SOC media (Difco) at 37˚C for 1 h the entire 

transformation mixture was plated on LB plates supplemented with 1% glucose and 200 

μg/ml ampicillin. After growth at 37˚C for 8 h the cells were scraped and resuspended in 

2 ml LB and 1 ml of the cell suspension was used to inoculate 1 L of fresh media as 

above. The cells were harvested after 5 h of incubation at 25˚C plasmid DNA was 

isolated and then re-transformed into electrocompetent E. coli BL21(DE3) (F- ompT  

hsdSB(rB
- mB

-) gal dcm (DE3)).  Finally, for library screening the transformants were 

grown to an OD600 of 2.0 in 1 L of 2xYT medium (Difco) containing 200 μg/ml of 

ampicillin at 37˚C.  

 

For the construction of the 90% NNS library, a 9:1 mix of the NNS oligonucleotides and 

the wild-type codon oligonucleotides corresponding to residues 27, 29, 39, 40, 42, 44, 81, 

87, 97, 101, 148, 150, 153, 163, 170, 208, 221, 263, 265, 280 and 282 were used to 

assemble the gene [21]. All oligonucleotides were purchased from IDT DNA 

Technologies (Coraville, IA). 

 

2.5.3 Library Screening 

 

The plasmid library was transformed into electrocompetent E. coli BL21(DE3) (F- ompT  

hsdSB(rB
- mB

-) gal dcm (DE3) ) and the cells grown to an OD600 of 2.0 in 1 L of 2xYT 

supplemented with 200 µg/ml of ampicillin at 37˚C (6-8 h). An aliquot of the cells 
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adjusted to an OD600 of 2.0 (1 ml) was centrifuged at 10,000 rpm for 2 min using a micro-

centrifuge.  The supernatant was discarded and the cells were resuspended in 1 ml of 1% 

sucrose. The procedure was repeated once and a 50 µL aliquot of the cell suspension was 

added to 948 µl of 1% sucrose and labeled using 1 µl of the appropriate selection 

substrate (1a, final concentration 20 nM) 1µl of the counter- selection substrate 

(2a/3a/4a, final concentration 20 nM) and 1µl of the wild-type counter-selection 

substrate (5a, final concentration 100nM). An 800 µl aliquot of this labeling reaction was 

mixed with 200 µl of 1% sucrose and analyzed on a BD Biosciences FACSAria flow 

cytometer.  Library sorting was performed on the FACSAria using gates set based upon 

FSC/SSC and Red, Green, and Orange Fluorescence channels (Figures 2.5 and 2.6).  A 

total of ~1x107 cells were screened using nine separate labeling reactions and ~1% of the 

most fluorescent cells were sorted into 3 ml of 2xYT media supplemented with 200 

µg/ml ampicillin. The cells were grown to an OD600 of 2.0, resorted and the process 

repeated until the mean fluorescence of the highly fluorescent population remained 

constant.  After 5 rounds of sorting and resorting the cells were plated on selective media 

and individual colonies were analyzed on the flow cytometer. 

 

2.5.4 Enzyme purification and characterization  

 

Enzyme purification and kinetic analysis were performed as previously described [3]. 
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Chapter 3: Directed Evolution of Highly Selective Proteases Using a 
Novel FACS Based Screen that Capitalizes on the p53 Regulator MDM2 

 

3.1 INTRODUCTION 

 

Proteases could be attractive as protein therapeutics capable of irreversibly 

deactivating proteins associated with disease states, provided that they can be engineered 

to cleave disease target proteins with specificities sufficient to avoid unwanted side 

effects.  Rational design and directed evolution approaches have been employed with 

various degrees of success for the engineering of protease specificity [1-5] [6-10].  These 

studies have revealed two major bottlenecks in the pursuit of proteases engineered for 

therapeutic applications.  

First, the generation of proteases exhibiting novel substrate specificity often 

amounts to relaxed selectivity rather than a true change in specificity [11-13]. In order to 

combat this problem, our laboratory has developed directed evolution strategies for 

protease engineering using one or more counter-selection substrates [14-17].  Using the 

counter-selection approach, we have been able to isolate variants of the E. coli outer 

membrane endopeptidase OmpT, which normally exhibits a strong preference for the 

hydrolysis of substrates that contain a basic amino acid (Lys or Arg) at the P1 and P1’ 

positions (Schechter and Berger nomenclature) [18], that instead, can selectively cleave 

peptides containing a small hydrophobic, polar, aromatic or even negatively charged 

residue at P1.  We have even isolated OmpT variants that preferentially cleave a 

completely different sequence in both P1 and P1’ such as Glu-Ala [14,17].  Additionally 

we were able to isolate OmpT variants engineered to cleave following post-

translationally modified tyrosine residues.  One of these engineered proteases showed 
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more than a 100-fold catalytic discrimination towards nitrotyrosine relative to peptides 

containing unmodified Tyr or other Tyr modifications (e.g. sulfotyrosine or 

phosphotyrosine) [15,16].    

The second bottleneck in the engineering of therapeutic proteases is that enzymes 

designed or evolved to cleave peptides with high selectivities and catalytic activities may 

fail to recognize the same amino acid sequence in the context of a folded protein.  Most 

proteases recognize their preferred sequences in an extended (ß-sheet-like) conformation 

[19].  As a result, a preferred amino acid sequence that as a free peptide is a suitable 

substrate for a protease, may not be cleaved in the context of an inaccessible or 

structurally constrained portion of secondary structure within a protein [20].  The 

inability of proteases to cleave proteins containing putative substrate peptide sequences 

within loops or sites that would be expected to be accessible based on crystallographic 

data, is well documented [21].  

 

3.2 FROM PEPTIDES TO PROTEINS 

  

In our own work, we have also found a striking lack of correspondence between 

peptide and protein cleavage by our engineered OmpT proteases [17].  We have found 

that some OmpT variants engineered to cleave peptide selection substrates fail to digest 

efficiently, T7 RNA polymerase (T7RNAP) [22], a substrate of wild-type OmpT, in 

which the site cleaved by OmpT had been substituted with the dipeptide recognized by 

the OmpT variant enzyme.  It has been reported, and verified using N-terminal 

sequencing, that wild-type OmpT first cleaves T7RNAP at Lys172Arg173 (Figure 3.1) 

[22].  However, no selective or efficient cleavage was observed for T7RNAP in which 
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positions 172-173 were substituted either with Ala-Arg, Glu-Arg, or Glu-Ala to match 

the specificity of the highly efficient OmpT variants OmpT-S223R, OmpT-ER and 

OmpT-EA, engineered respectively to cleave AlaArg, GluArg and GluAla in peptide 

substrates.  

 The OmpT variant S223R contains a single mutation that confers a 1.8x105-fold 

change in substrate selectivity using peptide substrates, with virtually no detectable 

activity towards dibasic substrates.  Consistent with the peptide results, OmpT-S223R 

hydrolyzes T7RNAP-AR (verified by N-terminal sequencing) (Figure 3.2, Table 3.1), 

albeit with significantly lower efficiency than wild-type OmpT cleaving wild-type 

T7RNAP.  Unexpectedly, however, OmpT-S223R also cleaves wild-type T7RNAP 

(position not determined) (Figure 3.2).   

Figure 3.1: wild-type T7RNA Polymerase (T7RNAP) digested with increasing 
concentrations of wild-type OmpT at 37˚C for 2h. 
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An even higher concentration of the variant OmpT-ER was required to cleave its 

corresponding T7RNAP-ER substrate (verified by N-terminal sequencing), and even with 

stoichiometric excess, OmpT-EA was unable to cleave T7RNAP-EA after overnight 

incubation (Figure 3.2, Table 3.1).  Together, the relatively high concentrations of 
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Figure 3.2:  OmpT variant digestion of corresponding T7RNAP.  Indicated 
concentrations of OmpT were incubated with 2µg (1.3µM) T7RNAP for 2h at 37˚C and 
analyzed by SDS-PAGE. 

Table 3.1:  Summary of OmpT variant efficiencies and digestion of T7RNAP.  
Concentrations indicated in parenthesis represent the amount of protease required to 
achieve equivalent digestion of T7RNAP. 

Enzyme!
No. of Active !

Site 
Mutations!

Specificity!
kcat/Km (M-1s-1)!

Peptide 
Substrate!

Can Cleave !
corresponding 

T7RNAP!

N-terminal Sequencing 
Result!

OmpT (wt)! n/a! R!R, R!K!
K!R, K!K! 1.7x105! Yes, (10pM)! K172!R173VGHVYKKAF!

OmpT-S223R! 1! A!R! 2.6x105! Yes, (100nM)! A172!R173VGHVYKKAF!

OmpT-ER! 3! E!R! 3x105! Yes, (500nM)! E172!R173VGHVYKKAF!

OmpT-EA! 9! E!A! 1x106! No! n/a!
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OmpT-S223R and OmpT-ER required to produce cleavage of their corresponding 

T7RNAP susbtrates, and the complete lack of any cleavage seen for OmpT-EA, strongly 

implies that a necessary structural component to protease-substrate recognition is 

generally lacking in peptide based screens.   

 

3.3 DESIGNING A PROTEIN BASED SCREEN 

 

One way to overcome the problem arising from the finding that proteases 

engineered to cleave peptides do not appear to cleave protein substrates containing the 

engineered cleavage site, is to devise high-throughput screens that require the cleavage of 

a desired protein substrate.  For example, in a recent study, Matsumura and coworkers [7] 

developed a screen for the selection of HIV protease variants expressed in E. coli that 

were both non-toxic to the host and had been evolved to cleave a peptide sequence 

introduced into an accessible loop of β-galactosidase [23].   However, this strategy and 

other in vivo screens that exploit the cleavage of a substrate within the host [8] are 

applicable only to protein substrates that can be readily detected in colonies by virtue of 

their enzymatic activity.   Furthermore, in vivo screens do not provide control over the 

kinetic properties of the selected enzymes, nor are they particularly effective in 

eliminating the cleavage of wild-type substrates or other undesired sequences [24]. 

As a first step towards the development of next generation screening systems for 

therapeutic protease engineering we have developed a novel single cell assay that exploits 

cell surface capture of exogenous protein substrates (Figure 3.3).  This assay capitalizes 

on the p53 antagonist MDM2 as a detector of protease activity in addition to its utility as 

a counter-selection substrate.   The tumor suppressor p53 functions to preserve genomic  
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Figure 3.3 Cytometric analysis of OmpT catalytic activity. The activity of OmpT can be 
analyzed using two components: autoinhibited protein and peptide-dye conjugate. (A) 
The positively charged autoinhibited protein associates with the negatively charged 
bacterial cell surface. However, the protein has very low binding affinity to the peptide-
dye conjugate, and the cells are not fluorescent. (B) When cells express a specific OmpT 
variant, the autoinhibition is relieved, and thus the cells become fluorescent. (C) 
Sequences of peptides and substrates used for autoinhibition and fluorescent labeling. 
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integrity in normally dividing cells [25].  Mutations resulting in inactivation of p53 are 

implicated in >50% of cancers, including but not limited to, cancers of the colon, breast, 

lung, pancreas and brain [26].  The p53 protein is negatively regulated by MDM2, which 

contains, among others, a p53 binding domain[27-29] as well as an E3 ubiquitin ligase 

domain, responsible for marking p53 for proteosomal destruction [30,31].  Similar to p53, 

the aberrant regulation of MDM2 has also been implicated in many cancers.  The N-

terminal domain of MDM2 binds directly to the N-terminal transactivation domain of p53 

[27,29].  More specifically, studies have shown that MDM2 recognizes an unstructured 

peptide with the sequence E17TFSDLWKLLPEN29 (p53-TAD, Figure 3.3C) located 

within the transactivating domain of p53 with an affinity in the ∼0.5-1µM range [32,33].  

Structural evidence suggests that p53-TAD binds to MDM2 in a helical conformation and 

that the C-terminus of the p53-TAD peptide is in close proximity to the N-terminus of 

MDM2 (Figure 3.4) [27,32,33].  In addition to the p53-TAD peptide, several p53-TAD 

variants and other peptides capable of associating with MDM2 have been identified 

through peptide screens.  One such peptide, designated PMI, exhibits a dissociation 

constant of 3nM (Figure 3.3C) [33].  

As shown in Figure 3.4, our protease screening platform, is built around MDM2 

fused to a C-terminal poly-Arg tail and an N-terminal extension comprised of a putative 

proteolysis target cleavage sequence joined to a flexible linker and the p53-TAD 

sequence, designated construct 1 [34]. Because of the facile intramolecular interaction 

between MDM2 and the p53-TAD peptide, the MDM2 binding site is primarily occupied. 

Thus, construct 1 displays a low effective binding affinity in trans, following incubation 

with an excess of PMI peptide conjugated to the fluorescent dye BODIPY (PMI-BD, 

Figure 3.3C). The C-terminal poly-Arginine sequence of construct 1 ensures strong 

association via electrostatic interactions with the negatively-charged surface of E. coli or 
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of other microbial hosts, as desired.  Cleavage within the protease substrate domain of 

construct 1 on the E. coli surface by expressed OmpT variants results in the release of the 

p53-TAD peptide, and the unliganded MDM2 on the cell surface can now bind PMI-BD, 

thus rendering cells fluorescent with an overall intensity that correlates with OmpT 

catalytic turnover.    

Construct 1 and the control, construct 2, composed of only MDM2 with a C-

terminal poly-Arg fusion (Figure 3.4C) were expressed in E. coli and purified, and their 

apparent binding to PMI-BD on cell surfaces was determined.  As expected, when E. coli 

BL21(DE3), an ompT deficient strain, is incubated with the control construct 2 and PMI-

BD, the cells are rendered fluorescent (Figure 3.5A), but when incubated with the same 

Figure 3.4: (A) Structure of the N-terminal domain of MDM2 (green) and the p53 peptide 
(pink). (B) Engineering of an autoinhibited MDM2 with a polyarginine tail (construct 1). 
(C) Schematic representation of autoinhibited-substrate-MDM2-polyArg (construct 1) 
and MDM2-polyArg (construct 2). 
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concentration of construct 1 and PMI-BD, there is a >10-fold reduction in detectable 

fluorescence (Figure 3.5B).  

Importantly, construct 1 includes a built-in counter-selection system.  Any OmpT 

variant that displays either the wild-type or greatly relaxed specificity are expected to 

give a significantly diminished fluorescent signal. For example, wild-type OmpT cleaves 

Figure 3.5:  Flow cytometric analysis of E. coli BL21(DE3) incubated with (A) PMI-BD 
and construct 2 or (B) construct 1. 
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Figure 3.6:  Flow cytometric analysis of (A) E. coli BL21(DE3) expressing wild-type 
OmpT and (B) E. coli BL21(DE3). The cells were incubated with construct 2 and PMI-
BD, and the fluorescence of cell populations was examined. (Mean fluorescence intensity 
differs from Figure 3.5 due to different PMT settings.) 
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the poly-Arg tail, precluding association with the E. coli outer membrane (Figure 3.6).   

Thus, any variants retaining the wild-type OmpT specificity leading to cleavage of the 

polyArg tail or, alternatively, displaying relaxed selectivity leading to cleavage of the 

MDM2 domain are also expected to lead to weak cell fluorescence.  

The OmpT-S223R variant displays a dramatic 1.8x105-fold change in catalytic 

selectivity (kcat/Km ratio) with Ala-Arg in the P1-P1’ positions relative to Arg-Arg 

containing substrates, strongly preferred by the wild-type enzyme [17].  Substrate phage 

analysis of the amino acid selectivity of OmpT-S223R also confirmed that it has a strong 

preference for Ala in the P1 position [17].  However, surprisingly, when E. coli cells 

expressing the OmpT-S223R variant were incubated with either construct 2 or construct 1 

followed by PMI-BD, the cells exhibited low fluorescence (Figure 3.7), suggesting that 

OmpT-S223R cleaves either the MDM2 part of the fusion substrate, or its poly-Arg tail.  

