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Abstract 

 

ENGINEERING AND ANALYSIS OF PROTEASE FINE 

SPECIFICITY VIA SITE-DIRECTED MUTAGENESIS 

 

Crystal Ann Flowers, M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  Brent L. Iverson 

 

Altering the substrate specificity of proteases is a powerful process with possible 

applications in many areas of therapeutics as well as proteomics. Although the field is 

still developing, several proteases have been successfully engineered to recognize novel 

substrates. Previously in our laboratory, eight highly active OmpT variants were 

engineered with novel catalytic sites. The present study examined the roles of several 

residues surrounding the active site of OmpT while attempting to use rational design to 

modulate fine specificity enough to create a novel protease that prefers phosphotyrosine 

containing substrates relative to sulfotyrosine or unmodified tyrosine residues. 

In particular, a previously engineered sulfotyrosine-specific OmpT variant 

(Varadarajan et al., 2008) was the starting point for rationally designing fifteen new 

OmpT variants in an attempt to create a highly active protease that would selectively 

cleave phosphotyrosine substrates.  Our design approach was to mimic the most selective 

phosphoryl-specific enzymes and binding proteins by increasing positive charge around 
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the active site.  Sulfonyl esters have a net overall charge of -1 near neutral pH, while 

phosphate monoesters have a net overall charge of -2. 

Selected active site residues were mutated by site-directed mutagenesis to lysine, 

arginine, and histidine. The catalytic activities and substrate specificities of each variant 

were characterized. Although several variants displayed altered substrate specificity, 

none preferred phosphotyrosine over sulfotyrosine containing peptides.   

Taken together, our results have underscored the subtle nature of protease 

substrate specificity and how elusive it can be to engineer fine specificity.  Apparently, 

phosphotyrosine specific variants were not possible within the context of our starting 

sulfotyrosine specific OmpT derivative mutated to have single amino acid changes 

chosen on the basis of differential charge interactions. 
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 1 

Chapter One - BACKGROUND AND SIGNIFICANCE 

 

1. Enzyme Biocatalysts 

1.1 ENZYMES AS TARGETS AND BIOCATALYSTS 

Responsible for effectuating nearly all of the chemical reactions in living 

organisms, enzymes are essential for sustaining life. They perform a wide range of vital 

functions throughout nature and account for approximately 45% of gene products. 

Consequently, human and pathogenic enzymes are common targets of the pharmaceutical 

industry (Varma, 2006). Currently, enzymes comprise up to 40% of all therapeutic targets 

(Landry and Gies, 2008). For example, penicillin, one of the most widely used antibiotic 

agents, works by inhibiting an enzyme necessary for bacterial cell wall synthesis.  

In addition, because enzymes have the capability to facilitate reactions without 

being used up in the process and many retain their catalytic ability outside of organisms, 

they are often attractive therapeutics themselves, and several medicinal enzymes are 

already in use (Rustoy et al., 2004; Vellard, 2003; Xu et al., 2009) ). Some examples 

include: laronidase (Trade name: Aldurazyme) for treating patients with MPS 1 

(BioMarin Pharmaceutical, Inc.), pegaspargase (Trade name: Oncaspar) for treating 

patients with lymphocytic leukemia (Enzon, Inc.), and sacrosidase (Trade name: Sucarid) 

for treating people with congenital sucrase-isomaltase deficiency (Orphan Medical, Inc.).  

Like any catalyst, an enzyme functions by carrying a reaction to its equilibrium 

more rapidly than it otherwise would in the given environment. Enzymes function in 

aqueous solutions under mild temperature, pressure, and pH conditions (contrasting the 

extreme conditions necessary for typical synthetic catalysts) (Nanda and Koder, 2009). 

These biocatalysts are typically far superior to conventional chemical catalysts in 
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selectivity and rate enhancement (Kraut et al., 2003) (Wolfenden and Snider, 2001). 

Many biocatalysts are regiospecific and stereospecific, which eliminates undesirable by-

products and makes them of significant interest in countless industries including 

detergents, pharmaceutical, textiles, waste-water treatment, biofuels, food processing, etc. 

(Bond-Watts et al., 2011) (Badgujar and Mahajan, 2010) (Wen et al., 2009). 

A global political drive currently exists to increase agricultural, medical, and 

industrial biotechnology, also known as green, red, and white biotechnology, 

respectively. According to BCC Research, a market forecasting firm, the global market 

for industrial enzymes’ value reached $3.3 billion in 2010 and by 2015 this value is 

projected to increase to $4.4 billion (Erickson and Winters, 2011) (BCC, 2011). Clearly, 

the market for useful enzyme catalysts is growing. With this growth comes the need for 

fresh enzymes with unique catalytic activities and physical properties. Harnessing the 

exceptional catalytic power of enzymes may be accomplished by searching for suitable 

natural enzymes or tweaking natural enzymes to perform the desired task.  

 

Natural Unmodified Enzymes 

 Natural enzymes have been used to aid in catalysis for thousands of years(e.g. 

beer brewing). Yet, it was not until the 1960s that isolated enzymes where employed to 

catalyze reactions outside of the cell (Woodley, 2006), and with the ability to catalyze 

reactions with rate enhancements of up to 10
17

-fold, natural enzymes will continue to 

receive considerable attention (Radzicka and Wolfenden, 1995) (Warshel et al., 2006; 

Wolfenden and Snider, 2001).  

Unmodified natural enzymes are currently utilized in a variety of industrial 

processes (Aehle, 2007; Bajpai, 2008; Godfrey and Reichelt, 1982; Schmid et al., 2001) 

and most are incredibly efficient at performing their desired function. For example, the 
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proteolytic enzymes in bromelain from pineapple as well as paipan from papaya are used 

to tenderize meat (Kim and Taub, 1991) (Ashie et al., 2006), xylose isomerase is used in 

the production of high-fructose corn syrup (Jensen and Rugh 1987), nitrile hydratases are 

used to convert acrylonitrile to about 400,000 tons of acrylamide every year (Baum et al., 

2012) (Ramakrishna and Desai, 1993; Watanabe et al., 1987), pepsin has long been used 

as a digestive aid, and several natural enzymes, such as fibrinolysin, have been employed 

to dissolve blood clots (Fruton, 2002; Sussman and Fitch, 1958). However, to fully take 

advantage of the catalytic power of enzymes, these molecules likely need to be modified 

to function well in commercial conditions or tweaked to perform somewhat different 

tasks.   

Natural enzymes evolve to carry out a specialized task (or tasks) in a unique 

environment, and the environmental conditions of many industrial applications are 

suboptimal for either enzyme stability, activity, or enantioselectivity. This greatly 

restricts the potential of natural enzymes in industry, and as a result the current range of 

bioreactions and number of enzyme catalysts are still very limited (Jochens et al., 2011) 

(Dalby, 2003). The ability to modify an existing enzyme through enzyme engineering to 

perform a desired function within the necessary environment expands the usefulness of 

enzymes in all industries. Still, the search for “new” natural enzymes is important 

because these enzymes provide information about enzyme function and supply engineers 

with a variety of starting points to select from. It follows that a combination of both 

searching for suitable natural enzymes and modifying existing enzymes is likely to 

effectuate the most efficient biocatalysts and save time.  
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1.2 ENZYME ENGINEERING  

Enzyme catalysts offer an attractive alternative to conventional chemical catalysts 

because of the relatively mild reaction conditions they require. Yet, depending on the 

desired application, enzyme catalysts must be capable of withstanding fairly harsh 

reaction conditions (e.g. high temperatures and concentrations of organic solvents for 

processes in organic synthesis; immune defense and proteases in therapeutic applications; 

etc.). Biocatalysts must also be stable during storage and relatively easy and inexpensive 

to purify (Steiner and Schwab, 2012) (Bornscheuer et al., 2012) . The protein design field 

imparts a means to overcome many of these obstacles by optimizing enzymes to fit the 

desired criterion (Bornscheuer et al., 2012). For instance, Li et al. constructed 44 new 

catalytically active cytochrome P450s (enzymes that belong to a superfamily of heme-

containing oxygenases) with improved thermostability. The new variants had half-lives 

of inactivation up to 10
8
 times that of the most stable parent (de Montellano, 2004)(Li et 

al., 2007). Similarly, the thermostability of Rhodococcus haloalkane dehalogenase was 

improved by two mutations made near the active site. Improvement was 245-fold with 

the first mutation and an additional 90-fold with the second (Gray et al., 2001).  

In addition to stability enrichment, catalytic enhancements through enzyme 

engineering have also been demonstrated (van den Heuvel et al., 2004; Whittle and 

Shanklin, 2001). Vakulenko et al. engineered a single mutation variant of the TEMpUC19 

β-lactamase that hydrolyzed ceftazidime with a 675-fold increase in catalytic activity 

(Vakulenko et al., 1999). Enzyme engineering is also used to suppress undesired side 

reactions that can interfere with usability in industrial/therapeutic applications (e.g. 

(Reetz et al., 2004) and (Koudelakova et al., 2012)).  

The synthesis of chiral compounds frequently becomes a stumbling block in 

chemistry, and enzymes offer a practical alternative. Although these enantioselective 
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catalysts have evolved to function well in their natural role (Steiner and Schwab, 2012), 

enzyme engineering has successfully altered the role of natural enzymes to aid in the 

synthesis of chiral compounds and building blocks (Bornscheuer et al., 2012). 

Likewise, the substrate specificity and the catalytic activity of enzymes may be 

altered through enzyme engineering. Several examples have been demonstrated (Ost et 

al., 2000) (Peters et al., 2003). For instance, Bell et al. engineered a heme 

monooxygenase cytochrome P450cam variant that oxidizes butane to butan-2-ol at a rate 

of 750 min
−1

 (compared to the rate of the wild type parent which is 0.4 min
−1

). They 

achieved these results by improving enzyme-substrate fit with the addition of four bulky 

amino acid mutations around the binding site (Bell et al., 2002).  

Enzyme engineering is also an invaluable tool for augmenting our understanding 

of the enzyme mechanism and its evolution from a molecular and biological perspective. 

In particular, site-directed mutagenesis is used to analyze the structural (Serrano et al., 

1992) and functional (Obara et al., 1988; Rinaldo-Matthis et al., 2010; Tate et al., 1987) 

roles of a particular residue, as well as its contribution to enzyme folding (Zarrine-Afsar 

and Davidson, 2004) (Yin et al., 2007).  

For example, Ji et al. investigated the functional roles of several residues in 

cytochrome c oxidase from Paracoccus denitrificans using site-directed mutagenesis and 

Raman spectroscopy. Through these experiments they identified several residues that are 

vital to holding cytochrome c oxidase in the α-conformer and identified this conformer as 

the more active form of the enzyme (Ji et al., 2010). Rinaldo-Matthis et al. used site-

directed mutagenesis, UV spectroscopy, and x-ray crystallography to help identify the 

key catalytic residue in human leukotriene C4 synthase (Rinaldo-Matthis et al., 2010). 

Mutagenesis studies can also be used to identify the structural and functional roles of 

specific regions, motifs, or subunits in an enzyme (Belevich et al., 2011). Yamashita et 
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al. used site-directed mutagenesis to pinpoint the motifs necessary for lysophosphatidic 

acid acyltransferase activity (Yamashita et al., 2007).  

In addition, mutagenesis studies can help identify residues to target in therapeutic 

applications, as well as others, and help analyze the mechanisms of inhibition by 

previously discovered inhibitors. King et al. used site-directed mutagenesis and 

molecular modeling to locate a functionally important cysteine residue on 

monoacylglycerol lipase and identified a novel class of isothiazolinone-based inhibitors. 

They suggested that inhibitors of this cytosolic serine hydrolase, monoacylglycerol 

lipase, may have therapeutic functions in areas such as neuroprotection, analgesia, and 

anti-inflammation (King et al., 2009).  
 

1.3 PROTEASES AND PROTEASE ENGINEERING 

1.3.1 Protease Overview 

Proteases are enzymes that cleave the amide bond of proteins/peptides. Varying 

degrees of substrate specificity allow proteases to participate in a broad range of 

physiological processes from immune response to cell cycle progression. Proteases with 

relaxed substrate specificity are usually important for degradation and recycling protein 

components, while proteases with higher substrate specificity are important for regulating 

cellular activity by hydrolyzing and activating or deactivating specific target proteins. 

Proteases are classified as endo or exo proteases based on their cleavage on a peptide. 

Endo proteases cleave internal peptide bonds and create short peptide fragments, whereas 

exo proteases cleave single amino acids at the end of a protein.   

Polypeptide substrate residues and their respective binding sub-sites may be 

indicated per Schechter and Berger nomenclature (Schechter and Berger, 1967). As 
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illustrated in Figure 1, a particular polypeptide substrate residue is denoted as Pi , and the 

respective binding sub-site is denoted Si, where i represents the residue number. 

Numbering starts with the two substrate residues which flank the cleavage site, P1 and 

P1’ for the N and C terminus, respectively.  

 

 

Figure 1. Schechter and Berger nomenclature.  

Polypeptide substrate residues are denoted Pi, and the respective binding sub-sites are 

denoted Si, where i represents the residue number. Numbering starts with the two 
substrate residues which flank the cleavage site, P1 and P1’. C terminus residues are 

indicated with a prime. Figure adapted from PROSPER (Song et al., 2012). 

 

1.3.2 Importance in industry, therapeutics, etc.  

Proteases represent 5-10% of all drug targets (DeSieno et al., 2011) (Overall, et 

al., 2007), and are also important therapeutics themselves. There are at least 12 proteases 

approved by the FDA and many more are in clinical trial stages (Craik et al., 2011). 

Proteases are particularly attractive in drug design because they have the ability to 

irreversibly inactivate target molecules, which could potentially lower treatment dosage 

and cost. In addition proteases can permanently inactivate molecules in catalytic fashion, 

unlike inhibitor molecules that must remain bound to a molecule to keep them inactive, 
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potentially reducing dosage and expense. They can also be used for site-specific drug 

targeting by activating drugs through the hydrolysis of cleavable drug complexes at 

exclusive locations (Denmeade and Isaacs, 2012). Similar targeting and activation by 

proteases has been successfully demonstrated for tumor imaging as well (Jiang et al., 

2004).  

In addition, proteases and certain protease products may serve as diagnostic 

biomarkers. For instance, Rossing, et al found that distinct collagen fragments are present 

at much higher percentages in the urine of individuals with diabetic nephropathy than in 

healthy individuals (Rossing et al., 2008). The identifiable disparities in collagen 

fragment profiles result from a difference in proteolytic activity (Krag et al., 2007).  