SDS-PAGE analysis of construct 2 incubated with purified OmpT-S223R confirmed that 

OmpT-S223R indeed cleaves construct 2 (Figure 3.8, Lane 2), and mass spec analysis 

revealed cleavage at Leu30Lys31 in the MDM2 unit (Figure 3.8).  Thus, the OmpT-

S223R variant, which was isolated in a screen based upon the preferential cleavage of 

Figure 3.7:  Flow cytometric analysis of E. coli BL21(DE3) expressing OmpT-S223R 
incubated with PMI-BD and (A) construct 2, or (B) construct 1. 
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one selection peptide in the presence of a single counter selection peptide, can cleave 

MDM2 at a P1-P1’ sequence not found in the counter selection peptide. In the MDM2 

auto-inhibition assay described above, the entire MDM2 domain as well as the poly-Arg 

tail serves effectively as counter-selection substrates, significantly increasing counter-

selection stringency compared with screens using short peptides alone for counter 

selection.  

To evaluate the utility of the auto-inhibited MDM2 system for highly specific 

protease engineering, an OmpT library, partially saturated across 21 positions [17], was 
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Figure 3.8: (A) Cleavage of construct 2 (Lane 1) by OmpT-S223R (Lane 2) or OmpT-
AR1 (Lane 3): 10 μM construct 2 was incubated with 250 nM OmpT-S223R or OmpT-
AR1 for two hours at room temperature. (B) Tandem mass spectrum of the peptide 
GDYKDDDDKGSSQIPASEQETLVRPKPLLL, which is an N-terminal fragment 
generated from cleavage of construct 2 by OmpT-S223R. The full scan MS spectrum and 
MS2 spectrum of the selected ion (the peptide underlined above, 3315.6 (m/z) ) from the 
MS spectrum were acquired by AB 4700 (MALDI-TOFTOF) Proteomics Analyzer 
(Applied Biosystems, Foster City, CA).  Only y ion series were detected. 
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incubated with construct 1 in which the substrate sequence between the MDM2 and the 

autoinhibitory domain contains an Ala-Arg sequence (Figure 3.4).  In this protein the  

µFITC = 1783! µFITC = 1700!

(A)! (B)!

(C)!

Figure 3.9:  Screening of OmpT for cleavage of the AR site in construct 1. (A) 
Fluorescence histogram of cells after 5 rounds of sorting. (B) Fluorescence of cells 
expressing OmpT-AR1 incubated with PMI-BD and construct 1. (C) SDS-PAGE 
analysis of individual clones expressing OmpT variants after incubating whole cells with 
construct 1.  
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Ala-Arg dipeptide is found only within the linker region that constitutes the putative 

substrate, and is not present in MDM2.  The cells were then labeled with PMI-BD, and 

sorted for high fluorescence. Following five rounds of sorting, the resulting cell pool 

exhibited around 20-fold higher fluorescence compared to background (Figure 3.9).  

Colonies from the last round of sorting were grown individually, some of which 

exhibited high fluorescence as monoclonal populations (Figure 3.9). SDS-PAGE analysis 

further demonstrated cleavage of construct 1 only at, or near, the expected Ala-Arg site 

(Figure 3.9, marked in red). DNA sequencing revealed these clones encoded an identical  
  

Mutations!

OmpT-AR1! E153W, F163R, I170T, Y172V, S223K!

F163!

E153!

I170!Y172!
S223!

Figure 3.10:  Summary of mutations found in OmpT-AR1.  Amino acids mutated are 
shown in purple, and active site residues are shown in red. (PDB 1I78) 
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Figure 3.11: Characterization of OmpT-AR1. (A) Mass spectrometric analysis of 
cleaved products of construct 1 by the purified OmpT-AR1. (B) Tandem mass spectrum 
of the peptide MGETFSDLWKLLPENGGGSGSA (2253.3 (m/z)), which is the N-
terminal fragment generated from cleavage of construct 1.  
 

(B)!

(A)!
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OmpT variant (Figure 3.10), referred to as OmpT-AR1. The exact cleavage site of 

construct 1 by the OmpT-AR1 protease was identified using mass spectrometry. Two 

major fragments were detected (Figure 3.11), the masses of which corresponded with the 

expected fragments resulting from cleavage only at the desired Ala￬Arg site.  

(Figure3.11).  Reaction kinetics were analyzed by HPLC, revealing a kcat/Km of 2.0 x 102 

M-1s-1 (Figure 3.12) using the entire fusion protein as substrate.  
  

Figure 3.12:  Kinetic trace for the hydrolysis of construct 1 between Arginine and 
Alanine. 

kcat/Km = 2.0 ± 0.5 x 102  (M-1s-1) 
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3.4 CONCLUSIONS 

 

In summary we have developed a novel high-throughput method for the isolation 

of selective protease variants displayed on the surface of E. coli.[35,36]  Our method 

relies on an auto-inhibited protein fusion electrostatically anchored onto the cell surface 

using a poly-Arg tail, combined with external labeling with a fluorescently tagged 

peptide.  Although we used the MDM2 p53-TAD pair to effect auto-inhibition, other 

such pairs might be used as well.  The peptide or protein sequence to be cleaved is 

inserted between MDM2 and the p53-TAD sequences.  Cleavage of the inserted site, but 

not MDM2 or the poly-Arg tail, results in high cell fluorescence, the intensity of which is 

dependent on protease catalytic turnover.   Using this method, we succeeded in isolating 

an OmpT variant that cleaves between Ala-Arg, but nowhere else on the autoinhibited 

MDM2-substrate-fusion construct, unlike similar OmpT variants isolated using short 

peptide selection and counter selection substrates.   

The auto-inhibited protein substrate design used in this study can be modified to 

contain different protease target sequences, including the potential for the insertion of 

entire protein domains.  Additionally, the protein substrate has both a putative protease 

selection sequence and a wild-type counter-selection sequence, and can be engineered to 

include multiple counter-selection sequences that can be introduced between the MDM2 

domain and the poly-Arg tail.  The advantages of using multiple counter-selection 

sequences have been previously reported [11,16] and our own results support these prior 

conclusions.  We are currently employing this method to isolate putative therapeutic 

protease candidates for the treatment of acute phase diseases.  We envision that such 

enzymes could be deployed for a one-time treatment in which case adverse immune 

reactions due to the non-human nature of OmpT would not be expected to be an issue.   
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3.5 METHODS 

 

3.5.1 PMI-BD conjugate 

 

The PMI peptide with an additional Glycine at the N-terminus (GTSFAEYWNLLSP) 

was synthesized with >98% purity at ABGENT (San Diego, California). The peptide was 

conjugated to BODIPY FL-SE, from Invitrogen (Carlsbad, CA) using the N-terminal 

amine, and the peptide-dye conjugate was purified using reverse phase HPLC as 

previously described.[17] 

 

3.5.2 Plasmid construction 

 

An assembled gene for MDM2(25-125) plus the 10 Arg sequence was cloned into the 

pET-28a plasmid using the BamHI and XhoI sites. Then, a synthetic double strand 

oligonucleotide encoding the p53-TAD peptide (ETFSDLWKLLPEN) and the linker 

(GGGSGSARVGGGS) was further cloned into this pET-28 plasmid encoding the 

MDM2 gene using NcoI and BamHI sites (construct 1). A synthetic double strand for the 

FLAG tag (DYKDDDK) and assembled gene for MDM2(17-125) plus the 10 Arg 

sequence were cloned into pET28a using NcoI/BamHI and BamHI/XhoI respectively 

(construct 2).  
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3.5.3 MDM2 expression and purification 

 

Proteins with the C-terminal six histidine tag were purified under native conditions by 

affinity chromatography using Ni-NTA resin (Qiagen) according to the manufacturer’s 

protocols with some modifications. In order to prevent interactions between the positively 

charged MDM2 proteins and negatively charged molecules such as DNA and RNA, we 

increased the NaCl concentration of the lysis and washing buffers from 300mM to 1M. 

However, the elution buffer contains 300 mM NaCl. The purified proteins were purified 

further by gel filtration on Superdex G75 (GE Healthcare). 

 

3.5.4 Library screening 

 

E. coli BL21(DE3) cells harboring the 90% saturated-21 position NNS library[17] were 

inoculated into 2xYT supplemented with 100 mg/L ampicillin, and the cells were grown 

to an OD600 of 2.0 at 37C. A 1 mL aliquot of the culture was centrifuged at 12000 g for 3 

min. The cell pellet was washed with 1 mL of 1% sucrose two times and resuspended in 1 

mL of 1% sucrose. 50 uL of the resuspended cells and 5 uL of 10 uM construct 1  were 

added to 445 uL of 1% sucrose, and then the reaction mixture was incubated at 25 C for 

30 min. A 200 uL aliquot of the reaction was mixed with 4 mL of 1% sucrose including 

40 nM PMI-BD conjugate. Library sorting was performed on a FACSAria (BD 

Biosciences) using gates set based upon FSC/SSC and Green fluorescence channels. 

5x107 cells were screened, and 1 % of the most fluorescent cells were collected and 

plated on 2xYT agar plates (100 mg/L Ampicillin). The enriched cells were subjected to 

the next round of sorting. 
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3.5.5 Enzyme purification and kinetic analysis 

 

OmpT-AR1 was isolated as previously described.[17] For kinetic analyses, 125 nM of the 

purified enzyme was incubated with 1-20 uM construct 1 in 10 mM MES (pH 6.1) 

containing 10 mM EDTA and 150 mM NaCl at 25˚C for 1 hour. The reaction mixtures 

were subjected to separation on a C18 reverse phase HPLC column. The amount of the 

p53 peptide (MGETFSDLWKLLPENGGGSGSA) in reaction solutions was determined 

using Tryptophan as an internal standard. 
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Chapter 4: A FACS Based Screen for Targeted Protein Inactivation 

 

4.1 INTRODUCTION 

 

Systems enabling the isolation of engineered proteases have been described 

previously [1-4] and in Chapters 2 and 3 of this dissertation.  However, most of these 

methods are focused on primary sequence recognition (PX-PX’) [6] and few address the 

structural aspects of recognition, in addition to primary sequence, as a determinant of 

protease specificity and selectivity.  Higher order protein structure has been implicated as 

a crucial factor in determining the initial site of protein hydrolysis [7-9], but most 

reported screens do not incorporate any structural elements.  Protease digestion of a 

protein substrate under denaturing conditions typically generates a complete digestion 

product enabling analysis by mass spectrometry for detecting the peptide sequences that a 

protease recognizes in an unfolded protein.  However, in the absence of denaturant, 

limited proteolysis is observed primarily due to accessibility of susceptible sites within 

the native protein structure.  Recognition of a putative cleavage sequence within a protein 

by a proteolytic enzyme correlates well with cleavage site accessibility, protrusion, and 

flexibility [8-10].  As demonstrated by the T7RNAP experiments described in Chapter 3, 

proteases with engineered primary sequence specificity in the absence of structural 

context are unlikely to cleave target proteins.  However, previously isolated OmpT 

variants, such as those used in the T7RNAP experiments, were engineered solely for P1 

and P1’ recognition [2,11].  It is conceivable that the inclusion of amino acids adjacent to 

a targeted P1-P1’ site, within a protein substrate, into screening or selection substrates 

will provide favorable protein substrate recognition.  Yet, even though the site of final 
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proteolysis is determined by sequence preference, tertiary structure is expected to be as 

important for overall specificity.  Here we describe our approaches to engineer proteases 

to cleave target protein specifically by grafting target sequences into the aforementioned 

autoinhibited-MDM2 substrate (Chapter 3), which revealed the necessity of an entirely 

new platform based on the cleavage of native protein substrates.   

 

4.2 TNF-α  LOOP GRAFTING 

Tumor necrosis factor-α (TNF-α) is a cytokine whose aberrant regulation has 

been linked with many disease states including rheumatoid arthritis, psoriasis, 

inflammatory bowel disease, and cancer.  As such it has become the target of many 

protein and small molecule therapeutics with combined sales well over $5B [12,13].  

TNF-α is expressed in a membrane-bound form that is released from the membrane by 

cleavage of the extracellular domain by the TNF-α converting enzyme (TACE) [14].  In 

both its membrane-bound and soluble forms TNF-α forms a trimer, a requirement for 

biological function (Figure 4.1).  Cellular responses to TNF- α are mediated through two 

distinct receptors, TNFR1 and TNFR2, present on the surface of all nucleated cells.  

TNF-α signaling can induce T-cell proliferation, apoptosis, and the expression of other 

pro-inflammatory cytokines and chemokines [15].  In the case of disease models this 

positive feedback loop can amplify disease conditions.  Currently marketed therapeutics 

to TNF-α seek to antagonize its function by depleting TNF-α from serum, and have been 

very successful for the treatment of autoimmune diseases, increasing the quality of life 

for countless patients.  The seemingly ubiquitous involvement of TNF-α in many 

autoimmune disease models makes it an attractive target for an engineered protease. 
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In an effort to engineer therapeutic proteases capable of selectively hydolyzing 

TNF-α we targeted the sequences of exposed loops within TNF-α, containing a single 

basic amino acid (Figure 4.1), for incorporation into the auto-inhibitory loop of the 

MDM2 screening substrate described in Chapter 3.  Sites containing a single basic amino 

Figure 4.1: (A) The crystal structure of trimeric TNF-α with highlighted target sequences 
incorporated into the auto-inhibitory loop (XX) of the (B) MDM2 substrate.   Wild-type 
OmpT cleaves TNF-α at R107R108(PDB 1TNF) 

TNF-! structure (1TNF)!

MDM2-EK: F200QLEKGD!

LNR107RANA!

MDM2-LR: V117ELRDNQLV!

MDM2-TK:  S162YQTKVNLL!

GGGSGSX↓XGGGSGS!
TAD (17-29)! MDM2 (25-125)!

R10ELH6!

(A)!

(B)!
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acid were chosen as cleavage targets for OmpT protease engineering to increase the 

chances of obtaining variants, given the preference of OmpT for basic amino acids.  

These sequences were then grafted into the auto-inhibitory loop of the MDM2 screening 

substrate (Figure 4.1B).  The question posed by this study was whether it is possible to 

engineer selective protein substrate recognition by an engineered protease in the context 

of a folded protein.  

BL21(DE3) cells were transformed with an OmpT library partially saturated 

across 21 sites using the degenerate NNS codon (where N = A,T,G,C; S = G,C) [2] and 

were incubated against each individual purified substrate and then labeled with PMI-BD 

and sorted for increased fluorescence.  Following multiple rounds of sorting, enrichment 

was observed for two of the substrates, MDM2-LR (V117ELRDNQLV) and MDM2-TK 

(S162YQTKVNLL) indicating the presence of variants capable of hydrolyzing the TNF-α 

targeted sequences within the auto-inhibitory loop of MDM2.  Individual clones from the 

final round of each sort were incubated with purified auto-inhibited MDM2 substrate and 

analyzed by SDS-PAGE for cleavage.  Variants were identified from both sorts with 

activity towards the screening substrates; however, these clones displayed greatly 

reduced or no activity when incubated with TNF-α (Figure 4.2).  Two variants isolated 

from screening with MDM2-LR, MDM2-LR44 and 49 (Table 4.1), cleaved TNF-α, 

albeit with low catalytic efficiency.  Edman degradation sequencing of the resulting TNF-

α digestion product, when incubated with these clones, revealed that the cleavage sites 

Variant! Mutations!

MDM2-LR44! E27V! M87E! D214M! S223R!

MDM2-LR49! E27V! M87V! D214M! S223R! L265A!

Table 4.1:  Mutations observed in MDM2-LR variants 44 and 49. 
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recognized by the selected protease variants, RRAN110ALLAN115G, were different 

from the sequence preference of wild-type OmpT, R107RANALL.  However, the newly 

identified TNF-α cleavage sites were not within the targeted sequence 

(V117ELRDNQLV).  Based on this somewhat promising result, an error prone PCR 

         4     7      31      49     55     60     62     66    79!

MDM2-TK Variants!

20kD!

 M  17      18      19       20      21     22      23       24     25 !
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Figure 4.2:  (A) SDS-PAGE analysis of clones obtained from MDM2-LR and MDM2-
TK sorts incubated with the respective selection substrate. (B)  Purified MDM2-LR and 
MDM2-TK variants were incubated with TNF-α.  2µM MDM2-LR was incubated with 
10µM TNF-α overnight at room temperature.  500nM MDM2-TK was incubated with 
10µM TNF-α for the indicated time at room temperature.  MDM2-LR44 and MDM2-
LR49 were isolated from MDM2-LR18. 
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library was created, using the MDM2-LR44 and 49 variants as templates, containing an 

average of six mutations per gene, or an error rate of 0.6%.  Of the resulting library of 

1x109 transformants, 1x108 clones were screened against the original substrate, MDM2-

LR, and a new auto-inhibited MDM2 substrate containing the MDM2-LR44 and 49 

variants preferred sequence RAN110ALL.  However, there was no observable enrichment 

by FACS for either substrate.  Despite isolating variants, MDM2-LR44 and 49, with 

altered TNF-α recognition compared to wild-type OmpT, our efforts to increase the 

efficiency of catalysis at the newly preferred sequence were unsuccessful.  Therefore, 

although the auto-inhibitory MDM2 screening system is capable of yielding protease 

variants with altered specificity and selectivity towards a sequence within the MDM2 

screening substrate, it has been ineffective at generating variants with activity towards the 

desired therapeutic target. 