Proteases are useful aids in protein purification (Bryan, 2010) and mass spec 

analysis. In mass spec analysis of complex proteins, the proteins are digested prior to on-

line liquid chromatography–coupled tandem mass spectrometry analysis (LC-MS/MS) 

and peptide fragments are analyzed. However, the short 8-25 residue long peptides that 

result from commonly used tryptic proteases can result in enigmatic data (Wu et al., 

2012). The utilization of proteases in this field is crucial for protein analysis. However, 

there is room for much improvement and proteases with unique specificities could help 

clarify challenging, complex data.  

In proteomics, proteases have the potential to function as the protein equivalent of 

restriction endonucleases. Nevertheless, a broader range of proteases with unique 

cleavage sites must be available before proteases may be fully utilized in this way. 
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1.3.3 Protease Engineering 

As with other enzymes, natural proteases are limited in their potential to serve as 

useful biocatalysts. Natural proteases are limited by the environmental conditions 

obligatory for effectual catalysis as well as their substrate specificities.  

Over the past two decades protease engineering has received considerable 

attention due to progress made in the protein engineering field. Many factors are 

responsible for this recent upswing in the protease engineering field. Primarily, there is a 

greater understanding of the biological significance of proteases and their functional 

diversity in nature. Secondly, our structural knowledge and mechanistic understanding of 

a growing number of proteases has increased rapidly in the past two decades owing to an 

increased number of resolved protease structures, advancements in in silico analysis and 

molecular modeling, and the results from mutagenesis experiments and kinetic analysis. 

This structural and mechanistic information contributes to and guides protease design and 

often makes engineering efforts more promising and less time-consuming. Additionally, 

the successful isolation of many active engineered proteases, including some that are 

already on the market, has demonstrated the feasibility and practicality of such efforts 

(Walsh 2006; Pipe 2005).  

Several proteases have been successfully engineered with altered substrate 

specificity; some examples include: HIV-PR (O’Loughlin et al., 2006), TEV-P 

(Verhoeven et al., 2012), trypsin (Hedstrom et al., 1992) HAV 3CP (Sellamuthu et al., 

2008), subtilisin (Bryan, 2010), and OmpT (Varadarajan et al., 2005;  Varadarajan et al., 

2008; Varadarajan et al., 2009; Pogson et al., 2009).  
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2. The Engineering Process 

Although enzyme engineering has been around for about four decades, recent 

advances in structural analysis, catalytic characterization, and molecular modeling have 

spurred rapid growth in this field (Barrozo et al., 2012) (Hutchison et al., 1978), igniting 

progress  in the improvement of engineering and design techniques  and the development 

of new ones. Consequently, propitious enzyme variants with greater efficiency and/or 

stability are being isolated at an increasing rate (Hsieh and Vaisvila, 2013; Zaitseva and 

Osipova, 2000). (Hsieh and Vaisvila, 2013; Zaitseva and Osipova, 2000).  Although it 

remains a much greater challenge for engineers to alter an enzyme to efficiently catalyze 

a new type of reaction, the successful isolation of such variants continues to rise 

(Goldsmith and Tawfik, 2012; Koch et al., 2009).  
 

2.1 CRITERIA FOR A GOOD BIOCATALYST  

Prior to engineering an enzyme, it is important to consider the many factors that 

contribute to the usefulness of a biocatalyst, and identify the most valued factors for the 

enzyme and its desired function (Cheetham, 1998; Cristóvão et al., 2012). Several 

considerable factors are listed in Table 1.  

The properties of a good biocatalyst include stability, in vitro enzyme activity, 

enantioselectivity, and substrate specificity. All factors must be analyzed under the 

desired process conditions, and enzyme biocatalysts must retain sufficient activity outside 

of the cell. In industrial applications the enzyme must often withstand high temperatures 

or pressures, organic media, or changes in pH. Under these conditions, enantioselectivity, 

substrate specificity, and catalytic activity must be preserved. If the enzyme is to be used 
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for medicinal purposes, stability (i.e. metabolite toxicity) is also a concern. The enzyme 

must sufficiently avoid breakdown by other molecules (e.g. proteases) within the body.   

Ease of purification and cost-effective product production are significant criteria 

as well (Cheetham, 1998; Cristóvão et al., 2012). Although not listed in Table 1, the 

biocatalyst must also exhibit safe preparation and utilization characteristics.  

Additionally, the reusability of an enzyme (i.e. operational stability) is often important 

(Cristóvão et al., 2012).  

Furthermore, the enzyme must be able to perform the necessary function without 

any adverse side reactions. Biocatalytic reactions tend to be "cleaner" than alternative 

methods of catalysis (Alcalde et al., 2006; Woodley, 2008). However, promiscuous side 

reactions can render the enzyme unusable, and should be evaluated carefully. In 

therapeutic applications, the resulting side reactions can be toxic. In industrial synthesis, 

unwanted side products can make it necessary to add in costly purification steps.  Wang 

et al. and Passera et al. describe the challenges presented by promiscuous side reactions 

in the enzymatic synthesis of antibiotics and in enzyme function in the body (Passera et 

al., 2011; Wang et al., 2012). In a separate report, Carbonell, et al. describe the trade-off 

between achieving the highest nominal yield while maintaining efficiency and limiting 

the side effects (Carbonell et al., 2011). 
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Factors Influencing the Selection/Creation of Ideal Biocatalysts 

Activity Efficiency Stability Specificity 

Turnover frequency 

(kcat) 
Space-time yield Temperature stability Substrate range 

Specific activity 

(kcat/kg, unit/mg) 
Product inhibition pH stability 

Substrate specificity 

(KM, kcat/KM) 

Temperature 

profile 

Byproduct/ingredient 

inhibition 

Ingredient/byproduct 

stability 

Substrate 

regioselectivity and 

enantioselectivity 

pH profile 
Producibility/expression 

yield 
Solvent stability 

Substrate conversion 

(%), yield 

Table 1. Important factors that influence the selection of ideal biocatalysts.  
KM is the Michaelis constant and kcat is the catalytic constant. Criteria reported by Lorenz 
and Eck, 2005. 

 

2.2 ENGINEERING STEPS/METHODS 

The methods used in enzyme engineering vary substantially. As previously 

mentioned, these methods have drastically evolved over the past few decades. In 

addition, the developmental process for one enzyme may look very different from 

another contingent on the engineering objective and information available. However, the 

main steps for engineering an enzyme remain the same. These steps include selecting a 

gene template, choosing a design strategy and mutagenesis method, mutagenesis (making 

those changes to the enzyme), and screening/selecting variants with the desired 

characteristics. The steps may need to be modified and repeated several times before 

obtaining a variant with the desired properties (Figure 2) (Kazlauskas and Bornscheuer, 

2009).  
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Figure 2. The Protein Engineering Cycle.  

A simple overview of the protein engineering process including main steps in the of 

engineering a new protein. (Bornscheuer et al., 2012) (Chaplin and Bucke, 1990) . 

 

Template selection is often omitted from articles reporting the successful isolation 

of a modified enzyme variant. Nonetheless, the significance of this step should not be 

overlooked (Bommarius et al., 2011). Selecting the optimal parent enzyme is based on its 

desired application after mutagenesis and the enzymes available.  

Selecting an optimal engineering strategy and mutagenesis approach depends on 

the desired functional goal, as well as the structural and mechanistic information 

available for the parent enzyme. Accessible screening and selection methods also 

influence this choice. Strategies for altering the functionality/selectivity of an enzyme 

extend from rational design to random directed evolution, with many strategies that lie 

somewhere in between. Directed evolution uses random mutagenesis or recombination 
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techniques to generate large libraries for screening, and rational design makes use of 

structural information to alter specific residues in/around the enzyme active site. 

Engineering efforts sometimes include a combination of more than one method. (e.g. Guo 

et al. combined rational design and directed evolution approaches to create a catalytically 

active variant of the glutamyl-tRNA synthetase (Guo et al., 2012)).  

 

2.2.1 Overview of Engineering Steps 

A typical engineering project would go through these general steps: First, the 

design criteria are reviewed and a quantitative assessment of the property change/changes 

desired is made (e.g. increased stability in organic solvents, catalyze a new reaction, alter 

substrate specificity, etc.). Second, the protein design goal is processed. This requires 

some understanding of the enzyme’s mechanism (e.g. obstruct binding of an unwanted 

substrate or restructure the binding site for a new substrate, increase the stability of a 

folded protein, etc.). Third, using structural information about the enzyme and computer 

modeling programs, the design strategy is devised (e.g. increase hydrophobic 

interactions, alter the positive/negative charge at the substrate binding site, decrease steric 

hindrance, etc.). In this step specific amino acid residues are selected to target for 

mutation. Molecular modeling is used to predict contacts (both intramolecular and with 

the substrate or solvent) made with the mutant residue and possible problems with proper 

folding (using modeling and molecular dynamics programs, stability prediction 

algorithms, etc.).Next, the mutagenesis strategy is selected and implemented. These 

methods include site-directed mutagenesis, site-saturation mutagenesis, DNA shuffling, 

error-prone PCR, domain swapping, etc. Fifth, the variants are tested and those with 

improvements in the desired properties are isolated. Finally, variants with favorable 



 15 

properties are further characterized (e.g. kinetics experiments, structure evaluation, etc.) 

and nucleic acid and genome optimization is performed if necessary (e.g. improve mRNA 

translation, improve transcription, delete genes encoding enzymes that will likely degrade 

the isolated variant, etc.) (Bornscheuer et al., 2012) 

 

2.2.2 Rational Design  

In rational design, the enzyme’s structure is evaluated, key amino acid residues 

are selected, mutations are made by site-directed/site-saturation mutagenesis, and the 

enzyme variant is characterized. Engineering an enzyme by rational design requires 

detailed information about the enzyme’s structure (i.e. a solved structure of the enzyme 

or an accurate homology model). Additionally, some knowledge of the enzyme’s active 

site is essential. This information is usually determined by experimental results (e.g. from 

mutagenesis studies), homology modeling, and multiple sequence alignments. In 

situations where structure-function relationships are straightforward, enzyme engineering 

via rational design works very well.  

The rational redesign of an enzyme generally incorporates computer-aided 

molecular modeling and substrate docking, molecular dynamics and stability prediction 

programs, etc. The successful implementation of in silico methods to assist in the rational 

redesign of enzymes has been demonstrated and with an ever-growing number of 

programs specifically designed to aid rational design, rational enzyme engineering 

continues to grow in popularity (Barrozo et al., 2012; Chou and Shen, 2009; Steiner and 

Schwab, 2012). Furthermore, several studies offer suggestions for efficiently engineering 

effective catalysts. These suggestions can guide the engineer to make rational decisions 

about residues to target and help him/her identify certain mutational limitations. For 
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instance, Morley and Kazlauskas found that mutations close to the active site are 

generally best when the goal is to modify reaction type or substrate specificity, while 

mutations further from the active site are best when the aim is to fortify stability (Morley 

and Kazlauskas, 2005). Likewise, Toscano et al. advocate the use of minimal mutations 

near the active site as an excellent way to augment the catalytic repertoire of an enzyme 

(Toscano et al., 2007). When the engineering goal is to create a highly selective enzyme, 

Babtie et al. provide valuable information to consider in their report, “What makes an 

enzyme promiscuous?” (Babtie, Tokuriki, and Hollfelder 2010). Metal ions in the active 

site, active site flexibility, and a shallow binding pocket are all features that may lead to 

more promiscuous substrate binding. Additionally, Babtie et al report that hydrophobic 

interactions are often less discriminatory than electrostatic interactions or hydrogen 

bonds.  

Experimental results from kinetic studies, especially those that characterize and 

compare single mutation enzyme variants with the parent enzyme, can offer valuable 

information about the functional contributions of individual residues. These studies can 

be particularly useful in determining which residues are important for substrate binding 

and which are important for catalysis. Also, mutations that disrupt the fold of the enzyme 

can be identified and avoided.  

Analyzing the active sites of other enzymes, especially those with the desired 

function and those within the same super family, can contribute to active site design as 

well. Homology modeling (often using programs like Modeller (Šali and Blundell, 1993), 

nest (Petrey et al., 2003), and SegMod/ENCAD (Levitt, 1992)) is particularly useful for 

comparing and contrasting the structural features of two closely related enzymes (Krieger 

et al., 2003; Onuffer and Kirsch, 2008). Creating hybrid enzymes by substituting features 

from another enzyme (i.e. via point mutations or domain swapping) is a valuable 
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technique used in the successful design of many enzymes (discussed in the following 

section). Similarly, studying the possible mechanisms of natural evolution and identifying 

which mutations are naturally selected for and investigating how these mutations might 

be acquired naturally, can aid in designing effective enzymes. 

 

2.2.2.1 Targeted Mutagenesis 

Point Mutations 

Once key amino acid residues are identified, point mutations are made by site-

directed mutagenesis. Many site-directed mutagenesis methods have been developed 

(Edelheit et al., 2009; Kunkel, 1985; Wang et al., 2011; Wells et al., 1985). Two of the 

most commonly used methods today are illustrated in Figure 3. In the two-round 

polymerase chain reaction (PCR) method, two products are produced in the first round 

(with the designated mutation at the 5’ end of one strand and the 3’ end of the other). 

Then, in the second round of PCR, the heteroduplex that has the desired mutation at the 

3’-recessed end is amplified. The second method, often called the QuickChange method, 

only requires a single round of PCR. A plasmid with the gene of interest is amplified with 

two oligonucleotide primers containing the desired mutation. Then, the parental plasmid 

is destroyed using Dpn methylase (Penning and Jez, 2001).  
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Figure 3. Two frequently utilized methods for introducing point mutations.  

A) Two-round, over-lap extension, PCR method. Two products are produced in the first 

round (with the designated mutation at the 5’ end of one strand and the 3’ end of the 
other). Then, in the second round of PCR the heteroduplex that has the desired mutation 

at 3‘-recessed end is amplified.  B) Single-round, QuickChange, PCR method. A plasmid 

with the gene of interest is amplified with two oligonucleotide primers containing the 

desired mutation. Then the parental plasmid is destroyed using Dpn methylase. Figure 
obtained from Penning and Jez, 2001.  

 

Hybrid Enzymes 

Rational design often uses the structural design elements of one enzyme and 

incorporates it into another creating a hybrid. Using this approach, one can substitute 

specific point mutations or secondary structure elements based on the structure of another 

protein. One well known example is the conversion of trypsin into a chymotrypsin-like 

protease through the substitution of specific point mutations and secondary structure 
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elements (specifically four amino acids and two surface loops) (Hedstrom et al., 1992). 

Recent improvements in computer-aided homology modeling have greatly facilitated this 

approach to enzyme engineering. Using homology modeling and site-directed 

mutagenesis, Onuffer and Kirsch successfully altered the substrate specificity of an 

aspartate aminotransferase to that of a tyrosine aminotransferase (Onuffer and Kirsch, 

2008).  

Rational design is also used to target larger areas on an enzyme, or make dramatic 

changes to the enzyme’s structure via domain swapping, surface loop deletion, fusion of 

intact proteins, etc. Metal ion binding sites can be added to or removed from enzymes to 

increase stability. Additionally, extended surface loops may be deleted as done by 

Meinke et al. to enhance the endo-β-1,4-glucanase activity of an exo-cellobiohydrolase 

(Meinke et al., 1995). Rational design is also used to create hybrid enzymes with 

different domains from more than one protein source (Figure 4). For instance, the binding 

domain of one protein could be fused to the catalytic domain of another. Likewise, hybrid 

enzymes have been successfully engineered to carry out coupled reactions by fusing 

together two different catalytic domains (Nixon et al., 1998; Stevenson and Benkovic, 

2002)  
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Figure 4. Four examples of hybrid enzymes  

Generated by 1) Substitution of point mutations between two enzymes, 2) Swapping 
secondary structure elements between two enzymes 3) The exchange of functional 

domains between two enzymes, and 4) The fusion of two whole enzymes. Figure adapted 

from Nixon, Ostermeier, and Benkovic;  1998. 
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De novo enzyme design and enzyme mimetics  

Recently, scientists have taken rational design one step further, attempting to 

create enzymes de novo (i.e. “from scratch”) (Kries et al., 2013; Richter et al., 2011). The 

de novo design of enzymes potentially broadens the array of useful enzymes (i.e. by 

expanding catalytic functions) (Nanda and Koder, 2009), and the successful isolation of 

de novo enzymes has been demonstrated (e.g. Siegel et al. designed and characterized 

highly specific and stereoselective enzymes that catalyze a bimolecular Diels-Alder 

reaction (Siegel et al., 2010)). However, the number of reactions catalyzed by de novo 

enzymes is still very small, and further development in this field (i.e. improved 

computational methods and a better understanding of the structure, function, and folding 

patterns of enzymes) is needed in order to efficiently and routinely utilize this method for 

enzyme engineering (Kries et al., 2013).  

Enzyme mimetics, synthetic mimics of natural enzymes, are also of particular 

interest in this field. With enzyme mimetics, scientists attempt to harness the incredible 

catalytic power of enzymes by replicating certain enzymatic features in a synthetic 

molecule not made from the typical amino acid building blocks. These molecules are 

often much smaller than natural enzymes and can be designed to withstand degradation 

molecules present in cells that natural enzymes cannot. They also have the potential to 

reduce production costs, because they avoid the sometimes costly/time-consuming 

protein purification step that natural enzymes require. Enzyme mimetics possessing 

enzymatic activity comparable to that of the natural model enzyme have been reported 

recently (e.g. Pt-DNA complexes possess high peroxidase activity) (Matsuoka et al., 

2007). These characteristics are remunerative in the quest to harness the catalytic power 

of enzymes. Nevertheless, the functional characteristics of enzyme mimetics are almost 
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always modeled after an enzyme that efficiently performs a specific desired task and do 

not possess novel functions of their own.  

 

2.2.2.2 Rational design benefits and limitations 

The complete transformation of substrate specificity via rational design has been 

demonstrated in numerous cases (Antikainen and Martin, 2005; Chica et al., 2005; 

DeSieno et al., 2011; Fersht and Wintert, 2009; Mack and Buckel, 1997; Penning and 

Jez, 2001). Furthermore, the ability to rationally select and alter specific residues by site-

directed mutagenesis is an invaluable tool to improve our understanding of enzyme 

function. Site-directed mutagenesis along with kinetic characterization and structural 

analysis offers insight into the function of key residues around the active site, as well as 

mechanistic details about the enzyme (e.g. (Cheah et al., 1990; Cozzi et al., 2011; Kim et 

al., 2011; Turner et al., 1992)). The mechanistic information gained from these 

experiments can then benefit future engineering endeavors.  

However, determining which residues to target is not always straightforward, and 

the level of detail required is sometimes unattainable (Bloom et al., 2005). In addition, 

this method usually eliminates the possibility of introducing mutations that operate 

synergistically with active site residues to improve the enzyme’s performance.  

 

2.2.3 Directed-Evolution 

Often considered a “Darwinian” approach to engineering, directed evolution uses 

random mutagenesis or recombination techniques to generate large libraries for screening 

(Figure 5). Random mutagenesis is usually performed by error-prone PCR which may be 

preformed by varying the concentration of MgCl2 or MnCl2 in a PCR experiment. This 
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usually induces about two to five mutations per gene copy. On the other hand, a gene can 

be subjected to random mutagenesis by PCR using mutation-inducible nucleosides. This 

method may generate about 10-30 mutations per 1000 nucleotides (Penning and Jez, 

2001). Mutagenesis by DNA shuffling of two or more genes is usually performed by first 

fragmenting the genes with DNAse followed by PCR. Fragments are cross-primed during 

PCR and a library of chimeric genes is created.  

 

 
 

Figure 5. Strategy of directed evolution.   

   

This library of mutants (created using either mutagenesis method) is tested and 

variants with improved properties (properties that lean towards the desired goal) are 

isolated. The isolated variants are then usually subjected to several more rounds of 

mutagenesis and testing. Directed evolution exhibits two key advantages over rational 

design; directed evolution does not require the intensive structural information needed in 

rational design approaches and it permits an enzyme to acquire beneficial mutations at 

unusual sites and residues that rational design would likely overlook.  
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The successful engineering of numerous enzymes via directed evolution has been 

demonstrated. For example, Ma et al. utilized DNA shuffling techniques to successfully 

engineer a ketoreductase variant with improved stability and activity (Ma et al., 2010). In 

another example, the sequence specificity of HaeII methyltransferase was altered using 

directed evolution (Cohen et al., 2004). 

A larger library of mutants has a greater likelihood of success. However, directed 

evolution techniques are limited by the number of sequences that may be screened at 

once (Barrozo et al., 2012). Current screening and selection methods are only equipped to 

handle about 10
4
–10

13
 variants, yet a relatively small enzyme composed of 100 amino 

acids would have 10
130

 possible amino acid combinations. Furthermore, in a random 

library, it is far more likely for a deleterious mutation to arise than an advantageous one 

(Dalby, 2011).  

Additionally, random mutagenesis methods are often limited in their ability to 

introduce a specific new function into an enzyme, and resultant enzymes often exhibit 

low catalytic efficiency and/or low substrate specificity (Aharoni et al., 2005; Li et al., 

2013). As with site-directed mutagenesis approaches, directed-evolution can miss 

mutations that operate synergistically, especially if mutations are accumulated one at a 

time (as Tracewell and Arnold would suggest is the best directed-evolution strategy 

(Tracewell and Arnold, 2009)). Using this strategy, mutations that are synergistically, but 

not independently, advantageous are usually lost (Kazlauskas and Lutz, 2009), and large 

changes to the architecture of the enzyme are rarely possible.  
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2.2.4 Semi-rational design 

Semi-rational engineering approaches combine rational design and directed 

evolution (Chica et al., 2005). Structural information is used to target certain residues or 

areas on an enzyme, and mutations are usually made by site-saturation mutagenesis 

(where most/all possible mutations are made at a specific site) (Reetz and Carballeira, 

2007). The smaller libraries (also called “smart libraries”) are then submitted to 

screening/selection. By focusing on potential “hot spots” in the enzyme, engineers aim to 

create manageable libraries without losing the benefits of random mutagenesis (such as 

acquiring beneficial “surprise” mutations that would not be apparent targets in rational 

design). Like traditional directed-evolution techniques using random mutagenesis, the 

resultant enzymes from semi-rational engineering often display low substrate specificity.  

Nonetheless, combing rational design and directed-evolution is extremely 

promising, and recent developments in methods for semi-rational engineering, screening, 

and selection by our lab and others will no doubt benefit this field in years to come 

(Kostallas, 2011; Li et al., 2013; Varadarajan et al., 2005a) (DeSieno et al., 2011). 

 

2.3 NATURAL ENZYME EVOLUTION MAY ASSIST ENGINEERING EFFORTS 

One way to ameliorate the current methods for engineering enzymes with novel 

substrate specificities entails studying the way evolution has done this naturally. Natural 

evolution has successfully altered the functionality of a plethora of highly catalytic 

enzymes. Understanding how mutations are acquired in nature, how beneficial mutations 

are selected for, and in general what types of mutations are beneficial for improving 

certain properties in enzymes, can guide engineers as they design new enzymes (Bobyr et 

al., 2012). For instance, if structural data is available, one may compare the structural 
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features of two closely related enzyme ancestors with different functions in order to 

identify the subtle structural changes that may have caused the functional change. 

Studying natural enzyme evolution can also help engineers develop more 

promising methods for enzyme engineering. For instance, natural evolution has often 

succeeded by capitalizing on useful, promiscuous side reactions and making those side 

reactions more efficient (and the previous primary reactions less efficient) over time. 

Therefore one sensible strategy for engineering an enzyme to possess a novel function 

starts by searching for a parent enzyme that already catalyzes that reaction as a side 

reaction and then engineer the enzyme to favor that reaction (Patrick and Herschlag, 

2001)(Hollfelder and Jonas, 2009). Many engineering endeavors have succeeded by 

capitalizing on promiscuous side reactions of a particular enzyme, thereby altering its 

activity to favor the “side reaction.” (e.g. Using homology modeling and site-directed 

mutagenesis, N-acetylneuraminate lyase was successfully engineered to enhance its 

promiscuous dihydrodipicolinate synthase activity (Joerger et al., 2003)) In addition, 

natural enzymes often evolved from enzymes with a closely related function/substrate 

specificity (e.g. phosphatases and sulfatases). Therefore, this can also guide one in 

choosing an adequate parent enzyme. Investigating enzyme families, including the ways 

they evolved from a common ancestor, gives a clue as to how one may develop multiple 

enzyme variants from one common ancestor (Bobyr et al., 2012). 
 

3. Post-Translational Modifications   

3.1 OVERVIEW OF POST-TRANSLATIONAL MODIFICATIONS 

Post-translational modifications are covalent processing events that function as 

important regulators of cellular activity by changing the properties of proteins (Mann and 
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Jensen, 2012). These modifications can control the localization of a protein, as well as its 

activity state and interactions with other molecules. Modifications include the addition or 

removal of a functional group and proteolysis. Over 300 known types of post-

translational modifications exist, including glycosylation, nitrosylation, deamidation, 

methylation, ubiquitination, acetylation, amidation, lipidation, sulfonation, and 

phosphorylation (Figure 6) (Jensen, 2004). Many post-translational modifications are also 

reversible and can be thought of as molecular switches that enzymes turn off or on in 

response to environmental factors. Several common post-translational modifications and 

their corresponding functions are reported in Table 2.  

Additionally, these modifications increase proteomic diversity.  For instance, the 

human genome comprises around 30,000 genes, yet it is expected to contain over one 

million different proteins (Jensen, 2004). Unfortunately, expansive research on these 

modifications has been hindered by a lack of suitable detection methods (Kersten et al., 

2011). As key regulators of cellular activity and pathogenesis, it is crucial to identify and 

understand post-translational modifications. Thus, there is an evident need for innovative, 

effective identification methods (Sidoli et al., 2012),(Oliveira and Sauer, 2012).  
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Table 2. Common post-translational modifications and functions.  
Table adapted from Mann and Jensen (2003). 
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Figure 6. Experimentally determined and putative post translational modifications.  
This figure shows the relative abundance of experimentally determined (blue) and 

putative (violet) post translational modifications. 530,264 proteins from the Swiss-Prot 

database were analyzed, and on these proteins there were 87,308 experimentally 
identified and 234,938 putative post-translational modifications (Khoury et al., 2011).   

 

3.1.1 Tyrosine Phosphorylation 

Modification by phosphorylation occurs on the side chains of serine, threonine, 

and tyrosine, and it is one of the main forms of signal transduction and one of the most 

common ways of regulating protein functions in the cell (Hardie and Guy, 1982) (Cohen, 

2000). In fact about 30% of all human proteins are phosphorylated (Cohen, 2001).  

The phosphorylation and dephosphorylation of tyrosine (by protein kinases and 

phosphatases, respectively) plays an important role in many cellular functions (Durocher 
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et al., 2000). Tyrosine phosphorylation can influence cellular functions in two basic 

ways. First, it may induce conformational changes in a protein thereby altering its 

activity. For instance, when the extracellular signal-regulated protein kinase 2 (ERK2; an 

important component of signal transduction pathways) is phosphorylated at tyrosine 185, 

a conformational change is induced and the resulting structure of the enzyme is 

compatible with high catalytic activity (Cobb and Goldsmith, 1995). Secondly, the 

location and timing of tyrosine phosphorylation provides the cell with a reversible way to 

regulate protein-complex formation (i.e. to Src homology 2 and phosphotyrosine binding 

domains) (Durocher et al., 2000). Tyrosine-kinase signaling is also known to be 

important in diseases related to cell proliferation, including cancer (Trepel et al., 2010). 

Heat shock protein 90 (Hsp90) is a fundamental molecular chaperone in the eukaryotic 

cytosol, and it helps stabilize a subset of proteins essential for tumor cell proliferation and 

survival (Soroka et al., 2012; Trepel et al., 2010). Mollapour et al. showed that proper 

phosphorylation of a conserved tyrosine residue on Hsp90 is essential for precise cell 

regulation and that cells expressing non-phosphorylatable Hsp90 are subject to premature 

nuclear division (Mollapour et al., 2010). Altered tyrosine phosphorylation is also 

assumed to play a significant role in Alzheimer’s disease (Shapiro et al., 1991; Shirazi 

and Wood, 1993; Sternberger et al., 1985). In addition, the main virulence factor of 

Yersinia, the causative agent in the bubonic plague, is a phosphatase enzyme that causes 

uncontrolled dephosphorylation of many tyrosine residues on human proteins which can 

rapidly lead to death (Guan and Dixon, 1990). Despite the importance of tyrosine 

phosphorylation in basic cellular functions and disease, there is still much to be learned 

about the effects of this modification, largely due to inefficient detection methods.  
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3.1.2 Tyrosine Sulfation  

Another common modification of tyrosine is o-sulfation by tyrosylprotein 

sulfotransferases (TPSTs) (Dave et al., 2009). Unlike  phosphorylation, tyrosine sulfation 

is suggested to be an irreversible modification since no enzyme capable of efficiently 

desulfating sulfotyrosine residues has been discovered (Bunschoten et al., 2010; Kanan et 

al., 2012). Sulfotyrosine plays an important role in protein–protein interactions, and 

Baeuerle and Huttner estimate that nearly 1% of all tyrosine residues in plants and 

animals are sulfated (Baeuerle and Huttner, 1985) (Moore, 2003). Several research 

groups have developed systems that selectively incorporate sulfotyrosine into proteins of 

the bacterial host, yet no sulfated tyrosines have been identified in natural prokaryotes or 

yeast (Liu and Schultz, 2006; Liu et al., 2009; Lu et al., 2011). Overall there has been 

little reported on tyrosine sulfation since its discovery by Bettelheim in 1954 (Bettelheim, 

1954; Lu et al., 2011). This is due in part to a lack of adequate, straightforward detection 

methods and difficulties in distinguishing between sulfation and phosphorylation sites 

(Seibert and Sakmar, 2008). A better understanding of the physiological and 

pathophysiological functions of tyrosine phosphorylation and sulfation will require 

straightforward detection methods that can precisely identify specific modification sites. 
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3.2 PTYR/STYR DETECTION 

 

 

Figure 7. Sulfotyrosine and phosphotyrosine at neutral pH. 