The same negative results have also been observed with other sequence grafting 

screens.  Matsumara et al. have reported a cytoplasmic screening system where cleavage 

sites can be inserted into a permissible loop of the enzyme ß-galactosidase.  Once cleaved 

the enzyme is rendered inactive and incapable of hydrolyzing the chromogenic substrate 

X-gal.  Therefore, when libraries are plated on agar supplemented with X-gal, colonies 

transformed with active and selective variants will be white, because ß-galactosidase is 

cleaved, and those with inactive or wild-type like protease variants will be blue, since ß-

galactosidase is still active.  Using this screening system, the authors grafted a 10-amino 

acid sequence from TNF-α (N213RPDYLLFAE) into the permissible loop of ß-

galactosidase [3], and they were able to obtain variants of HIV-PR protease that 

specifically cleaved this sequence and inactivated ß-galactosidase.  However, no 

information is given regarding the HIV-PR variant’s activity towards TNF-α.  Most 
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likely, because just as we have found, the activity towards the sequence in TNF-α was 

not observed. 

Unlike antibody screens where antigen is more easily captured by virtue of 

function, protease-engineering systems must capture a product of molecular 

transformation.  As a result, it is often difficult to include native protein substrates in the 

system because their selective cleavage must result in the generation of a “signal,” 

whether linked to fluorescence, chromogenic substrates or clonal survival.  Thus, most 

existing high-throughput protease engineering systems have minimized protease-

substrate recognition to primary amino acid sequence in the form of linkers or peptides 

reducing the complexity of assay development.  However, based on our experience 

attempting to engineer OmpT to selectively cleave a desired site within TNF-α, and other 

results described above, undoubtedly native substrate structure must be incorporated into 

the screening, or selection system if specific and selective protein cleavage is the desired 

outcome.  In order to do so, we sought to reduce the complexity of our target protein, as 

TNF-α contain disulfides, which can prevent substrate dissociation post-proteolysis, and 

forms a functional trimer. 

 

4.3   SEEKING TO ENGINEER OMPT VARIANTS THAT SELECTIVELY CLEAVE THE B. 
ANTHRACIS  PROTECTIVE ANTIGEN DOMAIN 4 

 

Anthrax is caused by infection by the bacterium Bacillus anthracis and has gained 

more recent notoriety as an agent of bioterrorism because of the ease of dispersal of 

anthrax spores [16,17].  The core of anthrax disease is caused by three protein 

components, lethal factor (LF, a metalloprotease), edema factor (EF, an adenyl cyclase), 

and protective antigen (PA), together termed anthrax toxin [18].  Entry of anthrax toxin 
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into host cells is critically dependent on the PA component of the toxin (Figure 4.3).  The 

protective antigen is synthesized as an 83kDa precursor protein (PA83) subdivided into 4 

domains (Figure 4.4).   Upon binding to receptors present on the extracellular surface of 

the plasma membrane of host cells, a process mediated by domain 4 of PA (PAD4), 

PA83 is cleaved near the N-terminus by membrane associated furin-like proteases, to 

yield the 63kD form of protective antigen (PA63).  PA63 monomers form a heptameric 

complex and recruit LF and EF for intracellular trafficking.  Once in the cytoplasm, EF 

catalyzes the formation of cAMP from ATP disrupting the cellular water homeostasis 

leading to an efflux of water from the cells causing massive edema [19].  Lethal factor, 

on the other hand, leads to a systemic hyperinflammatory condition by disrupting cell 

Figure 4.3:  Mechanism of anthrax toxin internalization, and action. 
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signaling homeostasis in the MAPK pathway causing the release of the potent 

proinflammatory cytokines including TNF-α and IL-1ß [20].  The end result of infection 

is septicemia and death [18,21-23].   

Although the precise mechanism of immune system evasion is not fully 

understood [23], prophylactic antibodies targeting PAD4 of anthrax toxin have proved 

successful in attenuating disease, in combination with antibiotics [24,25]. Here we 

attempted to use PAD4 as a target protein for the development of protease therapeutics 

Figure 4.4:  Crystal structure of monomeric PA83 bound to an anthrax receptor domain 
(PDB 1T6B) [5]. 
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for anthrax.  The fact that PAD4 does not contain any disulfides and is capable of being 

expressed heterologously in E. coli [26] makes it particularly suitable for protease 

engineering studies.  

 

4.4 GENERATION OF A FACS BASED SCREEN FOR TARGET PROTEIN CLEAVAGE  

 

Currently there are no high-throughput methodologies for capturing or monitoring 

target protein fragmentation at the single cell level, as would be required for a cell based 

assay for protease engineering.  Activity based protein substrates could be employed 

where a loss of signal can be monitored, but then the potential substrate pool is limited to 

enzymes, such as in the ß-galactosidase inactivation assay [3].  However, many proteins 

that would be therapeutic targets are not enzymes making it difficult link their cleavage 

with a signal.  The development of protease screens that generate a positive signal upon 

protease cleavage of a substrate is technically much more challenging.  FRET based 

peptide assays utilizing fluorophores and dark quenchers is a simple and highly effective 

technique to generate a positive signal after protease activity [2].  However, FRET is not 

readily adaptable to native protein substrates because site-specific labeling can be 

problematic using standard amine/thiol chemistries.  Although fluorescent dyes can be 

conjugated in bulk to proteins, for example to all or most lysine residues, and FRET can 

be observed; the disruption of FRET upon protease cleavage results in a small signal 

difference by comparison, making it difficult to detect in protein substrates. Thus, the 

complications producing a positive signal from the destruction of a protein substrate are 

multifaceted. 
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The subcellular localization of in which the cleavage event takes place also needs 

to be taken into consideration.  Cytoplasmic assays require that both the protease and 

substrate be soluble and actively expressed in the host.  This can be a serious hurdle 

because not all desirable proteases or targets will be soluble or stable in cytoplasm and 

the same holds true for other subcellular compartments as well.  Although, cytoplasmic 

assays address the issue of product trapping, the generation of a positive signal in 

response to desired activity is not a foregone conclusion, especially when the desired 

outcome is cleavage of a specific protein.  Consequently, cytoplasmic assays limit the use 

of standard detection reagents.  The same is also true for microcompartments. 

A suitable alternative to microcompartment and intracellular based screens is to 

display the protease to be engineered on the cell surface.  Mechanisms of microbial 

display have been previously described and well characterized [27-31].  Additionally, 

proteases displayed would have direct access to substrates, and detection reagents are no 

longer required to be cell permeable.  Exogenously added substrate also allows enhanced 

control of reaction conditions, which can be altered depending on protease and substrate, 

and the desired kinetic parameters.  However, a primary technical barrier with any 

enzyme screen is how one is going to create the necessary genotype-phenotype link that 

will associate activity with the creation of a tangible signal. 

Borrowing from developments in the auto-inhibitory MDM2 screen described in 

Chapter 3, we chose to utilize a polycationic sequence to anchor the target protein to the 

cell surface.  By fusing distinct epitope tags to both the N- and C-termini, the 

fragmentation state of the target protein can be analyzed using fluorescently tagged 

antibodies, enabling the use of FACS (Figure 4.5).  Alternatively, fluorescent reactive 

probes could be employed using specific reactive sequences (FlAsH/ReAsH tags) or by 

incorporating functionalized unnatural amino acids for site specific labeling.  Counter- 



 81 
  

Fi
gu

re
 4

.5
: (

A
) S

ch
em

at
ic

 o
f F

A
CS

 b
as

ed
 sc

re
en

 fo
r t

ar
ge

t p
ro

te
in

 in
ac

tiv
at

io
n.

   
In

ac
tiv

e 
pr

ot
ea

se
 v

ar
ia

nt
s w

ill
 le

av
e 

th
e 

su
bs

tra
te

 in
ta

ct
 a

nd
 la

be
l w

ith
 tw

o 
de

te
ct

io
n 

re
ag

en
ts 

(le
ft)

, w
he

re
as

 se
le

ct
iv

e 
va

ria
nt

s w
ill

 c
le

av
e 

th
e 

su
bs

tra
te

 
al

lo
w

in
g 

ca
pt

ur
e 

of
 o

nl
y 

th
e 

C
-te

rm
in

al
 fr

ag
m

en
t v

ia
 th

e 
po

ly
-G

ly
A

rg
 ta

il 
an

d 
la

be
l w

ith
 a

 si
ng

le
 d

et
ec

tio
n 

re
ag

en
t 

(ri
gh

t).
 (B

) R
ep

re
se

nt
at

io
n 

pr
ot

ei
n 

su
bs

tra
te

 d
es

ig
n.

 

!
!

FL
1 

FL2 

FL
1 

FL2 

!" !" !"!" !" !
" !" !
" !"!
"#$

%#
#
#
#
%"

!"
!"!"!"
!"!
"!"!
"!"!
"#$%

###
#%"

&
&
&
&
&
&
"

In
ac
tiv
e!

Se
le
ct
iv
e!

(G
ly

-A
rg

-G
ly

-A
rg

) N
 

P
ro

te
in

 S
ub

st
ra

te
 

E
pi

to
pe

 T
ag

 1
 

C
ou

nt
er

 S
el

ec
tio

n 
E

pi
to

pe
 T

ag
 2

 

(B
)!

(A
)!



 82 

selection against wild-type protease-preferred sequences can also be integrated into the 

protein substrate via insertion between the polycationic tail and the C-terminal epitope 

tag.  In this way, cells can be incubated with a purified target protein and labeled 

according to their selectivity profile (Figure 4.5).  Cells expressing an active selective 

protease, lacking wild-type specificity and enabling capture of a C-terminal fragment of 

the substrate, will be labeled a single color.  Inactive variants will be labeled with two 

colors, indicating no cleavage.  Promiscuous variants will not be labeled at all because 

any captured substrate will not be detectable, or no substrate will be captured. 

Based on this model, PAD4 (amino acids 623-764) was cloned with an N-terminal 

poly-histidine tag, a C-terminal Flag tag, and eleven repeats of Gly-Arg with four tandem 

Arginines for counter-selection, termed PAD4-GR (Figure 4.5B).  The protein was 

purified to homogeneity using the two-epitope tags.  To determine if the assay would 

accurately report protease specificity, PAD4-GR was incubated with BL21(DE3), a 

protease deficient strain, and with BL21(DE3) expressing either wild-type OmpT or an 

OmpT-RV variant, known to retain wild-type like activity, in addition to enhanced 

catalysis of Arg-Val sequences [2].  The cells were then briefly incubated with anti-His 

FITC (green fluorescence) and anti-Flag Alexa 647nm (red fluorescence) and analyzed 

by FACS.  In all instances the fluorescence profiles obtained were as predicted, 

BL21(DE3) cells displayed both green and red fluorescence, and wild-type OmpT and 

OmpT-RV displayed no fluorescence.  Additionally, when two samples, BL21(DE3) 

cells only and OmpT-RV, were mixed at a 1:1 ratio the populations remained distinct, 

and did not converge over time, indicating efficient substrate capture on the cell surface 

and that substrate diffusion would not be a significant concern  (Figure 4.6).  

It is worth noting that when screening libraries for potential variants, the overall 

anti-Flag 647nm signal should not increase from that observed with BL21(DE3) cells 
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only.  In the absence of protease, all of the protein substrate should remain intact and 

detectable, unlike FRET-based assays [11,32,33] or the auto-inhibition MDM2 assays 

where a new fluorescence signal emerges with activity.  The anti-Flag 647nm labeling is 

a marker for counter-selection and substrate capture, and only subjected to decrease 

based on proteolytic activity.  The anti-His FITC signal indicates the presence or absence 

of the N-terminal portion of the protein.  In this system conservation of one signal (anti-

Flag 647nm) with a concomitant decrease of the other (anti-His FITC) is indicative of a 

positive clone. 

0 102 103 104 105
anti-Flag 647nm

0

102

103

104

105

an
ti-

H
is 

FI
TC

0 102 103 104 105
anti-Flag 647nm

0

102

103

104

105

an
ti-

H
is 

FI
TC

0 102 103 104 105
anti-Flag 647nm

0

102

103

104

105

an
ti-

H
is 

FI
TC

0 102 103 104 105
anti-Flag 647nm

0

102

103

104

105

an
ti-

H
is 

FI
TC

(A)! (B)!

(C)! (D)!

µAPC = 26 !
µFITC = 68!

µAPC = 41 !
µFITC = 453!

µAPC = 671 !
µFITC = 2591!

Figure 4.6:  Flow-cytometric data (10,000 events) with indicated mean fluorescence 
intensities for (A) wild-type OmpT (B) OmpT-RV (C) BL21 (DE3) and (D) 1:1 mixture 
of OmpT-RV and BL21(DE3) when incubated with PAD4-GR. 
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4.5 SCREENING FOR PAD4 CLEAVAGE 

 

4.5.1 PAD4-GR  

 

Positive control experimental results indicated the assay accurately reports 

enzymatic specificity for surface anchored proteases towards PAD4-GR.  To evaluate the 

utility of the system for engineering protease variants highly selective for a protein 

substrate, an OmpT library partially saturated across 21 active site positions [2] was 

incubated with 20nM PAD4-GR and screened by FACS for variants displaying only red 

fluorescence, indicating capture of the Flag-tag and release of the N-terminal portion of 

the protein.  Following five rounds of sorting the population appeared highly enriched for 

Library!
µAPC = 330!
µFITC = 2454!

Round 1!
µAPC = 469!
µFITC = 2008!

Round 2!
µAPC = 453!
µFITC = 765!

Round 3!
µAPC = 295!
µFITC = 304!

Round 4!
µAPC = 490!
µFITC = 451!

Figure 4.7:  Flow-cytometric data (10,000 events) with corresponding mean fluorescence 
intensities from rounds of sorting against PAD4-GR. 



 85 

protease variants displaying the desired FACS profile (Figure 4.7).  Sequencing randomly 

selected clones from the final round of sorting revealed the presence of five individual 

variants (Table 4.2).  The fluorescence profiles of the clones obtained from the final 

Variant! Mutations!

90GR2! E27I! M87H! D214S!

90GR3! F163L! S223G! E250K! T263L!

90GR4! V39T! F163A! I170C! S223V! T263S!

90GR5! D97E! E153D! F163L! T263L!

90GR8! M87I! D97N! D214M! S223E! T263L!

Table 4.2:  Mutations observed in variants obtained from PAD4-GR sorting. 
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Figure 4.8:  Flow-cytometic data (10,000 events) of individual variants obtained from the 
final round of screening against the PAD4-GR substrate.  Mean fluorescence intensities 
of the populations are indicated. 
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round of sorting showed slight variation (Figure 4.8), and variants 90GR3, 90GR5, and 

90GR8 exhibited the desired selectivity profile with a greater than 24-fold decrease in 

anti-His FITC labeling, while maintaining a high degree of anti-Flag 647nm labeling.  

Based on the flow-cytometric data obtained for single clones, variants 90GR3, 

90GR5, and 90GR8 were purified and incubated with PAD4-GR and the cleavage 

products analyzed by SDS-PAGE (Figure 4.9).  Variants 90GR3 and 90GR5 cleaved 

PAD4-GR fairly efficiently and created a distinct cleavage product compared to wild-

type OmpT.  Interestingly, variant 90GR8 did not appear to cleave the substrate at all, 

despite promising fluorescence values obtained by FACS.  Also, the three variants 

cleaving PAD4-GR appear to do so at a similar location.  To further determine the 

location of PAD4-GR cleavage, variants 90GR3 and 5 were incubated with PAD4-GR, 

with time points taken, and analyzed by Western blot using an anti-Flag antibody for 

detection (Figure 4.10).  The presence of a PAD4-GR product still containing the Flag-

tag reveals the cleavage site to be near the N-terminus of the PAD4-GR protein.  Samples 

were submitted for Edman degradation sequencing to elucidate the identity of the newly 

generated N-terminus, and the cleavage site was identified for both 90GR3 and 90GR5 as 
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Figure 4.9:  SDS-PAGE analysis of PAD4-GR cleavage products.  50nM enzyme + 
1.13µM PAD4-GR at 25˚C for two hours. 
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GGGSK13R14FHY, immediately following the poly-histidine tag and linker.   

The new cleavage site is located in a small loop between PA domains 3 and 4 

based on the PA83 crystal structure (Figure 4.11).  Therefore, although the variants do 

not cleave an internal site of PAD4, they still may be able to cleave PA83 or PA63, 

releasing PAD4, providing therapeutic benefit by preventing PA83 binding, or abolishing 
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!

10’! 30’! 2h! 10’! 30’! 2h!
90GR3! 90GR5!

10kD!

15kD!

20kD!
25kD!

37kD!
50kD!
75kD!

Figure 4.10:  Western blot analysis of 90GR3 and 90GR5 digested PAD4-GR.  10nM 
enzyme + 2.3µM PAD4-GR at 25˚C for indicated time points.  Detected using an anti-
Flag-HRP conjugated antibody. 

90˚!

Figure 4.11:  Crystal structure of PA83 highlighting the potential KR cleavage site (red 
sticks) between the PAD3 (purple) and PAD4 (orange) interface. (PDB 1T6B) 
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receptor bound PA63 binding.  However, when 500nM enzyme was incubated with PA83 

or PA63 no significant bands were observed near the molecular weight of PAD4 by SDS-

PAGE (Figure 4.12).  

 

4.5.2 Truncated PAD4-GR 
 

The lack of cleavage of PA83 and PA63 is not necessarily surprising.  The likely 

explanation of the isolated variants identified K13R14 cleavage site of PAD4-GR is that 

this location in the PAD4-GR protein is highly flexible and therefore readily accessible, 

whereas in PA83 or PA63 it is much more constrained.  Consequently, a second construct 

was cloned, eliminating the aforementioned dibasic site from the N-terminus, termed 

truncated PAD4-GR, or tPAD4-GR.  The same partially saturated 21-site OmpT library 

was screened again, this time using tPAD4-GR as the substrate.  The library was sorted 

for five rounds and enrichment was observed for a second time (Figure 4.13).  The ability 
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Figure 4.12:  Variant digestion of (A) PA83 and (B) PA63.  500nM enzyme was 
incubated with 2.3µM PA83 or 3.2µM PA63 at 25˚C. 
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of individual clones to hydrolyze the tPAD4-GR substrate was analyzed by Western blot 

following whole cell incubation with substrate (Figure 4.14).  This allows the 

fragmentation pattern to be studied using both anti-Flag and/or anti-His detection 

reagents, and those variants displaying the desired activity, here a fragment retaining the 

Flag-tag, can then be purified for more detailed characterization.  According to the 

Western blot results, variants 90t3, 4, 6, 8, and 10 displayed the desired proteolysis 

profile, when compared to wild-type OmpT.  These individual variants were sequenced 

(Table 4.3), purified, and subject to further evaluation.  When tPAD4-GR digestion by 

the variants was examined by SDS-PAGE overtime it was evident that these new variants 

cleaved tPAD4-GR generating a unique digestion pattern from wild-type OmpT, albeit 
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Figure 4.13:  Flow-cytometric data (10,000 events) with corresponding mean 
fluorescence intensities from rounds of sorting against PAD4-GR. 
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with a loss of catalytic efficiency, requiring increased concentrations of protease to 

generate digestion products (Figure 4.15).  Additionally, variants 90t3, 4, and 6 generated 

similar degradation products.  Edman degradation sequencing was used to determine the 

cleavage site as K146K147GYEIGGGGS, a dibasic adjacent to the start of the poly-

GlyArg tail, a result similar to that obtained from the PAD4-GR screen.  Since these 

variants cleave very near the C-terminus of PAD4 it would not be expected that these 

variants would cleave either PA63 or PA83 with any therapeutic value.  
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Figure 4.14:  Western blot analysis of cleavage products produced by whole cell 
incubation with tPAD4-GR.  20µL OD600 5.0 cells + 215nM tPAD4-GR at 25˚C for 
2hours.  Detected with an anti-Flag-HRP conjugated antibody. 
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Variant! Mutations!

90t2! "! D97E! Y148V! S223G!T263M!

90t3! "! G78S! M87S! F163N!D214T! T263L!

90t4! E27V"! F163P! I219S! S223A! T263L!

90t6! "! D97S! S223A! T263L!

90t8! E27V! M87T! E153S! F163L! L265R! I282N!

90t9! "! V39G! D97E! F163T! S223E! T263L!

90t10! "! V39G! M81L! M87T! D97M! Y148L! T263L!

Table 4.3:  Mutations observed in variants isolated from sorting against the tPAD4-GR 
substrate. 
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Figure 4.15:  SDS-PAGE analysis of tPAD4-GR digestion products by isolated variants.  
500nM enzyme was incubated with 3.5µM tPAD4-GR for the indicated time at 25˚C in 
PBS pH7.2.  The fragments generated by the OmpT variants are unique to those observed 
from tPAD4-GR digestion by OmpT. 
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4.6 CONCLUSIONS 

 

Although the results obtained with OmpT were not as desired with respect to 

activity against PA83 or PA63, variants were recovered displaying a high degree of 

selectivity compared to wild-type OmpT.  From both the PAD4-GR and tPAD4-GR 

screens the isolated variants cleaved a very specific dibasic site within the target protein, 

irrespective of the presence of other dibasic sites within PAD4, including the counter-

selection stretch of four tandem Arginines.  The location of variant cleavage near the N-

and C-termini is not entirely surprising since OmpT has evolved to cleave antimicrobial 

polycationic peptides and displays a strong preference for denatured proteins [34,35].  In 

these screening substrates the location of dibasic sites so close to the N- and C-termini 

was an unfortunate coincidence providing an escape for OmpT variants likely requiring 

the smallest perturbation to the active site.  However, in the case of digestive proteases, 

this finding suggests that protease specificity can be narrowed to converge on a limited 

set of sites, or even a single site.  These results also suggest that protein domains may not 

adequately substitute for native proteins when trying to engineer specificity, and that the 

entire protein should be used as a substrate when available and adaptable.  

Future applications should focus on applying this platform technology for the 

engineering of a protease from a family of proteases that has evolved to recognize a 

broad subset of substrates, as with the serine protease family.  Unique substrate 

specificities built upon the same scaffold provides a strong indication of active site 

plasticity, and therefore adaptability for engineering purposes.  Additionally, the utility of 

this platform technology is not limited to PAD4, but can be adapted for other 

therapeutically relevant substrates, like the proinflammatory chemokine IL-8, or 

complement factors C3a and C5a.  Nevertheless, the results described here demonstrate 
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the utility of the novel target protein inactivation platform for engineering highly 

selective proteases, and further reveal the important role that protein structure plays in 

recognition and proteolysis. 
 

4.7 MATERIALS AND METHODS 

 

4.7.1 Plasmid Construction 

 

Autoinhibited MDM2 proteins with TNF-α insertions were constructed as described in 

Chapter 3 using the 5’ phosphorylated oligonucleotides listed in Table 4.4.  

 

The PAD4-GR and tPDA4-GR genes were cloned into pET28a using the NcoI and XhoI 

restriction sites.  The PAD4 gene was amplified from pET21a harboring PAD4 (from 

Sang Taek Jung) using the primers listed in Table 4.5.  
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The PAD4-GR gene was constructed in a two-step process.  First the gene was amplified 

using the NcoI-PAD4-For and PADGR-Rev1 primers, and that product was further 

amplified using the NcoI-PAD4-For and XhoI-PADGR-Rev2 primers to add the 

remaining portion of the poly-GlyArg tail.  tPAD4-GR was constructed from the 

pET28a-PAD4-GR construct using the NcoI-PAD4trunc-For and XhoI-PADGR-Rev2 

primers in a single step. 

Primer! Sequence!

TNF-LR For!
/5Phos/
catgggcGAGACGTTCAGCGACCTGTGGAAGCTGCTCCCAGAGAACGGTGGC
GGTTCTGGTGTTGAACTGCGTGACAACCAGCTGGTTGGCGGTGGCTCTg!

TNF-LR Rev!
/5Phos/
gatccAGAGCCACCGCCAACCAGCTGGTTGTCACGCAGTTCAACACCAGAAC
CGCCACCGTTCTCTGGGAGCAGCTTCCACAGGTCGCTGAACGTCTCgcc!

TNF-TK For!
/5Phos/
catgggcGAGACGTTCAGCGACCTGTGGAAGCTGCTCCCAGAGAACGGTGGC
GGTTCTGGTTCTTACCAGACCAAAGTTAACCTGCTGGGCGGTGGCTCTg!!

TNF-TK Rev!
/5Phos/
gatccAGAGCCACCGCCCAGCAGGTTAACTTTGGTCTGGTAAGAACCAGAAC
CGCCACCGTTCTCTGGGAGCAGCTTCCACAGGTCGCTGAACGTCTCgcc !!

TNF-EK For!

/5Phos/
catgggcGAGACGTTCAGCGACCTGTGGAAGCTGCTCCCAGAGAACGGTGGC
GGTTCTGGTTTCCAGCTGGAAAAAGGTGACGGCGGTGGCTCTg !!
!

TNF-EK Rev!
/5Phos/
gatccAGAGCCACCGCCGTCACCTTTTTCCAGCTGGAAACCAGAACCGCCAC
CGTTCTCTGGGAGCAGCTTCCACAGGTCGCTGAACGTCTCgcc !!

TNF-RR For!
/5Phos/
catgggcGAGACGTTCAGCGACCTGTGGAAGCTGCTCCCAGAGAACGGTGGC
GGTTCTGGTcgtgcgaacgcgctgctgGGCGGTGGCTCTg !!

TNF-RR Rev!
/5Phos/
gatccAGAGCCACCGCCcagcagcgcgttcgcacgACCAGAACCGCCACCGTTCTCTGG
GAGCAGCTTCCACAGGTCGCTGAACGTCTCgcc !!

Table 4.4:  List of oligonucleotides used in the construction of auto-inhibited MDM2 
with TNF-α insertions. 
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4.7.2 MDM2 Expression and Purification 

 

MDM2 proteins were purified as described in Chapter 3. 

 

4.7.3 PAD4 Expression and Purification 

 

400ml of 2xYT media were inoculated at OD600 = 0.2 from a saturated overnight culture 

and placed at 37˚C.  At OD600 = 0.6 protein expression was induced with the addtition of 

IPTG to a final concentration of 0.4 mM, and continued for 4hours at 25˚C.  PAD4 

proteins with the C-terminal six histidine tag were purified under native conditions by 

affinity chromatography using Ni-NTA resin (Qiagen) according to the manufacturers 

protocol with the same modifications, increased NaCl, as used for MDM2 purification.  

Fractions were analyzed for protein content by A280, and those containing protein were 

pooled and purified by anti-Flag M2 affinity chromatography according to the 

manufacturers protocol (Sigma).  Fractions were analyzed for purity by SDS-PAGE and 

Primer! Sequence!

NcoI-PAD4-For! AACCGGTTCCATGGGCCACCACCACCACCACCACGGTGGTGGTTCTAAACGCT
TCCACTACGATCGTAAC!

PADGR-Rev1! ACGGCCACGGCCACGGCCACGGCCACGGCCACGGCCACGGCCACGGCCACG
GCCACGGCCAGAACCACCACCACCAATTTCATAGCCCTTTTTGCTAAAAATC!

XhoI-PADGR-Rev2!
TTGGCCAACTCGAGTTATCATTTGTCGTCGTCGTCTTTGTAGTCAGAACCACCA
CCACGACGACGACGGCCACGGCCACGGCCACGGCCACGGCCACGGCCACGG
CCACGGCCACGGCCACGGCCACGGCCACGGCCAGAACC!

NcoI-PAD4trunc-For! AACCGGTTCCATGGGCCACCACCACCACCACCACGGTGGTGGTTCTTTCCACT
ACGATCGTAACAATATCGCGG!

Table 4.5:  List of primers used for the cloning and construction of the PAD4-GR and 
tPAD4-GR constructs. 
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those fractions containing pure protein were pooled, concentrated and buffer exchanged 

into PBS pH 7.2 using an Amicon Ultra 4kD MWCO centrifugal concentrator. 

 

4.7.4 Library Construction 

 

The 90% partially saturated 21-position NNS OmpT library was constructed by Navin 

Varadarajan as previously described [2] representing 2x108 transformants.  The library 

DNA (~50ng) was transformed into BL21(DE3) cells resulting in 4x108 clones, or 2-fold 

library coverage. 

 

Plasmids harboring the MDM2-LR44 and 49 genes were mixed at an equimolar ratio and 

used as template for an error-prone PCR library targeting an error rate of 0.8% using PCR 

conditions as previously described [36].  The PCR product was gel-purified, digested, 

and ligated into pDMLE19 using the EcoRI and HindIII restriction sites.  

Electrocompetent DH10B cells (F- endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74 

Φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ(mrr-hsdRMS-mcrBC) λ-)) were 

transformed with the desalted ligation reaction.  Following incubation in 1mL of SOC 

media (Difco) at 37˚C for 1h the transformation was plated on LB plates supplemented 

with 1% glucose and 200µg/mL ampicillin.  After 16h of growth at 25˚C the cells were 

scraped from the plates and resuspended in 10mL LB, and 1mL was used to inoculate 

500mL of LB + 200µg/mL ampicillin.  At OD600 = 1.0-2.0 plasmid was isolated from 

50mL of cells using a Qiagen plasmid prep kit according to the manufacturer’s protocol.  

For library screening the purified library DNA (~50ng) was used to transform 45µL of 

electrocompetent BL21(DE3) cells. 
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4.7.5 Library Screening 

 

MDM2 library screening was performed as described in Chapter 3. 

 

E. coli BL21(DE3) cells harboring the 90% saturated 21 position NNS library 

constructed by Navin Varadarajan [2], 2.5-fold library coverage (5x108 clones), were 

inoculated at OD600 = 0.2 into 2xYT media supplemented with 200 mg/L ampicillin and 

the cells were grown to an OD600 of 2.0 at 37˚C.  A 1 mL aliquot of the culture was 

centrifuged at 12000-g for 3 min and washed twice with 1 mL of 1% sucrose.  The cells 

were then resuspended in 1 mL of 1% sucrose.  10 µL of the resuspended cells were 

combined with 20 nM (final concentration) of the PAD4 substrate protein in 500 µL of 

1% sucrose and incubated at 25˚C for 10 minutes.  1 µg of both anti-His FITC 

(Genscript) and anti-Flag Alexa-647 (Cell Signaling Technology) antibodies were added 

to the mixture and incubated for another 5min.  The reaction mixture was sorted on a BD 

FACS Aria.  Gates were set based on FSC/SSC and on green fluorescence (505LP and 

530/30nm on the 488nm laser) and on red fluorescence (660/20nm on the 633nm laser).  

~5x107 cells were screened, and 1% of the population showing decreased green 

fluorescence, with maintenance of red fluorescence signal, were collected and plated on 

2xYT agar plates containing 200 mg/L ampicillin.  Enriched cells were scraped from the 

plate and 2xYT media inoculated and the protocol repeated. 

 

4.7.5 Enzyme purification 

 

Enzymes were purified as previously described [2]. 
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Chapter 5: A Circular-permuted Clamped beta-Lactamase Selection 

 

5.1 INTRODUCTION 

 

The ability to tailor protease specificity holds the potential to create a new 

generation of useful enzymatic catalysts.  Nevertheless, the engineering of proteases 

poses unique complications, including the potential host lethality when resulting from the 

expression of the protease, and the potential for autocatalytic inactivation of the enzyme.  

Despite these obstacles some successes have been reported for engineering protease 

specificity, but they have typically resulted from structure-based mutagenesis or the 

grafting of specificity determining regions between homologous enzymes [1-4].  

However, in general a combination of difficult to predict amino acid changes is often 

required to alter substrate specificity while maintaining high levels of catalytic activity. 