 

Current statistics for experimentally determined post translational modification 

(PTM) sites and non-experimentally determined PTM sites (in the Swiss-Prot 

Knowledgebase), are available on Princeton's Proteome-Wide PTM Statistics Curator. 

According to this continuously-updated resource, there are 204 experimentally 

determined sTyr sites and 815 putative sTyr sites, for pTyr these numbers are 4140 and 

10294, respectively. If the overall quantities of putative PTM sites are accurate then only 

about 20% of the pTyr and sTyr (Figure 7) modifications are being detected 

experimentally. However, for many PTMs this number is well over 50%. Research 

incentives for studying a particular PTM (e.g. biological roles/importance) and ease of 

PTM detection likely contribute to the disparities in these values (Khoury, Baliban, and 

Floudas 2011, The UniProt Consortium 2012).  
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3.2.1 Current Methods  

Current methods for detecting tyrosine phosphorylation include immunodetection, 

phosphoprotein enrichment, electrophoretic mobility, and MS/MS analysis (Turkina and 

Vener, 2006). Immunodetection using phospho-specific antibodies and flow cytometry, 

immunoprecipitation, Western blotting, etc. are common analysis techniques; however, 

this method often suffers from inadequate sensitivity. Detection of phosphorylation using 

electrophoretic mobility shifts does not give precise phosphorylation sites. MS/MS 

analysis requires a highly skilled operator, needs costly instrumentation, and yields 

challenging results that are difficult to interpret. Isobaric masses can make sites of 

phosphorylation and sulfonation arduous to differentiate (SO3 79.9568; HPO3 79.9663), 

and characterization requires an examination of particular neutral loss characteristics 

(Dave et al., 2009). In addition, this method lacks the sensitivity to detect all 

phosphorylated sites. 

Methods using phosphotyrosine binding proteins, such as proteins containing a 

Src-homology-2 (SH2) domain, to detect sites of tyrosine phosphorylation have been 

presented (Machida et al., 2007). However, this type of detection is not trivial because 

there are numerous pTyr binding proteins and their binding interactions are mediated by 

the substrate residues surrounding the modified tyrosine. Radiolabeling with 
32

P 

orthophosphate has also been incorporated into several techniques, but these protracted 

methods also call for an abundance of purified receptors (Rowan et al., 2003).  

Therefore, a straightforward method for detecting pTyr catalytically and 

regardless of neighboring residues is needed to provide scientists with a useful tool for 

analyzing the critical cellular processes mediated by tyrosine phosphorylation, which 

may eventually serve many therapeutic functions.  
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3.2.2 Promising Future Methods for pTyr and sTyr Detection   

A highly active, proteolytic enzyme, which cleaves only at sites of pTyr followed 

by MS/MS analysis, would provide a functional method for detecting exact sites of 

phosphotyrosine residues. If the protease was highly specific for phosphotyrosine, the 

tedious process of determining phosphorylation from other similar modifications would 

be essentially eliminated. Furthermore, if mass spec is employed to identify protein 

fragments after proteolysis, the cleavage site/sites would sufficiently mark the modified 

residues, consequently limiting/abolishing the number of labile modifications that would 

be omitted from the mass spectra.  

Although many different proteases are common in vivo, no naturally occurring 

proteases are known to recognize posttranslationally modified tyrosine (Pogson et al., 

2009). Recently, Knight et al. proved the possibility of engineering the bacterial protease 

subtilisin BPN’ to cleave at pTyr residues. Subtilisin BPN’, a variant of subtilisin, prefers 

to cleave to substrates with a phenylalanine or tyrosine at P1, but the S1 subsite is 

relatively nonspecific and may accommodate small hydrophobic residues at P1 as well. 

The low specificity of BPN’s S1 site may be attributed to its shallow trough-like shape 

rather than a distinct pocket (Kamely et al., 1991). Knight et al. altered BPN’s preference 

to select for pTyr over Tyr by first mutating glutamate to arginine at residue 156 (located 

in the S1 subsite) in order to introduce a complementary electrostatic interaction. This 

increased the enzyme’s preference for pTyr over Tyr 200-fold. They then mutated 

another residue in the S1 subsite, phenylalanine 129, to a glycine residue in order to 

accommodate the larger size of pTyr as compared to Tyr. This mutation increased the 

enzyme’s preference for pTyr over Tyr by roughly 10-fold. The overall switch in 

specificity for this double mutant, from Tyr to pTyr is impressive; however, this enzyme 

was merely two-fold more selective for pTyr over sTyr. Their report indicates that these 
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results were expected because of the isosteric nature of these amino acids and the fact 

that each are negatively charged at neutral pH (Knight et al., 2007). Nevertheless, 

proteins, like those of the Phosphate-binding protein (PBP) superfamily, which are 

known to selectively bind phosphate over sulfate by at least 50-fold, highlight the fact 

that higher selectivity between phospho and sulfo groups is possible (Ledvina et al., 

2008) (Bazzicalupi et al., 2012). Nonetheless, even in nature discrimination between 

similar phospho and sulfo groups is not trivial, and while many proteins have evolved to 

efficiently select for only one of these, many proteins seem to have no preference at all. 

An increasing number of protein crystal structures and resourceful modeling techniques 

have allowed researchers to study, and begin to elucidate, the molecular features that 

differentiate the efficient from the inefficient mechanisms of selection.  
 

4. Phospho/Sulfo Discrimination  

4.1 PHYSICAL AND CHEMICAL PROPERTIES OF PHOSPHATE AND SULFATE MODIFYING 

GROUPS  

Upon simple inspection of the phosphate and sulfate modifying groups, they look 

almost analogous. Ostensibly congruent, the two groups are similar in size and geometry, 

and both are negatively charged at neutral pH. Yet, the sulfate group bears a formal 

charge of -1 while phosphate bears a charge of -2.  

However, the similarities and differences of these two modifying groups are not 

so straightforward. For instance, even though the formal charges on phosphate and sulfate 

groups differ, the charges on the central phosphorus and sulfur atoms are usually 

incredibly similar. Denehy et al. used natural bond orbital analysis (mathematical 

algorithms for studying electronic wavefunctions, NBO) to examine the electronic 

structure of sulfonyl and phosphonyl groups with a variety of substituents. They found 
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that the central atom of the methyl phosphate dianion (CH3O4P
2-

) and the methyl sulfate 

monoanion (CH3O4S
-
) possessed a +2.74 and +2.82 charge, respectively. In both 

modifying groups the surplus negative charge is localized mostly on the nonbridging 

oxygens (Table 3).  
 

CH3O4P2- CH3O4S- 

P Obridge Ononbridge S Obridge Ononbridge 

+2.74 −0.94 −1.35 +2.82 −0.83 −1.11 

Table 3. Natural Atomic Charges on CH3O4P
2-

 and CH3O4S
-
  

(Denehy et al., 2007). 

 

There are also subtle differences in P-O and S-O (as well as P-OR and S-OR) 

bond lengths (Elias et al., 2012). For instance, the P-O bond of phosphate monoesters 

stretches about 0.06 Å longer than the S-O bond in sulfate monoesters, and the P-OR 

bond is shorter than S-OR by approximately 0.04 Å (Table 4) (Catrina et al., 2007). 

Additionally, internal electron donation to the central atom (phosphorus/sulfur) is more 

prominent in phosphate groups than sulfate groups  (Kish and Viola, 1999) (Denehy et 

al., 2006; Hopkins et al., 1983; Jones and Kirby, 1984). Negative hyperconjugation, the 

delocalization of nonbonding electrons into vicinal antibonding orbitals, contributes to 

the bonding arrangements and lengths in both modifying groups (Rudbeck et al., 2012). 

Figure 8 illustrates this effect in methyl phosphate, here the n-orbitals of the nonbridging 

oxygen atoms donate electrons to the antibonding σ *(P– Obridge) orbital. The Fock matrix 

element, Fij, which describes the overlap between i and j NBO orbitals ( r neis et al., 

2011; Pulay and Fogarasi, 2004), is less for phosphoryl nonbridging oxygen bonds than 

the sulfonyl analog. The decrease in orbital overlap is likely a result of increased spatial 
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separation, which is probably due to a larger difference in electronegativity between 

phosphorus and oxygen than between sulfur and oxygen (ΔEN = 1.4 and 1.0, 

respectively) (Mermer and Starynowicz, 2012; Ruben et al., 2008; Rudbeck et al., 2012).  
 

 

  

Figure 8. Natural bond orbitals of σ*(P– Obridge) and n(Ononbridge).  
Image acquired from Rudbeck, Nilsson Lill, and Barth 2012. 

 
  

 

 

Table 4. Bond lengths and charges of phosphate and sulfate monoesters.  

Table adapted from Catrina et al., 2007. 
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Reference Structure            

 

CH3O4S
-
 

(X = S) 
59.2% 22.0% 14.1% 4.7% 0.0% 

CH3O4P
2-

 

(X = P) 
67.6% 16.7% 11.1% 3.7% 1.0% 

Table 5. Natural resonance theory analysis for methyl sulfate and methyl phosphate.  

Percentages reflect the weighting of a particular resonance form relative to the total 
electron density. The value given in this table is the total of all resonance contributors of 

this general formulation. Table adapted from Denehy, White, and Williams; 2007. 

 

Furthermore, there seems to be little participation of d-orbitals in the bonding of 

either functional group. Denehy et al. used natural resonance theory to depict the total 

electron density of sulphonyl and phosphoryl systems with idealized resonance forms. 

Percentages given in Table 5 reflects the weighting of each resonance form for methyl 

sulfate and methyl phosphate relative to the total electron density (Denehy, White, and 

Williams; 2007).  

The subtle differences between phosphoryl and sulfonyl groups contribute to 

variations in their interactions with other molecules. Kanyo and Christianson analyzed 

phosphonyl/sulfonyl-hydrogen bond donor interactions and phosphonyl/sulfonyl-metal 

ion interactions in over 200 crystallographically determined structures from the 

Cambridge Structural Data Base. They found the average P-O-M and P-O-H angles to be 

135º and 119º, respectively. The S-O-M and S-O-H coordination angles were slightly 

larger, 141º and 128º, respectively. Additionally, they determined that, on average, 

sulfonyl hydrogen bond interactions are more closely packed than phosphonyl hydrogen 

bond interactions (Kanyo and Christianson, 1991). 
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4.2 PHOSPHO/SULFO SELECTION AND DISCRIMINATION IN PROTEINS  

4.2.1 Protein Interactions with Phosphoryl and Sulfonyl Groups 

In addition to PBP and SBP (Sulfate-binding protein; selectivity for sulfate over 

phosphate is about 50,000 fold) there are numerous other proteins that can discriminate 

for either sulfate or phosphate (Jacobson and Quiocho, 1988). Different proteins 

discriminate in different ways including metal centers, electrostatic interactions, 

hydrogen bonds at the substrate-binding sites, and binding site geometry.  

Furthermore, there are many “phosphate/sulfate”-binding proteins that seem to 

have little preference for one species over the other (Anderson et al., 1995). Identifying 

the structural features that distinguish these two groups is important for designing an 

enzyme that is highly selective for phosphorylated or sulfated amino acids. In particular, 

cognate enzymes that discriminate among the two groups are extremely helpful in this 

analysis, because they offer hints as to how this exquisite discrimination may have been 

altered naturally through evolution.  

 

4.2.1.1 Noncatalytic phospho-binding domains 

Many conserved noncatalytic binding domains are essential for mediating protein-

protein interactions with phosphorylated amino acids (Yaffe, 2002). Although these 

domains are relatively simple compared to catalytic domains, identifying the features that 

influence their selectivity for phosphorylated amino acids contributes to our 

understanding of phospho/sulfo discrimination. 
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Src homology-2 

One of the largest families of interaction modules are the Src homology-2 (SH2) 

domains. SH2 domains recognize phosphotyrosine sites with high specificity (Sadowski, 

Stone, and Pawson 1986; Huang et al., 2008). Ozawa and Okazaki investigated the 

interactions between an SH2 domain and a phosphotyrosine-containing peptide using 

fragment molecular orbital calculations. Based on the energy values they obtained for 

these reactions, they found that two positively charged residues are the main pTyr-

interacting residues on SH2 (Ozawa and Okazaki, 2008). Their study revealed that these 

two residues were an arginine and a lysine; however, studies on other SH2 domains show 

that the residues can also be two arginines, and some indicate that a third positively 

charged residue also contributes significantly to SH2-pTyr interations.  Figure 9 

illustrates SH2-pTyr binding interactions in lymphocyte-specific tyrosine kinase p56
lck

 

(Lck), (de Mol et al., 2002; Yaffe, 2002).  
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Figure 9. Phosphotyrosine bound to the src homology-2 domain of Lck.  
Image adapted from De Mol, Gillies, and Fischer 2002. (PDB: 1LCJ) 

 

Phosphotyrosine-binding domain 

The phosphotyrosine-binding domain is the second largest family of pTyr-binding 

modules (Kaneko et al., 2012). Figure 10 shows the pTyr-binding domain located in 

human insulin receptor substrate 1 (IRS-1) bound to a phosphotyrosine-containing 

peptide. As with SH2 domains, two positively charged residues (Arg212 and Arg227 in 

IRS-1, blue sticks, Figure 10 ) provide important electrostatic contacts with pTyr (yellow, 

Figure 10).  Both the pTyr-binding domains and the SH2 interaction domains are highly 

selective. 
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Figure 10. The phosphotyrosine-binding domain of IRS-1.  

This figure shows the phosphotyrosine-binding domain of IRS-1 with a phosphotyrosine-

containing peptide bound. Two positively charged residues (Arg212 and Arg227, blue) 
provide important electrostatic contacts with pTyr (yellow). Figure adapted from Kaneko 

et al., 2012. (PDB: 1IRS) 

 

Other phospho-amino acid recognition domains include ones like 14-3-3 domains 

that recognize pSer-containing peptides (Yaffe et al., 1997; Mhawech 2005) and 

forkhead-associated (FHA) domains that recognize pThr-containing peptides (Durocher 

and Jackson, 2002; Durocher et al., 2000). Similar to SH2 and pTyr-binding domains, the 

binding pocket of 14-3-3 domains contain two/three positively charged residues that 

interact with pSer’s phospho-group. However, FHA domains possess only one positively 

charged residue that interacts with the phospho-group on pThr. Durocher et al. suggest 

that this structural difference may account for promiscuous binding of FHA to 

nonphosphorylated peptides (Durocher et al., 2000).  
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4.2.1.2 Gp120: a highly selective sulfo-binding enzyme 

Infection by the human immunodeficiency virus type 1 (HIV-1) is dependent on 

the interaction between glycoprotein, gp120, and host cell receptors, mainly CCR5 

(chemokine receptor 5) (Lam et al., 2008). This interaction depends on two key sulfated 

tyrosine residues on the N terminus of CCR5 (Cormier et al., 2000; Farzan et al., 1999, 

2000). In two separate experiments, Lam et al. and Cormier et al. investigated the deep 

sTyr-binding pocket on gp120 and its interactions with CCR5, as well as a CCR5 

phosphotyrosine analog. Cormier et al. found no detectable binding for pTyr-containing 

peptides (Cormier et al., 2000). Lam et al. also found that gp120 strongly discriminated 

against CCR5 mutants with phosphotyrosine at either key sulfotyrosine position, and 

suggested that the single positive charge (provided by an arginine residue, Figure 11) is 

responsible for this discrimination (Lam et al., 2008) (Schnur et al., 2011).   

 

 

Figure 11. Sulfated tyrosine of CCR5 binding to gp120.  
A) Close up of the sulfotyrosine binding pocket in gp120 (gold). Interactions between 

gp120 (gold) and the sulfotyrosine residue (grey sticks) on CCR5 (gray ribbon) are 

displayed as dashed lines. B) A two dimensional representation of the hydrogen bonding 

network between gp120 (gold) and sulfotyrosine (purple). Hydrogen bond lengths 
(purple) are in Angstroms. Image adapted from Lam et al., 2008. 
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4.2.1.3 Alkaline phosphatase (AP) 

Alkaline phosphatase (AP) of Escherichia coli, a member of the alkaline 

phosphatase superfamily, catalyzes the hydrolysis of phosphate monoesters (Figure 12). 

As previously mentioned, the alkaline phosphatase superfamily is composed of many 

evolutionarily related, somewhat promiscuous, phospho and sulfo-recognizing enzymes. 

Likewise, AP is slightly promiscuous, catalyzing the hydrolysis of sulfate monoesters 

with a much lower yet detectible efficiency. The catalytic proficiencies [(kcat/KM)/kw] for 

AP hydrolysis of phosphate monoesters and sulfate monoesters are 1.1 × 10
18

 and 

1.1 × 10
9
, respectively. Thus, indicating a 10

9
-fold higher catalytic proficiency for 

phosphate over sulfate monoesters. (Values reported by Catrina et al., 2007.)  

 

 

Figure 12. Mechanism of Escherichia coli alkaline phosphatase.  

Image adapted from Babtie, Tokuriki, and Hollfelder 2010.  

 

This information leads one to inquire the following: How does AP discriminate 

for phosphate monoesters over sulfate monoesters, and what specific structural features 

are important for this discrimination? Additionally, what allows for this promiscuous side 

reaction to occur? 
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The phosphate monoester binds in a shallow binding pocket on AP where it is 

subject to nucleophilic attack by a serine residue. An arginine residue, two Zn
2+

 ions, a 

Mg
2+

 ion, and several hydrogen bond donors help stabilize the substrate phosphoryl 

group in the binding pocket (Figure 12) (Andrews et al., 2011). Studies involving the 

sulfate monoester propose that it interacts with these same residues on AP. However, it is 

suggested that the phosphate monoester substrate forms stronger and more favorable 

interactions with the binding site of AP, which has a high positive charge density, due to 

its greater negative charge (as compared to the sulfate monoester). Specifically, the 

amount of charge on one of the nonbridging oxygens (situated between the two Zn
2+

 

ions) is thought to be a large determinant in this discrimination. Using kinetic isotope 

effect measurements, Catrina et al. found that interactions between AP and the 

nonbridging oxygen atoms on phosphate and sulfate monoesters vary significantly, while 

interactions between AP and the leaving group oxygen on each substrate are almost 

identical. Additionally, site-directed mutagenesis studies on AP revealed that the 

substrate-binding arginine residue also contributes to this substrate selectivity by 

supplying a 10
2
-fold increase in the preference for phosphate monoesters above sulfate 

monoesters (Andrews et al., 2011; Catrina et al., 2007; O’Brien and Herschlag, 1999; 

Patrick and Herschlag, 2001). 

A viable explanation for the somewhat promiscuous nature of AP is its lack of a 

deep binding pocket. Similar hypotheses have been offered for many promiscuous 

proteins with relatively shallow binding sites (Bains et al., 2011; Li, 2005; Olson et al., 

2004; Olsson et al., 2012).  
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4.2.1.4 Alkaline Phosphatase vs. Arylsulfatase  

Arylsulfatases (AS) are also part of the alkaline phosphatase superfamily. These 

enzymes catalyze the hydrolysis of sulfate monoesters as well as phosphate monoesters, 

albeit less efficiently. Solved crystal structures and extensive experimental analysis of 

both enzymes make it possible to study the details of each active site, and identify 

structural differences that could influence the unique substrate preference of each enzyme 

(Boltes et al., 2001; Sowadski et al., 1985) Interestingly, the proficiency of AP and AS 

for catalyzing promiscuous side reactions is dependent on the substrate’s size, geometry, 

and charge, but not the nature of the transition state (Babtie et al., 2010). Although the 

primary sequences of APs differ greatly from ASs, their overall structures are very 

similar. The catalytic core on both AP and AS consists of a β-sheet sandwiched between 

α-helices with several conserved active site residues. Two key differences at the catalytic 

sites include: 1) a unique formylglycine in AS instead of the catalytically necessary 

serine residue in AP and 2) the presence of only one metal ion (Ca
2+

 ) in the active site of 

AS (Figure 13), whereas AP has three (Babtie et al., 2010; Ghosh, 2005; Gijsbers et al., 

2001; Zalatan et al., 2008).  
 

 

Figure 13. Sulfate monoester hydrolysis by Arylsulfatase. 

Image adapted from Babtie, Tokuriki, and Hollfelder 2010. 
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4.2.2 Additional factors that drive Sulpho/Phospho binding and discrimination 

Aside from interactions with the phospho group itself, several other factors have 

been indicated in the recognition of phosphorylated amino acids. These include but are 

not limited to: consensus sequences, secondary structure, and location on the folded 

protein (Huang et al., 2012; Waksman and Sansom, 2005). 

It is established that all four levels of protein structure can affect posttranslational 

modification (including phosphorylation and sulfation) and recognition by certain 

proteins (Blom et al., 2004; Huang et al., 2012; Monigatti et al., 2002; Plewczynski et 

al., 2012). For instance, Bloom et al. suggest that kinase active sites contact 

approximately seven to twelve residues on either side of the modified acceptor amino 

acid (Blom et al., 2004). Furthermore, different domains that recognize phospho/sulfo 

modification sites have degrees of consensus and different amino acid preferences 

flanking these sites. Therefore, drawing conclusions about all phosphotyrosine sites, for 

example, is quite challenging. Blom et al. investigated over 200 tyrosine-phosphorylated 

proteins and searched for patterns in protein sequences flanking these sites that might 

make predicting tyrosine phosphorylation sites in other proteins easier. They confirmed a 

previous hypothesis that acidic residues are favored at positions P5 and P1 with 22% and 

34% of all proteins in their dataset having acid residues at these sites, respectively. In 

addition, proline was often found at P11 and glutamic acid was often found at P12 (Blom 

et al., 1999). Although they were able to draw these conclusions, their results were still 

quite obscure. The presence of acid residues and lack of basic residues on the amino 

terminal side of tyrosine are thought to be important consensus features of tyrosine 

sulfation sites (Bundgaard et al., 1997).  

Figure 14 displays the distribution of secondary structures surrounding tyrosine 

sulfation sites (blue) and tyrosine phosphorylation sites (red). Both phospho and sulfo-
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amino acids often lie in irregularly structured areas on a protein, rather than in helices or 

sheets. Hundreds of phosphotyrosine and sulfotyrosine sites from UniProtKB where 

evaluated by Huang et al., and they found that 77.4% of phosphotyrosine sites and 90.8%  

of sulfotyrosine sites were located in random coils (Huang et al., 2012).  

They also found greater consistency in secondary structure and amino acid 

sequences surrounding sulfotyrosine than in phosphotyrosine (See Figure 14)(Huang et 

al., 2012). Numerous explanations are possible for the different levels of consensus 

surrounding pTyr sites and sTyr sites ranging from partialities in common detection 

methods to evolutionary factors. For example, evolutionary pressures for high selectivity 

could have pushed proteins that bind one modification to be more selective. 

Alternatively, the data could signify that there are simply a wider range of 

phosphotyrosine-binding motifs that recognize different sites of phosphorylation. 

Moreover, these findings may connote that pTyr binding at these motifs is less dependent 

on surrounding residues, and consequently rely more on direct interactions with pTyr. 

(Grabs et al., 1997; Lam and Lebl, 1992).  
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Figure 14. Enzyme sequence and structural properties at sTyr and pTyr sites.  
(A) Sequence logos for phosphotyrosine and sulfotyrosine sites. The modified tyrosine 

residue is located at position 0. (B) Distribution of the secondary structures found at 

sulfotyrosine (blue) and phosphotyrosine (red) sites. This figure was originally published 
in Huang et al., 2012. 

 

In addition, tyrosine phosphorylation and sulfation sites are primarily localized on 

the protein surface (Chang et al., 2009; Via et al., 2011). This makes sense seeing as both 

modifications are made post-translationally by enzymes that must efficiently access the 

residues they modify. Likewise, phosphorylation sites are often phosphorylated and 

dephosphorylated in response to certain cellular events and as a way to send signals to 

other molecules. The surface exposed modifications also make it easier for 

phospho/sulfo-amino acid recognition domains and enzymes, such as phosphatases and 
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sulfatases, to access these sites. This information is advantageous for predicting and 

analyzing phospho/sulfo modification sites, enhancing our understanding of enzyme-

substrate recognition, and designing effective, highly selective techniques for 

sulfo/phospho-amino acid detection.  

Consensus sequences and relative location on a protein are not the only factors 

that determine what residues will be phosphorylated/sulfated. Environmental factors (i.e. 

location, pH, etc.) also play a role in determining whether these sites are modified or not. 

For instance, gastrin, a regulator of gastric acid, is sulfated at several sites in a tissue-

specific manner (Bundgaard et al., 1997).  
 

5. OmpT 

5.1 OVERVIEW OF THE OMPTIN FAMILY  

Omptins constitute a family of proteases that reside in the outer membrane of 

gram-negative pathogens of the Enterobacteriaceae family (Kramer et al., 2000b; Wu et 

al., 2012). Omptins complement blood coagulation and fibrinolytic activities and inhibit 

proper function of the immune system (Haiko et al., 2009; Yun and Morrissey, 2009).  

Although omptins have high sequence (45–80%) and structural similarities, and 

all preferentially cleave dibasic residues, they exhibit differing virulence-associated 

functions ((Hritonenko and Stathopoulos, 2007). The specialized function and virulence 

of each omptin is associated with variations in regulation of expression, 

lipopolysaccharide (LPS) dependence, and substrate specificity. Though omptins prefer 

to cleave between dibasic residues, small dissimilarities in surface-exposed regions 

contribute to a variable tolerance for residues at P1 and P1’, and differing sequence 

preferences that stretch beyond the P1 and P1’ cleavage sites. Furthermore, it has been 
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shown that different enterobacterial strains have evolved characteristic levels of omptin 

expression as a way to overcome specific innate host defense strains and thrive in unique 

environments.   

 

5.2 OMPT VIRULENCE 

Omptins contribute to bacterial virulence by degrading antimicrobial peptides 

(AMPs) that are secreted by host cells. AMPs act as important immunomodulators and 

bactericidal agents, and their degradation can be detrimental to the host (Haiko et al., 

2009). In humans there are two families of AMPs, cathelicidins and defensins. Recent 

experiments by Thomassin et al. revealed that one member of the omptin family, OmpT 

(outer membrane protease T), is highly expressed in enterohemorrhagic strains of E. coli 

(EHEC). In humans EHEC infection causes severe, bloody diarrheal diseases (e.g. 

hemorrhagic colitis), due to the superb ability of this strain to attach and efface gut 

epithelium cells, (Nataro and Kaper, 1998; Torres, 2010; Turner et al., 2006). Currently 

there are no antibiotics that successfully target and eliminate EHECs in the colon (Torres, 

2010).  This is largely due to inadequate knowledge about the pathogenesis of these 

bacteria. However, the recent findings of Thomassin et al. offer valuable insight. In their 

study, Thomassin et al. also discovered that OmpT cleaves LL-37, the only cathelicidin 

in humans (Thomassin et al., 2012), which may explain how EHECs are able to avoid 

host defenses and attach to host cells. In addition to diarrheal diseases, OmpT has been 

implicated as a significant virulence factor in urinary tract infections and neonatal 

meningitis (Johnson et al., 2002; Webb and Lundrigan, 1996). Consequently, OmpT is a 

compelling target in the development of therapeutic antimicrobial regimens.   
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5.3 OMPT- STRUCTURE AND FUNCTION  

 

 

Figure 15. OmpT β-barrel.  
OmpT is shown in UT burnt orange, aromatic residues lining the lipid boundary are 

green, and catalytic residues are blue.  