Although in earlier chapters we described three other protease engineering 

strategies (Chapters 2-4) each of these requires protease export and anchoring onto the E. 

coli outer membrane.  While methods of outer membrane anchoring of proteins have 

been developed [5], the surface display of proteases is often limited by biological 

constraints.  An alternative to surface display is the expression of the protease in soluble 

secreted form in the bacterial periplasmic space.  Here we report on efforts to develop an 

E. coli selection for a desired protease activity in the perplasmic space, by exploiting an 

inactive form of ß-lactamase that can only confer survival in the presence of ß-lactam 

antiobiotics when processed by the engineered protease.  
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5.2 GRANZYME K 

 

Granzymes are a family of cell death-inducing serine-proteases localized in the 

cytotoxic granules of cytotoxic T-lymphocytes and natural killer cells [6,7].  The human 

genome encodes five structurally homologous Granzymes that assume the trypsin-fold 

but differ in their specificities.  Granzymes are ~26kDa and expressed as inactive 

zymogens requiring activation via the removal of a N-terminal dipeptide by 

dipeptidylpeptidase I, or Cathepsin C.  Granzyme B cleaves following aspartic acid 

residues, a characteristic typical of the apoptotic caspases.  Granzymes A and K are 

classified as tryptases owing to their specificity for basic amino acids in the P1 position.  

Interestingly, Granzyme A is the only member of the Granzyme family that forms a 

disulfide linked dimer, and the dimeric interface is proposed to be responsible for aspects 

of Granzyme A specificity [8].  Granzyme H cleaves following aromatic acids similar to 

chymotrypsin, and Granzyme M is specific for methionine and leucine at P1 [6].  Due to 

their primary functional role as cell death inducing enzymes, all of the human Granzymes 

possess remarkable extended substrate specificity, and in most cases their optimum 

substrate specificity has been mapped beyond P1 preference [9].  The crystal structures of 

Granzymes A, B, M and pro-Granzyme K have been solved [10-12] and many of the 

specificity determining residues have been identified [8,12-14].  Granzymes A and K 

have also been heterologously expressed in E. coli, although in very small yields [15,16].  

For these reasons, and also because of their extracellular stability, the human Granzyme 

protease family is an attractive group of candidate enzymes for the engineering of high 

specificity variants suitable for therapeutic purposes, via directed evolution techniques. 

 Vectors containing the open reading frame coding sequences of human 

Granzymes B, H, and K were obtained from the Harvard Institute of Proteomics, the 
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Iverson/Georgiou Lab was already in possession of a Granzyme A expression vector.  

Each gene was cloned into bacterial expression vectors with a C-terminal poly-histidine 

affinity tag and assessed for soluble expression in E. coli BL21 (DE3) cells via western 

blot.  In addition, expression was also tested in the presence of various bacterial and 

mammalian chaperone proteins, and as N-terminal maltose binding protein fusion 

partners as a means to enhance solubility.  Of the Granzymes tested, human Granzymes 

A and K were the only soluble expressed proteases.  Due to the dimeric nature of 

Granzyme A, and potential difficulties engineering specificity across a dimeric interface, 

Granzyme K was selected and evaluated for activity.  The activity of Granzyme K was 

subsequently confirmed using an assay common to tryptases based on the hydrolysis of 

Z-Lys-SBzl (see Materials and Methods for more details).  Upon identification of 

Granzyme K as a protease target for engineering, the Granzyme K coding sequence was 

codon optimized and converted to a synthetic gene format permitting ease of saturation 

mutagenesis library creation via substitution of “cassettes” containing degenerate 

oligonucleotides at specific codons[17].  To generate an inactive Granzyme K mutant as a 

control, an Alanine point mutation was introduced at the active site Serine (S210A) to 

abolish activity (Figure 5.1).  
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5.3 CREATION OF A ZYMOGEN 

 

A previous study had demonstrated the creation of a ribonuclease zymogen that 

becomes active only in the presence of a specific protease by occluding the ribonuclease 

active site with a cleavable linker [18].  Using a similar approach, this design was 

adapted to the E. coli enzyme TEM-1 ß-lactamase.  TEM-1 ß-lactamase is the enzyme 

responsible for hydrolyzing ß-lactam antibiotics such as ampicillin, and used in many 

commercially available cloning vectors.  Although both the N- and C-termini of TEM-1 

are located on the opposite side of the protein from the active site, ß-lactamase has 

proven amenable to circular permutations [19,20].  Therefore, we hypothesized that a 

circularly permuted TEM-1 can be “clamped” using a cleavable linker across the active 

site secured via a disulfide.  In this manner the active site is occluded and the enzyme can 
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Figure 5.1:  Activity assay of whole cells expressing Granzyme K, the active site point 
mutant S210A, or without induction.  40µL of OD600 1.0 cells were mixed with 50µL of 
susbstrate (1.6mM Z-Lys_SBzl) and 40µL of detection reagent (0.83mM 
monobromobimane) and fluorescence at 460nm was tracked over time. 
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be activated only if the clamp peptide is cleaved by a protease, thus, directly linking E. 

coli viability with recombinant protease expression.  As a result we expected that 

ampicillin resistance will be restored to only those E. coli cells expressing a cleavage 

competent recombinant Granzyme, or Granzyme variant, with the correct specificity 

(Figure 5.2).  

To construct the circularly permuted TEM-1 ß-lactamase, new locations of 

potential N- and C-termini needed to be identified in relation to the enzyme’s active site.  

Using the crystal structure as a guide (PDB 1M40) and previous reports of functional 

circular permutations of TEM-1 [19], amino acid position 268 was determined to be a 

suitable N-terminus, placing the new C-terminus at position 266.  The circularly 

Figure 5.2: Schematic representation of the Amp-Clamp selection system.  In the absence 
of clamp proteolysis cells will be susceptible to ampicillin (left).  However, if a protease 
cleaves the clamp sequence then cells will display an ampicillin resistance phenotype 
(right). 
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permuted TEM-1, referred to as cp268, was assembled via PCR, and the wild-type N- and 

C-termini were connected using a pentaglycine linker.  The activity of cp268 was verified 

via growth in the presence of ampicillin.  

To generate the cp268 zymogen, a previously identified Granzyme K substrate 

sequence, FYRAGG [16], was inserted at the C-terminus with a C-terminal Cysteine, in 

order to promote the formation of a disulfide with an appropriately positioned Cys on the 

surface of cp268, and in close proximity to the Cys in the linker.  Using available 

structural information, positions for mutation to Cysteine for “clamp” anchoring were 

identified, and a minimum length of the clamp sequence was estimated (Figure 5.3).  The 

cp268-Cys substitution mutants were evaluated for ampicillin resistance (Figure 5.4).  

The cp268-FYRAGGC-S106C variant displayed the desired resistance profile; survival 

in the presence of ampicillin when the clamp is not closed, due to a lack of the S106C 

mutation, and no resistance when the clamp is secured via the S106C mutation (Figure 

Figure 5.3:  (A) Crystal structure of TEM-1 ß-lactamase with identified locations for 
clamp anchoring (PDB 1M40). (B) Table and schematic representation of constructed ß-
lactamase permutants with indicated ampicillin resistance phenotype. 
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5.3 and 5.4).  Additionally, cp268-FYRAGGC-S106C activity was evaluated in the 

presence of the reducing agent ß-mercaptoethanol (BME), where the disulfide linked 

clamp is reduced, using the chromogenic ß-lactamase substrate nitrocefin, which 

increases absorbance at 486nm upon hydrolysis.  As shown in Figure 5.5, cp268-

FYRAGGC-S106C activity is increased by ~4-fold in the presence of reducing agent, 

indicating effective occlusion of the ß-lactamase active site in the absence of BME.  The 

Amp-Clamp was subsequently cloned into the same expression vector containing 

Granzyme K, creating a bicistronic, single plasmid system.  

Restoration of cp268-FYRAGGC-S106C activity following Granzyme K 

hydrolysis of the linker was also analyzed using nitrocefin.  Induction of the Granzyme K 

gene results in increased nitrocefin hydrolysis when compared to the uninduced sample, 

and the S210A inactive mutant.  Additionally, when the clamp linker is replaced with an 

unrelated sequence, that is not recognized by Granzyme K, for example the TEV protease 

cleavage site (cp268-ENLYFQGC-S106C), Granzyme K is unable to restore ß-lactamase 

activity (Figure 5.6).  However, it is also of note, that upon Granzyme K cleavage, cp268-

FYRAGGC-S106C activity is not restored to levels as high as the unclamped cp268-

Construct Ampicillin Resistance
cp268 +
cp268 E104C –
cp268 Y105C –
cp268 S106C +
cp268 E168C +

cp268-FYRAGGC +
cp268-FYRAGGC S106C – "Amp-Clamp"
cp268-FYRAGGC E168C +

Figure 5.4:  cp268 variants and associated ampicillin resistance phenotypes, where (+) is 
resistant, and (–) is not resistant. 
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FYRAGGS-S106C enzyme (Figure 5.6).  Therefore, reduced concentrations of ampicillin 

(20µg/mL) were required for subsequent plating assays, to lower selection pressure due 

to the reduced activity of cleaved cp268-FYRAGGC-S106C. 

The ability of the newly designed system to report accurately Granzyme K 

activity was tested in vivo.  Cells co-expressing Granzyme K + cp268-FYRAGGC-

S106C, S210A + cp268-FYRAGGC-S106C, or Granzyme K + cp268-ENLYFQGC-

S106C were grown on plates in the presence of 20µg/mL ampicllin and 4ng/mL 

Figure 5.5:  Nitrocefin hydrolysis assay by cp268-FYRAGGC-S106C and wild-type ß-
lactamase evaluated in the presence of the reducing agent beta-mercaptoethanol.  
Nitrocefin hydrolysis by the cp268-FYRAGGC-S106C enzyme is recovered to near 
wild-type levels in the presence of reducing agent, indicating active site occlusion.  E.coli 
whole cell lysates constitutively expressing the Amp-Clamp gene were normalized by 
OD600 and incubated with nitrocefin, or nitrocefin and beta-mercaptoethanol. 
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anhydrotetracycline, for protease induction (Figure 5.7).  As anticipated, the cells 

expressing Granzyme K + cp268-FYRAGGC-S106C displayed increased growth and 

resistance to ampicillin compared to the inactive Granzyme, S210A, and cp268-

ENLYFQGC-S106C controls.  

Next, cells expressing Granzyme K + cp268-FYRAGGC-S106C were mixed with 

cells expressing Granzyme K + cp268-ENLYFQGC-S106C at a ratio of 1:1000, 

respectively, and plated on selective plates.  After 24h of growth at room temperature, 

Figure 5.6:  Hydrolysis of the chromogenic cephalosporin, nitrocefin, by engineered ß-
lactamase permutants with co-expression of protease analyzed in whole cells.  When 
Granzyme K is co-expressed with cp268-FYRAGGC-S106C there is a 9-fold increase in 
absorbance at 490nm compared to the inactive point mutant S210A.  Additionally, the 
absorbance for S210A co-expression is equivalent to that obtained for Granzyme K when 
co-expressed with a non-preferred cleavage site (cp268-ENLYFQGC-S106C).  
Absorbance values for an un-anchorable clamp mutant are given as well (cp268-
FYRAGGS-S106C). 
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individual colonies were isolated and sequenced.  Of the 10 colonies picked, 100% 

encoded Granzyme K + cp268-FYRAGGC-S106C.  A few, smaller colonies were also 

detected and DNA sequencing indicated that these smaller colonies contained the vector 

encoding Granzyme K + cp268-ENLYFQGC-S106C.  However, the smaller background 

colonies were easily distinguishable from the actual positive colonies.  Together, these 

data indicate that the cp268-FYRAGGC-S106C system should be adequate for screening 

Granzyme K libraries for variants displaying altered substrate specificity.  

To engineer the P1 specificity of Granzyme K using the cp268 system, potential 

P1 amino acids first needed to be identified.  Although, it is well established that 

Granzyme K prefers basic amino acids at the P1 position, there remains the possibility 

that protease-substrate interactions adjacent to P1 may help orient the substrate for 

cleavage at non-preferred P1 amino acids.  There also exists the potential for cp268 

activation via native E. coli periplasmic proteases when the linker is mutated at P1 for 

Granzyme engineering purposes.  As a result, cp268-FYXAGGC-S106C variants 

containing nearly every amino acid at the P1 position within the clamp sequence were 

constructed.  The respective plasmids, also containing the Granzyme K gene, were 

!"#$%&'()*+,-,.*+$

!/#$0/"12()*+,-,.*+$

!3#$%&'(45467*+,-,.*+$

Figure 5.7: In vivo demonstration of the Amp-clamp assays ability to accurately report 
protease activity.  10-fold serial dilutions of BL21 (DE3) cells harboring both protease 
and Amp-clamp genes were spotted on plates containing both ampicillin and protease 
inducer.  
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transformed into E.coli BL21(DE3) electrocompetant cells and tested for Granzyme K 

induced survival on plates supplemented with 4ng/mL anhydrotetracycline and 20µg/mL 

ampicillin (Figure 5.8).  The cp268-FYLAGGC-S106C, cp268-FYFAGGC-S106C, and 

cp268-FYYAGGC-S106C, with Leu, Phe, and Tyr at the P1 position grew poorly at low 

plating densities and were identified as targets for altering Granzyme K P1 specificity 

(data for Tyr not shown, but resembled Phenylalanine in Figure 5.8).  

Cells co-expressing Granzyme K + cp268-FYRAGGC-S106C were mixed at a 

ratio of 1:1000 with cells co-expressing Granzyme K + cp268-FYFAGGC-S106C and 

plated on media containing ampicillin (Figure 5.9).  Following growth for 24h, 10 

colonies were isolated and the clamp genes were sequenced.  Of the 9 sequences 

obtained, 90% were positive, that is cp268-FYRAGGC-S106C containing cells.  The 

successful enrichment experimental results demonstrate that it should be possible to 

obtain Granzyme K variants from a library of Granzyme K variants using the cp268 

selection system. 

-Ampicillin! +Ampicillin!

R!

D!
F!
G! L! E!

N!
Q!
S!

S210A!TEV!

R!

D!
F!
G! L! E!

N!
Q!
S!

S210A!TEV!

Figure 5.8:  E. coli BL21(DE3) cells co-expressing wild-type Granzyme K and cp268-
FYXAGGC-S106C with altered amino acids at the putative P1 position. Left:  protease 
inducer + Ampicillin, Right:  protease inducer only. 
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The exact residues responsible for the P1 specificity of Granzyme K are not 

known, but can be predicted from the structurally homologous, well characterized 

proteases, Trypsin and Chymotrypsin, where specificity-determining residues have been 

elucidated (Figure 5.10) [11].  Based on this analysis we constructed two saturation 

mutagenesis libraries: (i) a 4-site library targeting Granzyme K residues Y183, D204, 

S205, and G237 (ii) a 90% partial-saturation mutagenesis library targeting 10-amino 

acids comprising the putative S1 pocket (Figure 5.10).  The amino acids selected for 

mutagenesis in the 4-site library were specifically chosen for their important roles in the 

conversion of trypsin to chymotrypsin, namely Y183, D204, and S205 [21].  Amino acid 

G237 was identified to be a critical specificity-determining residue in Granzyme B [22], 

which also shares significant homology with Granzyme K.  Additionally, two error prone 

PCR libraries, 0.5% and 1.0% error rates averaging 4 and 8 mutations respectively, were 

constructed to identify potentially critical residues not identified from structural 

Figure 5.9: Enrichment experiment of a mixture of cells co-expressing Granzyme K + 
cp268-FYRAGGC-S106C against Granzyme K + cp268-FYFAGGC-S106C at 1:1000, 
respectively.  BL21(DE3) co-expressing Granzyme K + (A) cp268-FYFAGGC-S106C 
(~106 cells) (B) cp268-FYRAGGC-S106C (~103 cells) (C) cp268-FYRAGGC-S106C: 
cp268-FYFAGGC-S106C at 1:1000 (~106 cells). 

GrK+non-cleavable (106 cells)! GrK+cleavable (103 cells)! Cleavable : non-cleavable !
at 1:1000!

(A)! (B)! (C)!
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homology modeling  (For details of library construction please refer to the Materials and 

Methods). 