 

5.3.1 Structure and specificity 

OmpT forms a 10-stranded antiparallel β-barrel that is about 70 Å in height, and 

stretches approximately 40 Å beyond the lipid bilayer (Figure 15) (Hritonenko and 

Stathopoulos, 2007). It’s active site faces the extracellular environment, and 

lipopolysaccharide is crucial for activity (Vandeputte-Rutten et al., 2001a) (Eren and van 
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den Berg, 2012). Wild type OmpT is strictly specific for basic residues (usually arginine, 

but occasionally lysine) at the P1 position and prefers arginine or lysine at P1’, but 

cleavage at isoleucine, histidine, alanine, and serine have also been reported. In wild type 

OmpT, the S1 subsite is a deep negatively charged pocket composed of several residues, 

including Glu27, Asp208, and Ser223. Val29, Tyr221 and Leu265 also influence P1 

selectivity, possibly by mediating P1 entry into the S1 site. Asp97, in the S1’ site, is 

important for stabilizing the P1’ Arg/Lys residue (Figure 16). The S2 site is less selective 

but prefers neutral residues. This site is likely made up of Val29, Lue31, Val39, Ser40, 

Thr263, Leu265, Asp274, Ser276, and Ala280 (Li, 2011a).  The shallow, hydrophobic 

S2’ site prefers small hydrophobic residues like alanine, valine, and isoleucine at P2’. 

Met81 and Ile170 are important for stabilizing the residue in the P2’ position (Baaden 

and Sansom, 2004). S2 and S2’ strongly discriminate against acidic residues. OmpT also 

has a higher affinity for substrates with basic residues at P4 and P6 (Okuno et al., 2002; 

Dekker et al., 2001).  
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5.3.2 Catalytic mechanism 

 

Figure 16. OmpT Active Site.  

Putative catalytic residues are blue, S1 residues are raspberry, S1’ residues are orange, 
and S2’ residues are green. For clarity only a couple important residues at each site are 

shown. (PDB ID: i178) 

 

The catalytic mechanism of proteolysis by OmpT remains disputed; however, 

several recent molecular dynamics simulations that also take into account OmpT crystal 

structure data and previous mutagenesis studies suggest a novel catalytic mechanism for 

OmpT that possess components of both aspartate and serine proteases (Vandeputte-

Rutten et al., 2001; Neri et al., 2008; Thomassin et al., 2012). Vandeputte-Rutten et al. 

suggest that the unique catalytic methods of OmpT may explain why it is only slightly 

sensitive to common protease inhibitors (Vandeputte-Rutten et al., 2001). It is suggested 
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that four catalytic residues form two dyads: His212-Asp210 and Asp83-Asp85, and the 

scissile Arg-Arg peptide bond is located between Asp83 and His208. A water molecule 

located between His212 and Asp83 is activated for nucleophilic attack when the Asp210-

His212 couple abstracts a proton, and it subsequently attacks the main carbonyl carbon of 

the scissile bond (Figure 17) (Baaden and Sansom, 2004; Neri et al., 2008a; Thomassin et 

al., 2012).  
         

  

Figure 17. Putative catalytic mechanism for substrate cleavage in wild type OmpT.  

In both images, the peptide is green. A) OmpT catalytic residues are black and residues 
important for stabilizing P1 and P1’ arginine residues are red. The predicted flow of 

electrons is indicated by blue arrows. Image was modified from Vandeputte-Rutten and 

Gros, 2002. B) Substrate docking results of wild type OmpT (light blue) in complex with 
Ala-Arg-Arg-Ala peptide (green). Image obtained from Baaden and Sansom, 2004. 

Docking calculations were performed using AUTODOCK3. 
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5.3.3 Lipopolysacharide Dependence 

Another interesting characteristic about OmpT is its dependence on LPS for 

activity, but not for correct folding. This may signify a need for the cell to restrain OmpT 

activity in the periplasm or as it is integrated into the membrane (Eren and van den Berg, 

2012; Kramer et al., 2002).  LPS binds at specific sites on OmpT and initiate a slight 

change in the shape of the β-barrel. This subtle conformational change is enough to align 

active site residues for catalysis (Eren and van den Berg, 2012).  

 

5.3.4 Favorable Characteristics of OmpT for Use in Research and Biocatalysis  

OmpT is exceptionally stable under extreme denaturing conditions; it can 

withstand high temperatures (temperature for unfolding is about 80 ºC) and 4M urea. Its 

optimal pH is close to neutral, but OmpT is tolerant of a liberal range of pHs (Okuno et 

al., 2002). OmpT is compatible with nonionic, anionic, and zwitterionic detergents. The 

ability for OmpT to function well in relatively denaturing conditions is probably an 

evolutionary adaptation that is important for OmpT’s proteolytic role. Additionally, the 

ability for OmpT to function in denaturing conditions facilitates its catalytic efficiency, 

because OmpT must initiate proteolysis by first pulling the substrate into its deep β-barrel 

active site, the peptide substrate must be somewhat unstructured at that point. (White et 

al., 1995). The exceptional stability of OmpT is beneficial for in vitro diagnostics, and it 

increases OmpT’s potential as a useful biocatalyst. In addition, OmpT is relatively easy 

to express and isolate with high purity. OmpT has high proteolytic activity, and the deep 

active site pocket allows for greater substrate specificity than trypsin and many other 

common proteases (Wu et al., 2012).    
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5.4 OMPT ENGINEERING  

Our lab has effectively engineered several OmpT variants with novel substrate 

specificity and selectivity (See Table 6 for a list of some of the previously published 

OmpT variants engineered in our lab). One variant, AR-OmpT, has a preferred cleavage 

site of alanine at P1 and arginine at P2 (Varadarajan et al., 2005); its more than three 

million-fold switch in selectivity results from a single mutation, serine to arginine, at 

position 223. The EA-OmpT variant displays novel specificity at both P1 and P1’, 

cleaving between glutamate and alanine with high catalytic efficiency (Varadarajan et al., 

2008).  

 

OmpT Variants 

Enzyme Cleavage site kcat/KM (M-1 s-1) 

OmpT Arg ↓ Arg 1.7 ± 0.4 × 105 

AR-OmpT Ala ↓ Arg 1.8 × 105 

ER-OmpT Glu ↓ Arg 3 ± 2 × 105 

YR-OmpT Tyr ↓ Arg 8 ± 0.5 × 104 

TR2-OmpT Thr ↓ Arg 2 ± 1 × 104 

RV-OmpT Arg ↓ Val 5 ± 2 × 105 

EA-OmpT Glu ↓ Ala 1 ± 0.3 × 105 

sTyr-OmpT* sTyr ↓ Arg 1.1 ± 0.2 × 105 

nYR-OmpT nTyr ↓ Arg 8 ± 5 × 104 

Table 6. Previously published OmpT variants.  
This table was adapted from Varadarajan et al. (2008). (*Published as sT4-OmpT) 
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In addition, engineering efforts in our lab have successfully created an OmpT 

variant with novel specificity at P2. This variant cleaves peptides with a glutamate 

residue at P2 56-fold over the wild type preferred peptides with tyrosine at P2. Mutations 

in this variant include E153K, L31V, V39K, and D274R. The latter three reside in the 

ostensible S2 subsite (Li, 2011a).   

Our lab has also isolated variants of OmpT that specifically cleave post-

translationally modified peptides. One variant in particular cleaves specifically at sTyr 

residues (Varadarajan, Georgiou, and Iverson 2008). This sTyr variant has a glutamate to 

phenylalanine mutation at residue 27 and an aspartate to arginine mutation at 208 along 

with other 7 mutations: V29A, M87R, Y126C, E153D, I170V, Y221A, and I282H. The 

mutations at residues 27 and 208 most likely aid in stabilizing the negative charge of sTyr 

(-1 at pH 7).  
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Chapter Two – OmpT Engineering and Active Site Analysis  

 

6. Introduction 

6.1 OMPT ENGINEERING 

The outer membrane protease T (OmpT) was selected for engineering and 

analysis in this study for several reasons, including the eight listed here: 1) OmpT is 

relatively stable under normal laboratory conditions, and purification is fairly 

straightforward making it a good candidate for possible use in industry. 2) A crystal 

structure of the protease has been determined, and many features of the active site are 

known, thus making it easier to study and draw assumptions from mutational studies. 

These first two characteristics are important for a useful biocatalyst, and beneficial for 

studying and developing new techniques/approaches for enzyme engineering. The 

significance of these characteristics is illustrated by the many contributions and 

progresses made in protein engineering via manipulation and cogitation of α/β-hydrolases 

(Jochens et al., 2011). 3) Furthermore, our lab has successfully engineered several OmpT 

variants with exquisite substrate specificity and catalytic efficiencies comparable to that 

of wild type OmpT with its preferred substrate (Table 6). 4) One of the variants 

engineered by our lab preferentially cleaves sTyr-containing peptides, but also cleaves 

pTyr-containing peptides at much lower rate.  Therefore, the strategy presented by 

Kazlauskas and others, which seeks to enhance promiscuous activity, can be applied to 

the latter enzyme to potentially alter its substrate specificity to cleave pTyr over sTyr 

(Bornscheuer and Kazlauskas, 2004; Hollfelder and Jonas, 2009; Humble and Berglund, 

2011; Kazlauskas, 2005). 5) There is currently a need for straightforward and reliable 

methods for pTyr detection, and a highly active, proteolytic enzyme, which cleaves only 



 60 

at sites of pTyr followed by MS/MS analysis, would provide a functional method for 

detecting exact sites of phosphotyrosine residues. Additionally, assaying the structure and 

function of the sulfotyrosine OmpT variant will allow us to study characteristics of 

enzymatic sulfo-phopho discrimination. 6) There is significant interest in improving the 

processes and approaches for fine-tuning substrate specificity, and the sTyr OmpT variant 

allows us to investigate this process. 7) An in depth examination of the mutations made in 

OmpT variants (especially single mutation variants) will aid subsequent engineering 

endeavors with this enzyme. 8) Finally, OmpT is implicated as a key virulence factor in 

several diseases (at least one of which has no known cure), and further examination 

enzyme could contribute to the therapeutic efforts to treat these diseases. 

 

6.2 SUMMARY OF THE RESEARCH DESIGN AND APPROACH 

 In order to investigate the active site of OmpT, examine the mechanisms of 

sulfotyrosine selection in the sTyr OmpT variant, and test the limits of current rational 

design through in silico analysis and targeted mutagenesis, we attempted to alter the 

substrate specificity of this sTyr-selective mutant.  

Fifteen single-mutation variants were constructed to alter the specificity of the 

sTyr-selective OmpT variant so that it would preferentially cleave pTyr-containing 

residues. Each variant was mutated at one of five target residues around the putative S1 

subsite. Target residues were replaced with an arginine, lysine, or histidine residue. The 

objective was to increase the positive charge at the S1 subsite to better stabilize the extra 

negative charge on pTyr (formal -2 charge), as compared to sTyr (formal -1 charge).  

Wild type OmpT is highly selective for dibasic residues (arginine more so than 

lysine) at P1’ and especially at P1, and residues in and around the S1’ and S1 subsites 
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engender this specificity. Thus, changing P1 or P1’ specificity will likely require 

mutating residues around the S1’ and S1 sites. In order to identify residues in the S1 

subsite of sTyr, and select residues that would likely form interactions with pTyr in a 

pTyr-selective variant, we utilized several computer-based programs for mutational 

analysis and substrate docking.  

Furthermore, we tested the substrate specificity of each OmpT variant with four 

peptides (listed in Table 9). Substrate cleavage results were analyzed and computer-based 

modeling was used to shed light on these results. The purpose of this analysis was to aid 

future OmpT engineering endeavors by providing more information about its active site.  

 

 

7. Materials and Methods 

7.1 IN SILICO ANALYSIS AND ENZYME DESIGN 

When engineering an enzyme, computer-aided rational design can make it easier 

to identify important areas/residues to target for mutagenesis. Several in silico methods of 

analysis aided in the rational design of the fifteen OmpT variants reported in this study. 

In silico analysis of OmpT involved stability calculations upon possible 

mutations, changes in solvent accessibility with each substitution, molecular modeling, 

and peptide docking. In cases where more than one reliable server was available and each 

utilized different criteria for evaluation more than one program was used to evaluate the 

same property. Computer programs used in the analysis of OmpT, as well as a brief 

description of the programs, are included in this section.  
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7.1.1 Analysis of Evolutionary Conservation in Omptin Proteins 

Sequence Alignments 

To help identify evolutionarily conserved residues in the active site of OmpT, 

several sequence alignments were constructed and analyzed using ClustalW2 (Larkin et 

al., 2007). Sequence alignments compared ompT of E. coli with several closely related 

proteases: ompP of E. coli, icsP of S. flexneri, ompC of E. coli, pgtE of S.typhimurium, 

and pla of Y. pestis. Sequences were obtained from SWISS-PROT or GenBank databases. 

A second set of alignments also included putative omptin proteins (listed in Table 7).  

 

 
Table 7. Omptin proteins used in sequence alignments.  

Information gathered from the UniProtKB protein knowledgebase. Protein existence, as 

assigned by UniProtKB, may be one of five types: evidence at protein level, evidence at 
transcript level, inferred from homology, predicted, or uncertain.  
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Conservation Scores 

Evolutionary conservation was also assessed using ConSurf sequence-based 

prediction software (which uses the Rate4Site algorithm) and PolyView3D was used to 

visualize these results (Porollo and Meller 2007; Glaser et al., 2003). Multiple sequence 

alignment derived from PSI-BLAST (Altschul et al., 1997) was performed against non-

redundant (nr) database (E = 0.001 cutoff), and the position weight matrix acquired from 

three PSI-BLAST iterations was used to calculate amino acid entropies and conservation 

scores. Thresholds were set so that residues with a score of 9 are the most conserved and 

0 are the least conserved.  

 

Structural Alignments 

Pairwise structural alignments of OmpT and other omptin proteins were used to 

assess mutational differences surrounding the active site that may account for variable 

substrate specificities. Structural alignments were constructed using SALIGN (Braberg et 

al., 2012).  

 

7.1.2 Analysis of Mutational Changes in Previously Published OmpT Variants 

Sequence alignments of several OmpT variants with altered substrate specificity 

(as compared to wild type OmpT) were constructed using T-coffee and SALIGN 

(Braberg et al., 2012; Notredame et al., 2000). The sequence alignments were used to 

identify residues that were repeatedly mutated in these variants, and therefore may be 

important contributors to substrate specificity.  
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7.1.3 Analysis of the sTyr OmpT Variant and Selection of Residues to Target for 

Mutation 

Molecular modeling, molecular dynamics simulations, substrate docking, and 

stability predictions were used to assess the sTyr OmpT variant and select residues to 

target for mutation.  

 

7.1.3.1 Molecular Modeling 

Since there is no solved structure for the sTyr OmpT variant, a plausible structure 

was developed using homology modeling and mutation prediction software. Models were 

created in Geno3D (Combet et al., 2002) and CPHmodel (Nielsen et al., 2010). The 

structural changes incurred by amino acid substitutions in OmpT were predicted (and 

analyzed) with HOPE (Venselaar et al., 2010). This program, designed at the Centre for 

Molecular and Biomolecular Informatics at Radbound University, uses information from 

known 3D-structure (using WHAT IF), homology models (built with YASARA), the 

HSSP database (based on three dimensional and one dimensional data), sequence 

annotations (using the UniProt database), and DAS-servers to predict the effects of point 

mutations. Structural data obtained with HOPE, Geno3D, and CPHmodel were used as a 

guide for initial modeling. These models were then subjected to several rounds of 

optimization and refinement with Fold-X in Yasara (Yet Another Scientific Artificial 

Reality Application; Schymkowitz et al., 2005) and 3Drefine (Bhattacharya and Cheng, 

2013), and adjusted based on rotamer libraries for backbone-dependent and backbone 

independent rotamers using Rossetta 3.0 and SCWRL4 (Krivov et al., 2009; Richter et 

al., 2011). Structures were refined once more using GalaxyRefine, which again rebuilt 

the side chain conformations and repetitively relaxed the structure via short molecular 

dynamics simulations (Heo et al., 2013). 
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Secondary structure and solvation effects were compared to wild type OmpT 

using SABLE (Adamczak et al., 2005). The models were then analyzed with 

PROCHECK to analyze psi and phi torsion angles (Laskowski et al., 1993), GROMOS to 

measure empirical force field energy (Gunsteren et al., 1996), Anolea to measure the 

mean force potential and evaluate packing in the model (Melo et al., 1997), and the 

mutate function of WHAT IF to specifically analyze mutation sites (Vriend, 1990). 

WHAT IF, currently maintained at the Center for Molecular and Biomolecular 

Informatics (CMBI) in Nijmegen, is a protein modeling and structure analysis program 

(Vriend, 1990). It was used to predict the structural orientation of mutant residues 

developed from a backbone-dependent rotamer library. Promotif was used to classify 

structural features (Hutchinson and Thornton, 1996).  

DFIRE (Zhou and Zhou, 2002), which uses a distance-scaled, finite ideal-gas 

reference state, was used to evaluate the non-bonded atomic interactions in sTyr OmpT. 

DFIRE gives a pseudo-energy for the entire model, and a lower energy value corresponds 

to the model that is closer to the native conformation. Like the DFIRE score, the 

QMEAN score also provides an estimate of the “degree of nativeness” of a model. 

Although both are helpful in evaluating model structures, Rykunov and Fiser compared 

the performance of many scoring functions (including QMEAN and DFIRE) and found 

that QMEAN is the top method for selecting the best model (Rykunov and Fiser, 2010). 

The z-score is simply the QMEAN score normalized to zero based on solved high-

resolution structures of similar size. Geometric correctness of the structures and 

deviations from ideal stereochemical values were identified using PROCHECK 

(Laskowski et al., 1993). The overall B-factor (atomic displacement parameter) of each 

model and β-factors of residues in each model were analyzed in Yasara. Manual and 
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software-based refinements were again made to each model and then evaluated until an 

adequate sTyr model was obtained (Krieger et al., 2002). 

 

7.1.3.2 Electrostatic surface potential  

Protein files for OmpT and OmpT variants were converted to PQR format using 

the PDB2PQR server with the PARSE force field (Dolinsky et al., 2004). Electrostatic 

potentials were computed by solving the Poisson-Boltzmann equation using the Adaptive 

Poisson-Boltzmann Solver (APBS) (Baker et al., 2001). The APBS program uses this 

differential equation, which considers both the ionic strength and the impact of 

dielectrics, to explain the electrostatic interactions between molecules in solution 

(Fogolari et al., 2002). PyMOL was used to display the results from APBS calculations 

as electrostatic potential molecular surfaces from - 70 kT/e to + 70 kT/e (where k is the 

Boltzmann constant, T the temperature, and e the magnitude of the electron charge).  The 

solute dielectric constant was set to ε = 2 and the solvent dielectric constant was set to ε = 

80.  

 

7.1.3.3 Peptide substrate docking 

Some preliminary docking of the peptide substrates in the active sites of potential 

OmpT variants was done with the aid of YASARA, AutoDock, and ArgusLab (The 

Scripps Research Institute, La Jolla, CA). AutoDock is not designed for the docking of 

peptides with unnatural amino acids, so docking experiments were only used as a guide 

for further manual modeling and refinement in ArgusLab. Once the peptide was 

satisfactorily oriented in the active site, LigPlot+ was used to create two dimensional 

protein-substrate interaction diagrams (Laskowski and Swindells, 2011). The diagrams 
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were used to analyze hydrophobic contacts and hydrogen bond interactions between the 

OmpT variant and peptide substrate. Binding energy calculations were performed with 

ArgusLab software, version 4.0.1 (Planaria Software LLC, Seattle, WA, 2004).  

ArgusLab is a molecular modeling and ligand docking program that runs quantum 

mechanical calculations via the Argus compute server (Oda and Takahashi, 2009).  

Because the available crystal structure of OmpT is not reported as the active 

orientation of the enzyme, we used homology modeling with the active form of the 

structurally related omptin, Pla (Eren and van den Berg, 2012), in addition to information 

from molecular dynamics studies of OmpT (previously reported (Baaden and Sansom, 

2004; Neri et al., 2006, 2008a) as well as our own) to develop a model that may be closer 

to the “active” form of OmpT. We also utilized substrate docking to analyze the subtle 

structural fluctuations that are described by Eren and van den Berg (2012) and Baaden 

and Sansom (2004). For this analysis, substrate docking was performed first with wild 

type OmpT and a wild type preferred substrate (amino acid sequence: CRRV) and then 

with sTyr OmpT and a sTyr preferred substrate (amino acid sequence: CsYRV, where sY 

is sulfated tyrosine). The models predict complementary interaction surfaces involving 

putative active site residues. 

 

7.1.3.4 Predicted Stability Changes upon Mutation  

When designing an enzyme, it is important to consider the thermodynamic 

stability of the potential protein variant. To help predict whether a potential variant would 

reside mainly in its active, folded state, the thermodynamic stability (Δ ) of each 

potential single point mutation variant of sTyr OmpT variant was calculated and 

analyzed. Several programs were utilized to help predict the stability difference (ΔΔ ) 
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between a potential OmpT variant (Δ (mutant)) and the sTyr variant (the “wild-type” 

reference, Δ (wild)), (ΔΔ  = Δ (mutant) - Δ (wild)).  Additionally, ΔΔ  values were 

calculated for several previously engineered OmpT variants (including the sTyr OmpT 

variant), and wild type OmpT was the wild type reference. These calculations were 

helpful for predicting whether or not the mutation would disrupt proper folding needed to 

retain activity, and which mutations would likely engender significant structural changes.  

Given the value of accurate thermodynamic stability on protein engineering, 

many programs have been designed to calculate these values (Bhanothu, 2012; Dehouck 

et al., 2009). Based on extensive analysis of these programs by Dehouck et al. (2009) and 

Khan and Vihinen (2010), four programs were selected for stability analysis, and results 

were compared for validity.  

 

I-Mutant-2.0 and FOLD-X 

First, I-Mutant (version 2.0) was used to predict the stability of potential OmpT 

variants based on sequence data retrieved from UniProt. The FOLD-X algorithm was 

then used to compare van der Waals clashes between sTyr OmpT and single-mutation 

variants, and provide values for changes in free energy (Capriotti et al., 2005; 

Schymkowitz et al., 2005).  

 

PoPMuSiC 

PoPMuSiC, an algorithm for predicting protein mutant stability changes upon 

single-site mutations, also aided in selecting potentially favorable sites for mutation 

(Dehouck et al., 2011; Gilis and Rooman, 2000). Introduced in 2000 by Gilis and 

Rooman and updated multiple times since then, the program relies on knowledge-based 

potentials characterized by backbone torsion angles, distances amid residues, and solvent 
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accessibility of the mutated residue (Gilis and Rooman, 2000). This neural network 

algorithm was successfully employed in the design of tobacco etch virus protease 

(Cabrita et al., 2007) and feruloyl esterase A from Aspergillus niger (Zhang and Wu, 

2011).  

In this study, three-dimensional OmpT structures were modeled based on 

experimental data, previous in silico modeling, and the previously determined crystal 

structure of OmpT (modeling described in the following section). Each residue position 

surrounding the active site was then evaluated under saturated single-site mutations on 

the basis of its 3D structure using the PoPMuSiC algorithm. The folding free energy 

changes (ΔΔ P) between sulfotyrosine OmpT and variants were recorded, and changes 

which were predicted to incur large detriments to stability helped us identify the most 

suitable sites for the introduction of mutations.  

 

CUPSAT 

Cologne University Protein Stability Analysis Tool (CUPSAT), a similar program 

to PoPMuSiC, was used to validate these results and predict mutational influence on 

torsion angles derived from the distribution of main torsion angles φ and ψ (Parthiban, 

Gromiha, and Schomburg, 2006). Over 4,000 protein chains, atom potentials, and torsion 

potentials were analyzed. Boltzmann energy values were computed from radial pair 

dispersal of atoms in amino acids and a Gaussian apodization function was used to assign 

favorable energy values to φ–ψ combinations.  
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Torsion angle potentials (f( , ψ)) are defined by the following equation.  

 

 

 

 

 

Here, σ is the standard deviation,  and ψ are the main backbone torsion angles, 

A( , ψ) is the circular apodization function, and μ  and μψ are degrees of torsion angle 

alterations.  The circular apodization function improves the accuracy of predictions by 

permitting variants to adapt somewhat different backbone torsion angles (Parthiban, 

Gromiha, and Schomburg, 2006). 

 

Auto-MUTE 

Finally, Auto-MUTE was used to predict activity changes and further 

validate/refute stability change calculations for possible OmpT mutants. The Auto-

MUTE algorithm uses a four-body, knowledge-based statistical potential and machine 

learning methods to calculate stability changes, and data was recorded in terms of thermal 

stability change due to differences in median melting temperature (ΔTm = ΔTm(mutant) − 

ΔTm(native)), the free energy change of unfolding due to thermal denaturation (ΔΔ  = 

Δ (mutant) − Δ (native)), or the denaturant (ΔΔ 
H2O

 = ΔΔ 
H2O

 (mutant) − ΔΔ 
H2O

 

(native)) (Masso and Vaisman, 2010).  
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7.1.3.5 Criterion for selecting residues to target for mutation  

Based on the in silico analysis described in the previous methods sections, 

residues were selected to target for mutation. Selection was based on a number of 

different criteria, namely: the overall structure/folding would not be disrupted too much 

based on ΔΔ  predictions, there would be minimal disruption of local stability (residues 

surrounding the potential mutation) based on solvent accessibility and secondary 

structure predictions, substrate docking would be reasonably feasible based on an 

analysis of the docked sYR –sTyr OmpT model, the residue is near the putative S1 

subsite, and it has the possibility to contact pTyr based on distance measurements and 

preliminary structure predictions of the variants.   

 

7.2 ENZYME CONSTRUCTION, ISOLATION, AND CHARACTERIZATION   

7.2.1 Bacterial strains and plasmids 

Bacterial strains used in this project include MC1061F−araD139 Δ(ara−leu)7697 

galE15 galK16 Δ(lac)X74 rpsL (Str
r
) hsdR2(rK

−
mK

+
) mcrA mcrB13 and 

BL21(DE3)F
−
ompT hsdSB(rB

−
 mB

−
) gal dcm (DE3) (Invitrogen). PDMLE19 plasmid 

used for expressing ompT under the control of its native promoter (Varadarajan et al., 

2009b). 

 

7.2.2 Oligonucleotides 

Synthetic oligonucleotides were purchased from Integrated DNA Technologies 

(Coraville, IA) and purified by polyacrylamide gel electrophoresis unless otherwise 

indicated. Primers listed in Table 12 (Appendix) were used to construct the sTyr OmpT  
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variant, as previously described (Varadarajan et al., 2009b) except with sTyr mutations 

present. All primer sequences are reported 5’ to 3’. 

 
Oligonucleotides for new OmpT variants 

Variant Name Sequence 

27H 
27HF GAAAAACAAAACACCGTGCATATCTAGCCGAAGAAGG 

27HR GATATGCACGGTGTTTTGTTTTTCCGCTCAGAG 

27K 
27KF GAAAAACAAAAAAGCGTGCATATCTAGCCGAAGAAGG 

27KR GATATGCACGCTTTTTTGTTTTTCCGCTCAGAG 

27R 
27RF GAAAAACAAAACGCCGTGCATATCTAGCCGAAGAAGG 

27RR GATATGCACGGCGTTTTGTTTTTCCGCTCAGAG 

172H 
172HF GGAGAAAGAGCAGTGGGCCACAAACAACGTTT 

 172HR GCATTTTAAAACGTTGTTTGTGGCCCACTGCT 

172K 
172KF AGAGCAGTGGGCAAGAAACAACGTTTTAAAATGC 

172KR CCAATGTAGGGCATTTTAAAACGTTGTTTCTTGCCCACTG 

 
172R 

172RF AGAGCAGTGGGCCGCAAACAACGTTTTAAAATGC 

172RR CAATGTAGGGCATTTTAAAACGTTGTTTGCGGCCCACTG 

 
174H 

174HF GTGGGCTACAAACACCGTTTTAAAATGCCCTACATTGG 

174HR CATTTTAAAACGTTGTTTGTAGCCCACTGCTCTTTCTCC 

174K 
174KF GCTACAAAAAACGTTTTAAAATGCCCTACA 

174KR CAATGTAGGGCATTTTAAAACGTTTTTTGTAGCCCAC 

 
174R 

174RF TCCCGAATGGAGAAAGAGCAGTGGGCTACAAACGACGTT 

174RR CAAGCCAATGTAGGGCATTTTAAAACGTCGTTTGTAGCCC 

223H 
223HF GGAAAAAGAATCACTGCCCGCAGTAAGGTCAAAG 

223HR GAATAGTAATTTTGGTCTTTGACCTTACTGCGGGCAG 

223K 
223KF ACTGCCCGCAAAAAGGTCAAAGACCAAAATTACT 

223KR TGGTCTTTGACCTTTTTGCGGGCAGTGATTCTTTTTCCC 

223R 
223RF ACTGCCCGCAGAAAGGTCAAAGACCAAAATTACT 

223RR GGTCTTTGACCTTTCTGCGGGCAGTGATTCTTTTTCCC 

263H 
263HF CGAATAAAAAAGGTAATACTTCACTTTATGATCAC 

263HR CATAAAGTGAAGTATTACCTTTTTTATTCGTAAC 

263K 
263KF AAGGTAATAAGTCACTTTATGATCACAATAATAACACTTCAGAC 

263KR GTGATCATAAAGTGACTTATTACCTTTTTTATTCGTAACCCGATTC 

263R 
263RF AAGGTAATAGGTCACTTTATGATCACAATAATAACACTTCAGAC 

263RR TGATCATAAAGTGACCTATTACCTTTTTTATTCGTAACCCGATTCC 

Table 8. Oligonucleotides used for site-directed mutagenesis of sTyr OmpT.  
Variants listed refer to OmpT variant names after mutagenesis. All primer sequences are 
reported 5’ to 3’.   
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7.2.3 Preparation of electrocompetent E. coli cells 

Electrocompetent E. coli cells were prepared by selecting a single colony from a 

fresh LB plate and inoculating 10 ml LB starter culture. After shaking for 16 hours at 

37°C, the starter culture was used to inoculate 1 L of LB and grown to an OD600 of 0.7. 