However, when both saturation mutagenesis and error-prone PCR Granzyme K 

libraries (4-site saturation, 90% saturation across 10 sites, 0.5% and 1.0% error prone) 

were screened against cp268-FYXAGGC-S106C, where X = Phe, Tyr, or Leu in in P1, 

no active variants were recovered (See Materials and Methods for details regarding 

library screening).  In many cases, clamp mutants were recovered in which the P1 amino 

acid mutated to either Cysteine, or Proline; both mutations would be predicted to disrupt 

clamp formation and restore ampicillin resistance.  Additionally, clamp revertants were 

recovered in which S106C had mutated back to serine, again relieving the selective 

pressure.  Other Granzyme K variant clones that displayed the appropriate phenotype 

upon selection, and did not contain mutations in the cp268-FYXAGGC-S106C gene, did 

not retain ampicillin resistance when transformed into fresh BL21 (DE3) cells, indicating 

a genomic mutation most likely conferred resistance. 

 

Library Residues Targeted
4-site Y183, D204, D205, G237
10-site V147, Y183, Q202, K203, D204, K207, 

G226, H228, E229, G237

!"#$$$!%&$$$!#& $ $ $ $ $ $ $$$$$$$&"'$$$$$$

Figure 5.10:  Granzyme K residues targeted for mutagenesis, and an alignment of 
Granzyme K, Chymotrypsin and Trypsin putative S1 pockets according to Chymotrypsin.  
Residues outlined in red are predicted to constitute the Granzyme K S1 pocket.  
Alignment numbering is based on Chymotrypsin, and differs from Granzyme K. 
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5.4 CONCLUSIONS 

 

The utility of engineered proteases for therapeutic use will require protease 

stability in the extracellular environment, a feature not typical of cytoplasmic proteins.  

Therefore, a novel assay was developed for proteases exported to the E. coli periplasm 

that exploited the plasticity of the enzyme ß-lactamase, a common marker for bacterial 

selections.  Here we describe the design and construction of a circularly permuted ß-

lacatmase engineered with a protease cleavage site occluding the enzyme’s active site.  

The capability of the assay to accurately report enzymatic activity was demonstrated 

using the human protease Granzyme K, and an inactive point mutant S210A.  

Additionally, P1 variants of the clamped ß-lactamase were created and those variants 

displaying the appropriate phenotype when co-expressed with Granzyme K were 

identified as potential targets for Granzyme K substrate engineering.  A proof of principle 

enrichment experiment was performed where cells expressing protease and its preferred 

substrate could be isolated from a mixture of cells expressing protease and a non-

preferred substrate at a ratio of 1:1000, respectively. 

However, when Granzyme K libraries were co-expressed with cp268-

FYXAGGC-S106C (where X = L, F, or Y), mutations within the cp268-FYXAGGC-

S106C gene that restored the ampicillin resistance phenotype were observed, as opposed 

to ampicillin resistance as the result of engineered variants of Granzyme K with altered 

substrate specificities.  These experiments adequately demonstrate a primary difficulty 

using genetically encoded substrates; spontaneous mutations that cannot be predicted nor 

controlled resulting in a positive signal irrespective of desired activity.  Here, the 

screening for Granzyme K variants was overcome by such mutations. 
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Although Granzyme K was an attractive target, it was also associated with lethal 

expression.  Upon robust induction of the protease gene, E. coli growth subsided.  At a 

first approximation this may appear ideal because any isolated variants will be at most as 

toxic, but more likely less toxic than the parental protease.  However, when engineering 

enzyme specificities there is usually an associated decrease in catalytic efficiency.  As a 

result, novel enzymes with a reduced catalytic efficiency as well as expression might 

never be identified or isolated.  Likewise, due to the reduced expression and therefore 

overall activity of Granzyme K, the ampicillin concentration in the selections was 

correspondingly reduced, lowering the overall selection pressure.  Therefore, future 

applications of this assay will have to be centered on proteases with a better, less toxic, 

expression profile. 

 

5.5 MATERIALS AND METHODS 

 

5.5.1 Granzyme K plasmid construction 

 

Vectors containing the open reading frame coding sequences of human Granzymes B, H, 

and K were obtained from the Harvard Institute of Proteomics. The following primers 

were used to amplify the gene products for subsequent cloning into the periplasmic 

expression vector pMoPac16 using the endonuclease SfiI, the reverse primers include the 

sequence for a C-terminal six histidine tag (Table 5.1):  
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Expression of Granzyme genes from pMoPac16 was analyzed by Western blot using an 

anti-His HRP conjugated antibody (Sigma) and no soluble protease expression was 

observed.  Therefore, the enzymes were re-cloned into the vector pAsk75.MP-Kan using 

the XbaI and KpnI restriction sites. The vector pAsk75 contains the tightly controlled, 

and strong, Tetracycline promoter.  The original pAsk75 vector [23] was modified to 

mutate the start codon of tetA from A100TG to A100AA following the Stratagene Quick 

Change protocol, and the ampicillin resistance marker, bla, excised using the EarI and 

AhdI sites.  The vector lacking bla was blunt end ligated using the Kleenow fragment 

according to the manufacturer’s protocol (NEB).  The kanamycin resistance gene was 

ligated into the vector using at the SalI site, creating pAsk.MP-Kan.  The forward primers 

for Granzyme amplification incorporated a bacterial ribosomal binding site (absent in 

pAsk75).  The reverse Granzyme primers included the addition of a C-terminal six 

histidine tag (Table 5.2). 

Primer! Sequence (5’-3’)!

GZMB-Orf-For ! AAAAAAGGCCCAGCCGGCCATGGCGATCATCGGGGGAC
ATGAGGCCAAGCCC!

GZMB-Orf-Rev!
!

AAAAAAGGCCCCCGAGGCCTTAATGGTGATGGTGATGG
TGGTGGCGTTTCATGGTTTTCTTTAT!

GZMH-Orf-For!
!

AAAAAAGGCCCAGCCGGCCATGGCGATCATCGGGGGCC
ATGAGGCCAAG !

GZMH-Orf-Rev!
!

AAAAAAGGCCCCCGAGGCCTTAATGGTGATGGTGATGG
TGGAGGCGCTTCATTGTTCTCTTTAT!

GZMK-Orf-For!
!

AAAAAAGGCCCAGCCGGCCATGGCGATTATTGGAGGGA
AAGAAGTGTCA!

GZMK-Orf-Rev!
!

AAAAAAGGCCCCCGAGGCCTTAATGGTGATGGTGATGG
TGATTTGTATGAGGCGGGACAAGGTTGCTTT!

Table 5.1: List of oligonucleotides used for Granzyme gene amplification and cloning 
into pMoPac16. 
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Soluble protease expression was analyzed by Western blot using an anti-His HRP 

conjugated antibody (Sigma), and Granzyme K was the only enzyme identified to have 

soluble expression.  Granzyme K activity was verified and the enzyme sequence was 

codon optimized for E.coli expression using DNAWorks 2.0 and assembled from a set of 

40 completely overlapping oligonucleotides. 

Primer! Sequence (5’-3’)!

pAsk75-tetAAA-QCf! AAAAGTGAAAAAAATAGTTCGACAA!

pAsk75-tetAAA-QCr! GAACTATTTTTTTCACTTTTCTCTATC!

KpnI-His-GZMB! AAAAAAGGTACCTTAATGGTGATGGTGATGGTGGTG
GCGTTT !

KpnI-His-GZMH! AAAAAAGGTACCTTAATGGTGATGGTGATGGTGGA
GGCG!

KpnI-His-GZMK! AAAAAAGGTACCTTAATGGTGATGGTGATGGTGATT
TGTATG !

XbaI-SDpelB-GZM! AAAAAATCTAGAAGGAGGAATTCATGAAATACCTAT
TGCCTACGGCAGCCGCTGGATTGT !

Table 5.2:  List of oligonucleotides used for Granzyme amplification and cloning into 
pAsk75.MP. 
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Primers! Sequence (5’-3’)!

MarkP-GrKsg1F! AAAAAATCTAGAAGGAGGAATTCATGAAATACCTGTTGCCTA!

MarkP-GrKsg2R! AGCCAGCGGCTGCGGTAGGCAACAGGTATTTCATG!

MarkP-GrKsg3F! CCGCAGCCGCTGGCTTGTTATTACTCGCGGCCCA!

MarkP-GrKsg4R! CAATAATCGCCATGGCCGGCTGGGCCGCGAGTAATAACA!

MarkP-GrKsg5F! GCCGGCCATGGCGATTATTGGCGGCAAAGAAGTGTCACCT!

MarkP-GrKsg6R! GCCATAAATGGGCGGGAATGAGGTGACACTTCTTTGCCGC!

MarkP-GrKsg7F! CATTCCCGCCCATTTATGGCCTCCATCCAGTATGGCGGCC!

MarkP-GrKsg8R! AACACCGCCACAAACGTGATGGCCGCCATACTGGATGGAG!

MarkP-GrKsg9F! ATCACGTTTGTGGCGGTGTTCTGATTGATCCACAGTGGGT!

MarkP-GrKsg10R! GGCAGTGGGCTGCTGTCAGCACCCACTGTGGATCAATCAG!

MarkP-GrKsg11F! GCTGACAGCAGCCCACTGCCAATATCGCTTTACCAAAGGC!

MarkP-GrKsg12R! AAAACCACAGTCGGAGACTGGCCTTTGGTAAAGCGATATT!

MarkP-GrKsg13F! CAGTCTCCGACTGTGGTTTTAGGCGCACACTCTCTCTCAA!

MarkP-GrKsg14R! TTGTTTGGAGGCCTCATTCTTTGAGAGAGAGTGTGCGCCT!

MarkP-GrKsg15F! AGAATGAGGCCTCCAAACAAACACTGGAGATCAAAAAATT!

MarkP-GrKsg16R! TAACGCGTGAGAATGGAATAAATTTTTTGATCTCCAGTGT!

MarkP-GrKsg17F! TATTCCATTCTCACGCGTTACATCAGATCCTCAATCAAAT!

MarkP-GrKsg18R! AGCTTAACCAGCATGATATCATTTGATTGAGGATCTGATG!

MarkP-GrKsg19F! GATATCATGCTGGTTAAGCTTCAAACAGCCGCAAAACTCA!

MarkP-GrKsg20R! GAGCATCTTGACATGTTTATTGAGTTTTGCGGCTGTTTGA!

MarkP-GrKsg21F! ATAAACATGTCAAGATGCTCCACATTCGCTCCAAAACCTC!

MarkP-GrKsg22R! ATTTGGTGCCAGAGCGAAGAGAGGTTTTGGAGCGAATGTG!

MarkP-GrKsg23F! TCTTCGCTCTGGCACCAAATGCAAGGTTACTGGCTGGGGC!

MarkP-GrKsg24R! AATGAATCTGGATCGGTGGCGCCCCAGCCAGTAACCTTGC!

MarkP-GrKsg25F! GCCACCGATCCAGATTCATTACGCCCTTCTGACACCCTGC!

MarkP-GrKsg26R! GACAGTAACAGTGACTTCGCGCAGGGTGTCAGAAGGGCGT!

MarkP-GrKsg27F! GCGAAGTCACTGTTACTGTCCTGAGTCGCAAACTTTGCAA!

MarkP-GrKsg28R! CGTTGTAGTAACTTTGGCTGTTGCAAAGTTTGCGACTCAG!

MarkP-GrKsg29F! CAGCCAAAGTTACTACAACGGCGACCCTTTTATCACCAAA!

MarkP-GrKsg30R! TCGCCTGCACAGACCATGTCTTTGGTGATAAAAGGGTCGC!

MarkP-GrKsg31F! GACATGGTCTGTGCAGGCGATGCCAAAGGCCAGAAGGATT!

MarkP-GrKsg32R! GCCTGAGTCACCCTTACAGGAATCCTTCTGGCCTTTGGCA!

MarkP-GrKsg33F! CCTGTAAGGGTGACTCAGGCGGCCCGTTGATCTGTAAAGG!

MarkP-GrKsg34R! AGACAATAGCGTGGAAGACACCTTTACAGATCAACGGGCC!

MarkP-GrKsg35F! TGTCTTCCACGCTATTGTCTCTGGCGGTCATGAATGTGGT!

MarkP-GrKsg36R! ATGCCAGGCTTTGTGGCAACACCACATTCATGACCGCCAG!

MarkP-GrKsg37F! GTTGCCACAAAGCCTGGCATCTACACCCTGTTAACCAAGA!

MarkP-GrKsg38R! TTTTGATCCAAGTCTGGTATTTCTTGGTTAACAGGGTGTAG!

MarkP-GrKsg39F! AATACCAGACTTGGATCAAAAGCAACCTTGTCCCGCCT!

MarkP-GrKsg40R! AAAAAAGGTACCTTAATGGTGATGGTGATGGTGATTTGTATG
AGGCGGGACAAGGTTGC!
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Primers! Sequence (5’-3’)!

MarkP-GrKsg1F! AAAAAATCTAGAAGGAGGAATTCATGAAATACCTGTTGCCTA!

MarkP-GrKsg2R! AGCCAGCGGCTGCGGTAGGCAACAGGTATTTCATG!

MarkP-GrKsg3F! CCGCAGCCGCTGGCTTGTTATTACTCGCGGCCCA!

MarkP-GrKsg4R! CAATAATCGCCATGGCCGGCTGGGCCGCGAGTAATAACA!

MarkP-GrKsg5F! GCCGGCCATGGCGATTATTGGCGGCAAAGAAGTGTCACCT!

MarkP-GrKsg6R! GCCATAAATGGGCGGGAATGAGGTGACACTTCTTTGCCGC!

MarkP-GrKsg7F! CATTCCCGCCCATTTATGGCCTCCATCCAGTATGGCGGCC!

MarkP-GrKsg8R! AACACCGCCACAAACGTGATGGCCGCCATACTGGATGGAG!

MarkP-GrKsg9F! ATCACGTTTGTGGCGGTGTTCTGATTGATCCACAGTGGGT!

MarkP-GrKsg10R! GGCAGTGGGCTGCTGTCAGCACCCACTGTGGATCAATCAG!

MarkP-GrKsg11F! GCTGACAGCAGCCCACTGCCAATATCGCTTTACCAAAGGC!

MarkP-GrKsg12R! AAAACCACAGTCGGAGACTGGCCTTTGGTAAAGCGATATT!

MarkP-GrKsg13F! CAGTCTCCGACTGTGGTTTTAGGCGCACACTCTCTCTCAA!

MarkP-GrKsg14R! TTGTTTGGAGGCCTCATTCTTTGAGAGAGAGTGTGCGCCT!

MarkP-GrKsg15F! AGAATGAGGCCTCCAAACAAACACTGGAGATCAAAAAATT!

MarkP-GrKsg16R! TAACGCGTGAGAATGGAATAAATTTTTTGATCTCCAGTGT!

MarkP-GrKsg17F! TATTCCATTCTCACGCGTTACATCAGATCCTCAATCAAAT!

MarkP-GrKsg18R! AGCTTAACCAGCATGATATCATTTGATTGAGGATCTGATG!

MarkP-GrKsg19F! GATATCATGCTGGTTAAGCTTCAAACAGCCGCAAAACTCA!

MarkP-GrKsg20R! GAGCATCTTGACATGTTTATTGAGTTTTGCGGCTGTTTGA!

MarkP-GrKsg21F! ATAAACATGTCAAGATGCTCCACATTCGCTCCAAAACCTC!

MarkP-GrKsg22R! ATTTGGTGCCAGAGCGAAGAGAGGTTTTGGAGCGAATGTG!

MarkP-GrKsg23F! TCTTCGCTCTGGCACCAAATGCAAGGTTACTGGCTGGGGC!

MarkP-GrKsg24R! AATGAATCTGGATCGGTGGCGCCCCAGCCAGTAACCTTGC!

MarkP-GrKsg25F! GCCACCGATCCAGATTCATTACGCCCTTCTGACACCCTGC!

MarkP-GrKsg26R! GACAGTAACAGTGACTTCGCGCAGGGTGTCAGAAGGGCGT!

MarkP-GrKsg27F! GCGAAGTCACTGTTACTGTCCTGAGTCGCAAACTTTGCAA!

MarkP-GrKsg28R! CGTTGTAGTAACTTTGGCTGTTGCAAAGTTTGCGACTCAG!

MarkP-GrKsg29F! CAGCCAAAGTTACTACAACGGCGACCCTTTTATCACCAAA!

MarkP-GrKsg30R! TCGCCTGCACAGACCATGTCTTTGGTGATAAAAGGGTCGC!

MarkP-GrKsg31F! GACATGGTCTGTGCAGGCGATGCCAAAGGCCAGAAGGATT!

MarkP-GrKsg32R! GCCTGAGTCACCCTTACAGGAATCCTTCTGGCCTTTGGCA!

MarkP-GrKsg33F! CCTGTAAGGGTGACTCAGGCGGCCCGTTGATCTGTAAAGG!

MarkP-GrKsg34R! AGACAATAGCGTGGAAGACACCTTTACAGATCAACGGGCC!

MarkP-GrKsg35F! TGTCTTCCACGCTATTGTCTCTGGCGGTCATGAATGTGGT!

MarkP-GrKsg36R! ATGCCAGGCTTTGTGGCAACACCACATTCATGACCGCCAG!

MarkP-GrKsg37F! GTTGCCACAAAGCCTGGCATCTACACCCTGTTAACCAAGA!

MarkP-GrKsg38R! TTTTGATCCAAGTCTGGTATTTCTTGGTTAACAGGGTGTAG!

MarkP-GrKsg39F! AATACCAGACTTGGATCAAAAGCAACCTTGTCCCGCCT!

MarkP-GrKsg40R! AAAAAAGGTACCTTAATGGTGATGGTGATGGTGATTTGTATG
AGGCGGGACAAGGTTGC!

Table 5.3:  Codon optimized oligonucleotides used for PCR-based gene assembly of 
human Granzyme K. 
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The gene was assembled by PCR as previously described [17] and cloned into 

pAsk75.MP. 

 

5.5.2 Circularly permuted ß-lacatmase 

 

The circularly permuted ß-lactamase cp268 was constructed from a series of nested PCR 

reactions.  The first reaction established the new C-terminus at amino acid 266, using 

primer cp268rev, and moved the original C-terminus to the N-terminus using primer 

cp268inner-for.  The PCR product was gel purified and used as a template in a second 

reaction using the same reverser primer, but substituting cp268outer-for, that 

incorporated the constitutive bla promoter found in commercially available vectors, and 

the native leader sequence for periplasmic export.  The gene was gel purified and cloned 

into pAsk.MP-Kan at the PstI site.  Activity was verified as growth on plates containing 

ampicillin at 100 µg/mL. 

 

Sites identified for clamp anchoring were mutated to cysteine using their respective 

primers for E104C, Y105C, S106C and E168C, following the Stratagene Quick Change 

protocol (Table 5.4).  Activity was verified as growth on plates containing ampicillin at 

100 µg/mL.  The mutations at S106C and E168 were shown to retain ampicillin 

resistance indicating active enzyme (Figure 5.4).  Finally, clamp portions corresponding 

to the Granzyme K cleavage sequence (FYRAGG) with C-terminal Cys/Ser and a clamp 

corresponding to the TEV cleavage sequence (ENLYFQSG) were added to the cp268-

S106C and E168C variants using the primers listed in Table 5.4. 
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Amp-clamp variants containing different amino acids at the P1 position of the Granzyme 

K cleavage site were constructed using degenerate oligonucleotides following quick-

change protocol (Stratagene) and primers P1NNSfor and P1NNSrev (Table 5.4). 

Table 5.4:  List of oligonucleotides used for cp268 and cp268-variant construction. 

Primer Name! Sequence (5’-3’)!

cp268inner-for! ATGGACGAGCGTAACCGTCAAATTGCGGAAATCGGCGCATCTCTGAT
CAAACACTGGGGTGGCGGCGGTGGCCACCCAGAAACGCTGGTGAAA
GTAAAAGATGC!

cp268outer-for! CTGCAGTTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAAT
GCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCG
TGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCT
ATGGACGAGCGTAACCGTCAAATTGCGGAAATCGGCGC!

cp268rev! CTGCAGTTACTATTATGCCTGACTCCCCGTCGTGTAGATAACTACGATA
CGG!

E104Cfor! ACTTGGTTTGCTACTCACCAGTCACAG!

E104Crev! GCTTTTCTGTGACTGGTGAGTAGCAAACC!

Y105Cfor! ACTTGGTTGAGTGCTCACCAGTCACAG!

Y105Crev! GCTTTTCTGTGACTGGTGAGCACTCAACC!

S106Cfor! ACTTGGTTGAGTACTGCCCAGTCACAG!

S106Crev! GCTTTTCTGTGACTGGGCAGTACTCAACC!

E168for! GGAGCTGAATTGCGCCATACC!

E168rev! CGTTTGGTATGGCGCAATTCAG!

FYRAGGCrev! CTGCAGTTACTATTAGCAACCACCTGCACGGTAGAAACCTGCCTGAC
TCCCCGTCGTGTAGATAACTACGATACGG!

FYRAGGSrev! CTGCAGTTACTATTAGCTACCACCTGCACGGTAGAAACCTGCCTGACT
CCCCGTCGTGTAGATAACTACGATACGG!

ENLYFQGrev! CTGCAGTTACTATTAGCAACCCTGAAAATAGAGGTTTTCTGCCTGACT
CCCCGTCGTGTAGATAACTACGATACGG!

P1NNSfor! GGTTTCTACNNSGCAGGTGGTTGCTAATAG!

P1NNSrev! CAGTTACTATTAGCAACCACCTGCSNNGTAGA!
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5.5.3 Library Construction 

 

The Granzyme K error prone PCR libraries with error rates of 1.0% and 0.5% were 

generated following previously established conditions for an error rate of 1.0% [24].  The 

PCR products were gel purified, digested (XbaI and KpnI), and ligated into pAsk75.MP-

Kan-Phe/Tyr/Leu-Clamp.  A 1µL aliquot of the desalted ligation reaction was 

transformed with 45µL of electrocompetent E.coli MC1061 cells (2 replicates).  

Following incubation in 1mL of SOC media (Difco) at 37˚C for one hour the entire 

transformation mixture was plated on 2xYT plates supplemented with kanamycin at 

30µg/mL.  After growth at 25˚C for 16h the plates were scraped and 20mL of 2xYT + 

kanamycin was inoculated at an OD600 of 0.2.  The culture was grown at 25˚C till the 

OD600 reached 1.0 and plasmid DNA was isolated (Qiagen) and re-transformed into 

electrocompetent BL21(DE3) cells. 

 

Saturation mutagenesis libraries were constructed by swapping oligonucleotides 

containing degenerate NNS codons for the wild-type codon optimized oligonucleotides 

used for gene synthesis as described [17] using an annealing temperature of 54˚C.  The 

PCR products were gel purified, digested (XbaI and KpnI), and ligated into pAsk75.MP-

Kan-Phe/Tyr/Leu-Clamp.  A 1µL aliquot of the desalted ligation reaction was 

transformed with 45µL of electrocompetent E.coli MC1061 cells (2 replicates).  

Following incubation in 1mL of SOC media (Difco) at 37˚C for one hour the entire 

transformation mixture was plated on 2xYT plates supplemented with kanamycin at 

30µg/mL.  After growth at 25˚C for 16h the plates were scraped and 20mL of 2xYT + 

kanamycin was inoculated at an OD600 of 0.2.  The culture was grown at 25˚C till the 
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OD600 reached 1.0 and plasmid DNA was isolated (Qiagen) and re-transformed into 

electrocompetent BL21(DE3) cells. 

 

The oligonucleotides used for library construction are listed in Tables 5.5 and 5.6. 

Primers for 4-site NNS library! Sequence (5’-3’)!

MarkP-GrK28R-183NNS ! CGTTSNNGTAACTTTGGCTGTTGCAAAGTTTG
CGACTCAG!

MarkP-GrK29F-183NNS! CAGCCAAAGTTACNNSAACGGCGACCCTTTTA
TCACCAAA!

MarkP-GrK31F-204NNS! GACATGGTCTGTGCAGGCGATGCCAAAGGCC
AGAAGNNS!

MarkP-GrK32R-204205NNS! GCCTGAGTCACCCTTACASNNSNNCTTCTGGC
CTTTGGCA!

MarkP-GrK33F-205NNS! NNSTGTAAGGGTGACTCAGGCGGCCCGTTGAT
CTGTAAAGG!

MarkP-GrK36R-237NNS! ATSNNAGGCTTTGTGGCAACACCACATTCATG
ACCGCCAG!

MarkP-GrK37F-237NNS! GTTGCCACAAAGCCTNNSATCTACACCCTGTT
AACCAAGA!

Table 5.5:  Degenerate oligonucleotides used for 4-site saturation mutagenesis library 
construction. 
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Primers for 10-site NNS library! Sequence (5’-3’)!

MarkP-GrK23F-147NNS! TCTTCGCTCTGGCACCAAATGCAAGNNSACTGGC
TGGGGC!

MarkP-GrK24R-147NNS! AATGAATCTGGATCGGTGGCGCCCCAGCCAGTSN
NCTTGC!

MarkP-GrK28R-183NNS ! CGTTSNNGTAACTTTGGCTGTTGCAAAGTTTGCG
ACTCAG!

MarkP-GrK29F-183NNS! CAGCCAAAGTTACNNSAACGGCGACCCTTTTATC
ACCAAA!

MarkP-GrK31F-202-203-204NNS! GACATGGTCTGTGCAGGCGATGCCAAAGGCNNS
NNSNNSTCC!

MarkP-GrK32R-202-203-204-207NNS! GCCTGAGTCACCSNNACAGGASNNSNNSNNGCCT
TTGGCA!

MarkP-GrK33F-207NNS! TGTNNSGGTGACTCAGGCGGCCCGTTGATCTGTA
AAGG!

MarkP-GrK35F-226-228-229NNS! TGTCTTCCACGCTATTGTCTCTNNSGGTNNSNNST
GTGGT!

MarkP-GrK36R-226-228-229-237NNS! ATSNNAGGCTTTGTGGCAACACCACASNNSNNAC
CSNNAG!

Table 5.6:  List of degenerate oligonucleotides used for 10-site partial saturation 
mutagenesis library of Granzyme K. 

Table 5.7: A summary of the Granzyme K libraries constructed and screened against 
respective P1 Amp-clamp variants. 

Library- cp268 
Substrate! Size! Mutagenesis! Plated (Coverage)! Colonies Analyzed!

Lib1-FYF! 4x107!

Saturation: 183, 204, 205, 
237!

6x107 (1.5-fold)! 286!

Lib1-FYL! 1x107! 4x107 (4-fold)! 190!

Lib1-FYY! 2x107! 6x107 (3-fold)! 190!

90%10-FYY! 2x107!
90% Partial Saturations: 
147, 183, 202, 203, 204, 
207, 226, 228, 229, 237!

6x107 (3-fold)! 190!

0.5%-FYY! 1x107! Error-prone PCR: 0.5% 
error rate! 4x107 (4-fold)! 190!

01.0%-FYY! 2x107! Error-prone PCR: 1.0% 
error rate! 6x107 (3-fold)! 190!
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 5.5.4 Library Screening 

 

E. coli BL21(DE3) harboring the library were inoculated into 2xYT + kanamycin at 

OD600 of 0.2 and grown at 25˚C.  At OD600 ≈ 1.0 cells were plated onto 600cm2 2xYT 

plates supplemented with 30µg/mL kanamycin, 20µg/mL ampicillin, and 4ng/mL 

anhydrotetracycline (protease inducer) at a density of ~2x104 cells/cm2 and placed at 

25˚C.  Colonies were picked and used to individually inoculate a 96-well round bottom 

plate with each well containing 150µL 2xYT media supplemented with 30µg/mL 

kanamycin.  Following overnight growth a 5µL aliquot was used to created a master plate 

of the clones.  The remaining sample was subcultured into a second 96-well plate 

containing 150µL of 2xYT + 30µg/mL kanamucin.  After 2h of growth at 25˚C 

Granzyme gene expression was induced by the addition of 200ng/mL 

anhydrotetracycline.  Following 4h of induction the cells were pelleted, the media 

aspirated, and the cells lysed by the addition of 100µL BPer (Invitrogen) according to the 

manufacturer’s protocol.  The soluble cell lysate was applied to PVDF using a Mini-Fold 

dot-blot system.  The blot was blocked overnight with 5% skim milk in TBS-

0.2%Tween-20.  Granzyme K expression was analyzed using an anti-His-HRP (Sigma). 

Clones displaying Granzyme variant expression were sequenced for both the Granzyme 

and cp268 genes.  Variants with full length Granzyme genes and un-mutated cp268 genes 

were re-transformed into fresh BL21(DE3) cells and the ampicillin resistance phenotype 

was observed as 10-fold serial dilutions on 2xYT plates containing 30µg/mL kanamycin, 

20µg/mL ampicillin, and 4ng/mL anhydrotetracycline.  Ampicillin was added to media + 

agar after equilibration to ~55˚C to prevent heat induced autolysis of the ß-lactam. 
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5.5.5 Granzyme K activity assays 

 

Granzyme K activity assays were performed essentially as described previously [25].  

E.coli expressing Granzyme K, or purified Granzyme K, was incubated with the lysine-

thioester substrate Z-Lys-SBzl (Sigma) and hydrolysis was detected as an increase in 

fluorescence at 480nm due to thioester reactivity with monobromobimane (Sigma).  

Potential variants were also analyzed using the Z-Phe-SBzl and Z-Tyr-SBzl substrates in 

the same manner.  

 

5.5.6 ß-lactamase activity assays 

 

Beta-lactamase activity can be probed using the chromogenic substrate nitrocefin (EMD 

Biosciences).  Hydrolysis of nitrocefin by ß-lactamase can be visualized as a color 

change from yellow to red and measured by an increase in absorbance at 486nm.  E.coli 

cells harboring Granzyme K, or S210A, and Amp-Clamp were grown to an OD600 of 0.6 

and the Granzyme genes were induced with the addition of anhydrotetracycline at 

100ng/mL.  After four hours of induction cells were centrifuged at 5,000x-g and washed 

twice with 1mL PBS.  Samples were normalized by OD600 and nitrocefin added to a final 

concentration of 5-10 µM. 
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Chapter 6: Discussion and Future Perspectives 

 

Proteases are fundamental to nearly every biological function, resulting in the 

evolution of a diverse array of substrate specificities [1,2].  Some proteases are 

nonselective, such as those involved in protein recycling and digestion; while others 

catalyze selective cleavage of a limited set of peptide sequences, for example proteases 

associated with complement activation, and apoptotic and thrombolytic cascades [3].  As 

a result protease genes constitute a large portion, ~2%, of all genomes, both prokaryotic 

and eukaryotic [4].  Despite the vast number of identified proteases their utility is 

primarily relegated to laboratory research with only a few making their way to 

therapeutic applications [5], those limited primarily for thrombolysis and procoagulation 

indications. This limited therapeutic application is most likely due to the digestive nature 

of protease activity, and the inability to accurately predict potentially detrimental off-

target cleavage events.  Proteases engineered with the appropriate specificity and 

selectivity profiles may prove a novel route to the generation of protein therapeutics with 

the ability to catalytically inactivate relevant target molecules.  However this utility will 

be predicated upon the availability of dynamic high-throughput assays enabling the 

effective exploration of protease sequence space and isolation of variants with the desired 

catalytic properties.  Few assay technologies exist for protease engineering and those 

reported are predominantly focused on primary substrate specificity.  The work detailed 

in this dissertation has focused on advancing the state of the art, with the development of 

novel high-throughput assay technologies enabling the engineering of highly selective 

proteases, and sought to address the sequence/structure paradigm of proteolysis [6] by 

incorporating elements of protein structure into the designed assays. 
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Prior protease engineering efforts established the field with the exchange of 

homologous enzyme specificity profiles.  Subsequent technological advances in 

molecular biology gave way to laboratory based evolution methods enabling the creation 

of variants covering vast amounts of protease sequence space, emphasizing the apparent 

scarcity of screening platforms.  The development of an innovative screen based on the 

electrostatic capture of peptide FRET substrates enabled the isolation of a variety of 

OmpT variants exhibiting vastly different preferences for amino acids at the P1 position 

[7-9].  This screen was further utilized to explore the boundaries of protease substrate 

specificity.  To date, no known proteases have been identified that recognize post-

translationally modified amino acids.  While, Varadarajan et al. were able to engineer an 

OmpT variant capable of cleaving a peptide substrate following sulfotyrosine, this variant 

displayed only modest selectivity (10-fold) when compared with unmodified 

tyrosine[10].   

In chapter 2 we described the enhancement and implementation of a multi-counter 

selection platform augmenting the original electrostatic peptide capture assay.  After 

screening a large OmpT library we were able to isolate OmpT-nYR, specific for 

nitrotyrosine at P1, representing the second protease variant specific for a post-

translationally modified amino acid from our lab.  Additionally, the implementation of 

increased counter-selection stringency allowed the fine-tuning of this enzyme’s 

selectivity, displaying 160-fold preference for nitrotyrosine versus unmodified tyrosine 

and no detectable wild-type activity, all without compromising overall catalytic 

efficiency, 8 x 104 kcat/KM (M-1s-1).  Although our variant did not efficiently hydrolyze 

peptides containing different amino acids in P1’, future directed evolution efforts 

devolving P1’ specificity should be tractable building off OmpT-nYR as a source, and 

altering the assay to instead use multiple selection substrates.  More importantly, 
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however, this work represents the first reported protease engineering platform to 

incorporate multiple counter-selection substrates enabling the engineering of precise 

selectivity, a primary concern when engineering proteases for therapeutic and laboratory 

based purposes. 

The application of engineered proteases for therapeutic intervention will 

undoubtedly require activity against protein substrates.  At the outset we expected 

proteases engineered using peptides substrates would cleave the same sequences found in 

proteins.  Yet, when the activity of select OmpT variants with engineered specificity 

profiles were examined for protein cleavage, we found that despite displaying efficient 

hydrolysis of peptides, few variants efficiently cleaved a wild-type protein substrate 

mutated at the preferred site to contain the respective P1 and P1’ amino acids to match 

the variants specificity.  This result was rather surprising given the widespread view that 

primary substrate specificity is of paramount importance in proteolysis.  Therefore we 

postulated that including substrate sequence adjacent to the desired P1 and P1’ within a 

protein substrate might increase activity towards the native protein target.  This, however, 

did not hold true, and led to the development of the auto-inhibitor screening technology 

described in Chapter 3, and the Amp-clamp screen in Chapter 5, which reports selective 

proteolysis of a primary sequence in the context of a protein surface loop, and includes 

robust counter-selection.  Interestingly, the highly specific OmpT variant S223R, that was 

previously reported to only cleave AR sequences as verified by substrate phage, was 

found to cleave an LK site within the MDM2 substrate, further emphasizing the 

important role substrate structure plays in catalysis.  The new screening assay was then 

used to isolate an alternative OmpT variant engineered to cleave the only AR sequence 

found in the auto-inhibitory loop of our auto-inhibited MDM2 protein substrate.  The 
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variant, OmpT-AR1, was demonstrated to be highly selective when compared to its 

peptide isolated counterpart, OmpT-S223R. 

Successful isolation of the active and selective OmpT-AR1 variant prompted a 

repeat attempt to engineer OmpT to cleave a therapeutic target protein using the auto-

inhibitory MDM2 platform.  It has been proposed that protein segmental mobility is a key 

factor in determining susceptibility to proteolysis, in addition to accessibility and 

protrusion [11], all features built into the auto-inhibitory MDM2 screen. As covered at 

the beginning of Chapter 4, surface exposed TNF-α target sequences fitting these criteria 

were grafted into the auto-inhibitory loop of MDM2.  Again, the anticipation being that 

the incorporation of primary sequence residues adjacent to a desired P1 and P1’ would 

create favorable interactions and anchor the substrate into the active site of the protease 

thereby conferring increased protein catalysis.  However, this time there would also be a 

structural component to recognition by employing the unique auto-inhibitory MDM2 

screen, as opposed to using peptides.  Although variants were obtained that selectively 

cleaved the auto-inhibited MDM2 protein, further establishing the utility of the platform, 

none of the recovered protease variants efficiently cleaved a soluble recombinant TNF-α 

within the target sequence.  Once more, native substrate conformation distinguished itself 

as an integral component of protease substrate recognition and a limiting factor in 

catalysis when engineering proteases towards protein substrates. 

The systematic minimization of protein substrate targets to primary sequence, in 

particular P1 and P1’, allows the facile adaptation of available screening platforms, in the 

case of electrostatic peptide capture, and motivated our development of another screen 

that integrated constrained loop structure.  However, based on the results obtained and 

covered in this dissertation, the focus on primary substrate sequence represents an 

oversimplification of the driving forces involved in proteolysis.  Furthermore, primary 
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sequence in the form of a flexible loop offers no substitute for the same sequence within a 

protein’s native conformation.  Although we experienced some success with our 

developed screens, these were effectively starting points requiring further optimization.  

Peptide screens proved that we could effectively engineer proteases in a high-throughput 

manner but offered little structural recognition.  The auto-inhibitory MDM2 screen 

incorporated some structural information, in addition to extended substrate recognition; 

but still fell short of protein cleavage.  However, the auto-inhibitory screen led to the 

realization that proteins could be electrostatically captured on the cell surface. 

Consequently, we developed a novel high-thoughput screen tracking native protein 

cleavage.  Target proteins are captured at the cell surface using a similar polycationic tail, 

including counter-selection, as in the autoinhibitory MDM2 screen, and the proteolytic 

state of the substrate can be monitored using epitope tags fused to the N-and C-terminii 

and fluorescently labeled epitope tagged antibodies.  The pro-inflammatory cytokine 

TNF-α, however, was not compatible with this system due to its trimeric structure and 

the presence of internal disulfides.  Therefore, domain 4 of anthrax protective antigen 

was selected as a suitable alternative and used in subsequent screening experiments.  

Notably, we expect this assay to be compatible with other therapeutically relevant 

antigens, perhaps even those containing disulfides but further characterization will be 

required. 

When OmpT libraries were screened using the novel protein substrate platform, 

variants were isolated that exemplified the difficulties associated with protein cleavage.  

As detailed in Chapter 4, the first set of variants obtained selectively cleaved a LysArg 

site found near the N-terminus of the PAD4-GR substrate irrespective of the presence of 

other dibasic sites within the PAD4 substrate and four tandem Arginines used for 

counter-selection.  Likewise, when the N-terminal Lys-Arg was removed and the library 
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screened using a truncated substrate, variants were obtained that selectively cleaved a 

tandem LysLys at the C-terminus of the substrate immediately prior to the poly-cationic 

capture tag.  In both instances positive signals would be predicted from the screening 

system, clearly indicating the platform accurately reports proteolytic activity and 

selectivity.  Despite the variants not representing the ideal outcome, these engineered 

enzymes demonstrate the level of precise selectivity obtainable with proteases.  It also 

implies that the sequences near the epitope tags are of due consideration for future 

protease applications.  In other words, if these sequence are the same, or similar to the 

wild-type preference they should be truncated or mutated to avoid isolating variants 

specific for these regions. 

While OmpT has been a suitable enzyme for assay development and engineering 

for peptide hydrolysis, it does not appear well matched for complex protein hydrolysis.  

This is likely the direct result of its evolutionary role to cleave polycationic antimicrobial 

peptides.  Instead, future applications of the protein inactivation assay should focus on a 

family of proteases known to possess diverse specificities.  For example, members of the 

serine protease family have evolved to cleave distinct and varied protein substrates all 

based on the same scaffold.  Therefore, it is not unlikely that engineering efforts using 

one of these enzymes as start point would be met with an increased probability of 

success.  One recommendation is the bacterial IgA protease, known to express in E.coli 

and localize to the outermembrane.   

Engineering protease specificity till now has relied on platform technologies 

limited to recognition of short stretches of primary sequence in peptides, a linker between 

two extraneous domains, or permissible loops of irrelevant proteins.  However, these 

preliminary screens led to significant elucidations regarding protease-substrate 

recognition and highlighted the necessity for additional innovations.  Though OmpT does 
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not represent the ideal protease candidate due to its bacterial origin and limited structural 

discrimination, the work described in this dissertation has laid the foundation for future 

protease engineering efforts and established the first of it’s kind platform from which 

protease variants can be isolated that specifically and selectively cleave a desired protein 

target, a prerequisite for more widespread therapeutic and biotechnology applications.  
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Appendix I: Thymidylate Synthase Selection 

 

A.1:  THYMIDYLATE SYNTHASE AND CASPASE 3 

 

Thymidylate synthase (encoded by the thyA gene) catalyzes the first step in 

deoxythymidine triphosphate (dTTP) synthesis, an absolute requirement for DNA 

sysnthesis, with the conversion of deoxyuridine monophosphate (dUMP) to 

deoxthymidine monophosphate (dTMP) by transferring a one-carbon unit from N5, N10-

methylene tetrahydrofolate to position 5 of dUMP.  Deoxythymidine monophosphate is 

further phosphorylated to make the di- and tri-phosphates by their respective kinases.  E. 

coli with a deletion of thymidylate synthase cannot endogenously produce dTMP, dTDP, 

nor dTTP.  Consequently, without exogenous supplementation of thymine, cells undergo 

thymineless death [1,2].  

Previous work with thymidylate synthase established that fusions to its N-

terminus render it nonfunctional, presumably because they interfere with the formation of 

the active thymidylate synthase dimer [3].  This feature of TS has been exploited in 

reporter systems [4,5] whereby protein splicing occurs in response to appropriate stimuli 

yielding active un-fused TS.  Therefore, TS may be readily adaptable to create a linker-

based cleavage screen as an alternative to GFP-ssrA described in Chapter 1.  In our 

system, a protease cleavage site is inserted into a linker between a MBP-TS fusion 

protein.  In the absence of active protease there will be no growth due to thymine 

auxotrophy in thyA knockout cells, but when active protease is co-expressed the 

auxotrophic phenotype is relieved (Figure A.1).  One significant advantage of this system  
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Figure A.1:  Schematic representation of the thymidylate synthase screen.  (A) The MBP-
TS fusion is non-functional and consequently cells are unable to survive in the absence of 
exogenous thymine. (B) Co-expression of an active protease able to cleave the linker 
between MBP and TS rescues the auxotrophic phenotype and results in growth. 
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over other linker-based selections, like the GFP-ssrA screen, is that mutations resulting in 

frameshifts, or termination codons, cannot yield an artificial positive signal because 

growth is dependent on the presence of full-length active TS. 

A fundamental biochemical event in apoptosis is the activation of caspase 

proteolytic cascades, which transmit the cell death-inducing signal.  The name caspase is 

derived from cysteine-dependent aspartate-specific protease, owing to both their catalytic 

mechanism and specificity [6].  Caspases are typically divided into two subsets based on 

the presence of an N-terminal prodomain: initiator caspases or effector caspases, but 

despite this segregation all caspases have an absolute specificity for Asp in P1 [7,8].  Due 

to their intimate involvement in programmed cell death caspases are exquisitely specific, 

cleaving a limited set of substrates [9-11].  Like most other proteases caspases are 

synthesized as inactive zymogens.  Uniquely, caspases are arranged as a large subunit 

and a small unit that are initially linked by a polypeptide sequence that is specifically 

cleaved by apical caspases to activate the protease, which assembles into a homodimer of 

a heterodimers [12,13].  As a result, each dimer contains two active sites per active 

caspase molecule.  Caspases also have a basal level of activity as zymogens, meaning 

caspases can undergo autoproteolytic activation, usually by induced proximity or the 

presence of high concentrations of zymogen, in addition to activation by apical caspases. 

Of the 14 identified mammalian caspases [14], caspase 3 is the most studied and 

serves a central role propagating and amplifying death inducing signals.  Caspase 3 

cleaves substrates containing the consensus sequence DEVDG/S, and most of the 

specificity determining residues have been mapped [15-20].  Caspase 3 has been 

heterologously expressed in the E. coli cytoplasm and shown to be active [21,22].  Also, 

an interesting domain swapped, constitutively active version of Capsase 3 has also been 

reported (Figure A.2) [23], (revCaspase 3).  This is of particular importance when 
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considering caspases as engineering targets because if the specificity of the enzyme could 

be altered then the activation profile of the protease would be altered concurrently.  In 

other words, an engineered protease would potentially never be found because the 

protease would not be active, unless the sequence of the activation linker was altered 

simultaneously.  Using a constitutively active version of the protease eliminates the 

issues resulting from the need for protease zymogen activation.  

A thymidylate synthase knockout strain of E.coli MC1061 was constructed 

following the method outline by Datsenko and Wanner [24].  The thyA gene product 

Figure A.2: (A) Schematic representation of the Caspase 3 and reverse Caspase 3 
(revCaspase 3) genes.  (B) Crystal structure of the active Caspase 3 homodimer of 
heterdimers with bound substrate shown in sticks (PDB 3EDQ).  (C) A single Caspase 3 
heterodimer rotated 90˚ about the y-axis, showing the proximity of N and C-termini of 
the large and small subunits, respectively, in the active Caspase structure. 
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including C-terminal flag-tag was amplified from an E.coli chromosome and cloned into 

pMal-c2x (NEB) with either a Caspase 3 recognition sequence (DEVD) or a TEV-

protease recognition sequence (ENLYFQG) between MBP and TS (Figure A.3).  And 

human Caspase 3 was cloned into the pBad33 vector in both the wild-type and 

revCaspase 3 forms. 

As a control MC1061∆thyA were transformed with pBad33-Caspase3 and either 

pMal-c2x-TS-DEVD or pMal-c2x-TEV and plated on LB media including 0.1% 

arabinose for protease induction.  Leaky expression from the Tac-promoter was sufficient 

for synthesis of the MBP-TS fusion proteins.  As shown in Figure A.4, cells harboring 

the correct pairing of protease and linker display at least 3-orders of magnitude better 

growth than cells transformed with caspase-3 and the non-preferred TEV linker.  

pMal-c2x-TS-DEVD:!

pMal-c2x-TS-TEV:!

Maltose Binding Protein (MBP)! !"#$%&#'()*+,#-)"(.*+/!,0+DEVD!

Maltose Binding Protein (MBP)! !"#$%&#'()*+,#-)"(.*+/!,0+ENLYFQ!

Figure A.3:  Graphic representation of MBP-TS fustions used for validation purposes. 
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Since cellular growth correlated well with the correct pairing of protease and 

linker-sequence we next examined how the revCaspase-3 would perform under the same 

conditions (Figure A.5).  Not surprisingly, cells transformed with the revCaspase-3 

containing plasmid grew much more rapidly than cells containing the wild-type caspase-

3, which were comparable to cells with no protease at all.  Unlike wild-type caspase3 the 

revCaspase3 protein requires no activation since is not synthesized as a zymogen, and 

therefore confers better growth.  Additionally, western blot analysis confirmed the in vivo 

cleavage of the MBP-TS linker by revCaspase3 (Figure A.5).  To further evaluate the 
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Figure A.4:  10-fold serial dilutions of MC1061∆thyA cells containing either pBad33-
Caspase3 and pMalc2x-TS-DEVD or pBad33-Caspase3 and pMalc2x-TS-TEV.  Cells 
harboring the correct protease and linker pairing display greater than 3-orders of 
magnitude better growth after 48h at 25˚C.  
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system a revCaspase3 active site point mutant C163A was constructed following the 

Strategene Quick Change protocol.  Western blot analysis was performed again to 

validate the in vivo cleavage of MBP-TS (Figure A.6).  As previously, we see that only 

the correct pairing of protease and linker is able to generate the free TS product, a 

necessity for any selection system based on protease activity.  Based on the controls 

experimental results described here the thymidylate synthase selection appears to be a 

promising system for engineering the substrate specificity of intracellular proteases like 

Caspase-3.  
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Figure A.5:  Growth of MC1061∆thyA cells containing pBad33-Caspase3 versus 
pBad33-revCaspase3 or no protease. 
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Figure A.5:  Western blot analysis of MBP-TS cleavage by revCaspase3.  MC1061∆thyA 
cells containing pBad33-revCaspase3 and pMalc2x-TS-DEVD or pMalc2x-TS-DEVD 
alone were grown at 37˚C to OD600 = 0.6.  Arabinose was added to 0.1% growth 
continued at 25˚C.  After four hours the cells were harvested, normalized by OD600 and 
lysed using sonication.  Soluble supernatant was separated by SDS-PAGE and TS-fusions 
were visualized using an anti-Flag HRP conjugated antibody.  Wild-type TS is 33kD and 
the MBP-TS fusion is 77kD.  
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Figure A.6:  Western Blot analysis of MBP-TS cleavage products showing that only the 
correct protease and MBP-TS linker pairing will generate free TS.  MC1061∆thyA cells 
harboring the indicated plasmids were at 37˚C to OD600 = 0.6.  Arabinose was added to 
0.1% growth continued at 25˚C.  After four hours the cells were harvested, normalized by 
OD600 and lysed using sonication.  Soluble supernatant was separated by SDS-PAGE and 
TS-fusions were visualized using an anti-Flag HRP conjugated antibody. 
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