Cells were then harvested via centrifugation for 25 min at 4000rpm and 4 °C. Cell pellets 

were then subjected to three rounds of resuspension followed by centrifugation at 4000 

rpm. In the first two rounds pellets were resuspended in ice cold dH2O and spun for 25 

min, the next round pellets were resuspended in ice cold 10% glycerol and spun for ten 

min. Finally, the cell pellets were resuspended in 10% glycerol (final OD600 of cells was 

225) and flash frozen with liquid N2.  

 

7.2.4 Construction of OmpT Variants  

Assembly and Restriction Digest 

The sTyr OmpT gene was assembled using 48 oligonucleotides listed in Table 12  

(Appendix), designed as previously described (Varadarajan, et al., 2008) with E27F, 

V29A, M87R, Y126C, E153D, I170V, D208R, Y221A, I282H mutations, as shown in 

the table. The oligonucleotides include a 3’ HindIII site and a 5’ EcoRI site for ligation 

into pDMLE19. 

Reactions were set up with 1 unit of Vent DNA Polymerase (2 U μl
-1

), 1 x 

ThermoPol Buffer, 1 mM MgSO4, 10 pM of each of the 48 oligos, and 0.2 mM dNTPs. 

An initial denaturing round at 95 °C for 2.5 min was followed by 45 rounds of 

denaturing, annealing, and extending at 95 °C, 30 sec; 53 °C, 35 sec; and 73 °C, 30 sec. 

The assembly product was then amplified by a second round of PCR with 1 x ThermoPol 

buffer, 0.2 mM dNTPs, 0.5 μM of each primer 1F and 24R (from Table 12; Appendix), 5 
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ng of the template (assembly product) and 1 unit of Vent DNA Polymerase (2 U μl
-1

). 

The double-stranded DNA was initially denatured at 95 °C for 2.5 min, followed by 28 

denaturing/annealing/extending cycles of 95 °C for 30 sec, 56 °C for 25 sec, 72 °C for 30 

sec, and a final extension of 72 °C for 8 min. The PCR product containing the sTyr 

OmpT gene was gel-purified on a 1% agarose gel, and extracted with a QIAquick gel 

extraction kit according to the manufacturer’s protocol (QIA EN, Valencia, CA). The 

purified gene (2 μg) and expression plasmid (pDMLE19; 3 μg) were each digested with 

10 U EcoRI , 10 U HindIII, and 1 x NEBuffer 2 at 37 °C and digestion products were gel-

purified as before. The digested products (75 ng of each) were ligated with T4 DNA 

Ligase at 16 °C for 12 hours, and ligase was inactivated by heating to 65 °C for 15 min.  

Ligation products were desalted on a nitrocellulose membrane and 2 μl of the 

product were transformed into 50 μl electrocompetent BL21(DE3) cells (prepared as 

previously described in this paper; section 7.2.3 Preparation of electrocompetent E. coli 

cells) by electroporation (25 μF, 1.8 kV, 200 Ω). The cells were incubated at 37 °C for 1 

hr then spread onto LB plates containing 200 μg/ml of ampicillin and grown for 12 hours.  

A single colony was transferred to LB broth containing ampicillin, incubated at 

37 °C, and cells were harvested by centrifugation after 12 hours. Plasmid DNA was 

extracted and purified using the Qiagen miniprep kit according to the manufacturer’s 

protocol. The correct DNA sequence was confirmed by the ICMB DNA sequencing 

facility. The purified plasmid containing the sTyr OmpT gene was then mutated at 5 

locations (27, 172, 174, 223, and 263) to construct the 15 variants analyzed in this study.   

 

Site-Directed Mutagenesis 

Site-directed mutagenesis was accomplished using the QuikChange Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla CA) according to the manufacturer’s instructions, 
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and PCR was performed with primers listed in Table 8. The PCR mixtures were 

incubated with DpnI at 37°C for 90 min and transformed into electrocompetent E. coli 

BL21(DE3) cells. Plasmid DNA was isolated and purified as before, and DNA sequences 

were confirmed by the ICMB DNA sequencing facility.  

 

Enzyme purification 

Single ampicillin resistant colonies (from the previously described 

transformations) were picked and grown in LB medium containing ampicillin (200 

μg mL
−1

) at 37 °C in a shaking incubator. After 16 hours the cells were harvested by 

centrifugation (5.5K for 20 min). Resulting cell pellets were resuspended in lysis buffer 

(30mM TRIS, 20% sucrose, pH 8.0) and disrupted by sonication. The samples were then 

rotated at 4 °C for 30 min. Cell debris was removed by centrifugation, and pellets were 

resuspended in wash buffer composed of 30 mM non-ionic detergent, n-octyl glucoside, 

10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 20 mM MgSO4, 

and 0.15M NaCl to prevent ionic interactions (pH 7.4). The samples were rotated at 4 °C 

for 30 min and then centrifuged at 16K for 30 min. Pellets were resuspended in 10 mM 

HEPES, 10 mM Ethylenediaminetetraacetic acid (EDTA) to prevent inhibition by 

divalent cations, 30 mM n-octyl glucoside, 0.15 M NaCl (pH 7.4), and rotated for 30 min 

at 4 °C. After ultracentrifugation at 16K for 30 min, the supernatant containing purified 

OmpT was collected and stored at -20 °C.  

Enzyme concentration was determined by BCA assay (Thermo Scientific, 

Rockford, IL) using bovine serum albumin as a standard and by measuring its absorbance 

at 280 nm using the molecular extinction coefficient for the appropriate OmpT variant. 

Final enzyme purity (> 90%) was ascertained by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) using 4–20% bis-tris gradient NuPage gel (Invitrogen). 
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Gels were stained with (1) Coomassie solutions followed by several rinses with high 

purity H2O and destaining with 40% methanol, 10% acetic acid, or (2) with SimplyBlue 

(Invitrogen) according to the manufacturer's instructions. Gel images were captured using 

a Kodak system and UV transillumiator.  

 

7.2.5 Kinetic Analysis 

The sYR (WC(sY)RVGKGRGR), pYR (WC(pY)RVGKGRGR), pSR 

(WC(pS)RVGKGRGR),  and pYR-A (WA(pY)RVGKGRGR) peptides were synthesized 

via solid phase synthesis (Table 9) (ABGENT, San Diego, CA; and Gen Script Corp., 

Piscataway, NJ). Peptide purity was > 97% as determined by LC-MS using a model M-

8000 LC/3DQ-MS quadropole ion trap mass spectrometer (Hitachi Scientific 

Instruments, San Jose, CA). The proteolytic activities of all fifteen novel OmpT variants 

as well as the sTyr OmpT variant were analyzed at pH 6.2 in MES 

(morpholineethanesulfonic acid; Sigma-Aldrich, St. Louis, MO) buffer.  

Substrate cleavage reactions were carried out at a series of enzyme and substrate 

concentrations from 0.5-800 nM and 20-350 μM, respectively, as previously described 

(Varadarajan et al., 2008a). In summary, the enzyme and peptide were incubated in 50 

mM MES buffer, 50 µM tris (2-carboxyethyl) phosphine hydrochloride (TCEP; Pierce, 

Rockford, IL) with 10 mM Ethylenediaminetetraacetic acid (EDTA; ACROS 

ORGANICS, Geel, Belgium) at room temperature (25 °C). Reaction volumes were 50 μl, 

and incubation times ranged 5 minutes to 20 hours. Proteolysis was stopped with 1% 

trifluoroacetic acid (TFA) and flash-freezing in liquid nitrogen.  

Peptide cleavage products were monitored by high-performance liquid 

chromatography on a Dionex, UltiMate
®
 3000 machine (Dionex Corporation, Sunnyvale, 
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USA), using a Phenomenex  C-12 or C-18 reverse phase column. (A C-18 column was 

used simply to compare our results with previously published data, and the results 

displayed in this paper were obtained using a C-12 column unless otherwise indicated.) 

The following gradient was used unless otherwise indicated: 5% acetonitrile (AcN)/95% 

H2O for 2 min, AcN was then increased to 40% after 16 min, and from 40%-95% over a 

period of 5 min followed by flushing and reequilibration over 12 min. Both solvents 

(AcN and H2O) contained 0.1% TFA. Cleavage product concentration was determined by 

peak integration at 280 nm, and cleavage sites were confirmed by mass spectrometry 

liquid chromatography–mass spectrometry, electrospray ionization (LC-MS ESI) 

(Thermo Orbitrap Elite, Thermo Scientific) and matrix-assisted laser desorption 

ionization (MALDI) time-of-flight mass spectrometry (TOFMS) analysis (AB 4700, 

Applied Biosystems, Framingham, MA).  

Apparent peptide cleavage rates were determined for several OmpT variants by 

recording total cleavage products observed as a function of substrate concentration. 

Kinetic parameters were calculated using KaleidaGraph (Synergy Software, Reading, 

PA) and DeltaGraph (SPSS Inc., Chicago, IL).  

Additional assays were carried out with sTyr OmpT and the five His variants 

(27H, 172H, 174H, 223H, and 263H) in 50 mM β,β’-dimethylglutaric acid buffer with 50 

μM TCEP. This buffer was used to vary pH (from 4.4-7.6), as was done by Simpson et 

al., to determine the optimal pH for ADP-ribosyltransferase activity, and others 

(Bibikova et al., 1998; Kobayashi and Kanfer, 1987; Simpson et al., 1989). All other 

conditions for incubations and HPLC analysis were consistent with reactions in MES. As 

a control, incubations were set up without enzyme added in order to validate that 

cleavage products were the result of enzymatic cleavage. These incubations were carried 
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out at 20 μM, 100 μM and 300 μM substrate in MES buffer and DMG buffer (in separate 

incubations), and incubations times were 1, 14, and 20 hours.  

 

 

Peptide Substrates 

Name Amino Acid Sequence 

sYR WC(sY)RVGKGRGR 

pYR WC(pY)RVGKGRGR 

pYR-A WA(pY)RVGKGRGR 

pSR WC(pS)RVGKGRGR 

Table 9. Peptide substrates utilized in this study for HPLC analysis of OmpT variants.  
Note that sY, pY, and pS refer to sulfotyrosine, phosphotyrosine, and phosphoserine, 

respectively.   
 

 

Additional Control Experiments 

Following isolation and purification of the sTyr OmpT variant, kinetic parameters 

were assessed with its preferred substrate, sYR, and the catalytic efficiency (kcat/KM) was 

compared to the published value 1.1±0.2×10
5
 (Varadarajan et al., 2008a).  

The sTyr OmpT variant was isolated and purified with each round of isolation and 

purification of the variants designed in this study. After purification, the proteolytic 

activity of sTyr was assessed via a round of 9 sYR substrate incubations at 3 substrate 

concentrations. Product cleavage was monitored by HPLC following 5 min, 15 min and 

14 hours incubations at each of the three substrate concentrations.  
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8. Results and Discussion 

8.1 IN SILICO ANALYSIS AND ENZYME DESIGN 

8.1.1 Evolutionarily Conserved Residues in OmpT 

Since P1 specificity is somewhat conserved among known omptins, we identified 

and analyzed evolutionarily conserved residues around the putative P1 site via sequence 

alignments and conservation scoring. ClustalW2 was used to prepare the sequence 

alignments (Larkin et al., 2007).  

Figure 71 (Appendix) displays the results from an alignment with ompT of E. 

coli, ompP of E. coli, icsP of S. flexneri, ompC of E. coli, sopA of S. flexneri, pgtE of 

S.typhimurium, and pla of Y. pestis. Sequences were obtained from SWISS-PROT and 

GenBank databases (Benson et al., 2011; Artimo et al., 2012). The most conserved 

residues are highlighted, and the darkest highlights signify residues with the highest 

degree of conservation.  

A second sequence alignment is displayed in Figure 18. This alignment also 

includes putative omptin proteins. A phylogenetic tree, created from this alignment using 

the BLOSUM62 matrix, is also shown in Figure 19. OmpT catalytic residues and putative 

S1 residues are indicated by a green and red asterisk, respectively.  
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Figure 18. Omptin Sequence Alignment #2 

Sequence alignment of 12 omptin family proteins and putative omptin family proteins 
(see Table 7). OmpT catalytic residues and putative S1 residues are indicated by a green 

and red asterisk, respectively. The sequence alignment was constructed using ClustalW2 

(Larkin et al., 2007). Sequences were obtained from SWISS-PROT and GenBank 
databases (Benson et al., 2011; Artimo et al., 2012). 
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Figure 19. Omptin family phylogenetic tree 

The phylogenetic tree was created based on the sequence alignment in Figure 18 using 

the BLOSUM62 matrix.  

 

 

Additionally, structural alignments were constructed in order to compare the 

structural differences between OmpT and other well-characterized omptin proteins. 

Structural differences between omptins reveal important information about which 

residues are important for substrate specificity at specific sites on the substrate. This 

information was utilized in identifying specific areas and residues to target for 

mutagenesis. Putative catalytic residues and S1 subsite residues are indicated by a green 

and red asterisk, Figure 18. 

For example, the structural alignment of Pla (Y. pestis Plasminogen Activator) 

and OmpT is shown in Figure 20.  Pla and OmpT share a 48% sequence identity (Silva-

Herzog et al., 2008).  Like OmpT, Pla primarily cleaves proteins between two basic 

residues. However, Pla and OmpT exhibit variable substrate specificity with biologically 

relevant substrates. For instance, OmpT does not efficiently activate human plasminogen, 

while Pla does, preferentially cleaving it between Arg and Val. OmpT often targets 

smaller polypeptides while Pla prefers larger polypeptides, yet several studies show that 
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even when these two omptins cleave the same substrate, they typically cleave it at 

different sites (Caulfield and Lathem, 2012; Eren et al., 2010; Lane et al., 2013). 

Chakraborty et al. reported that loops L3 and L4 are important contributors to 

substrate specificity in OmpT and Kukkonen reported that L3, L4, and L5 are important 

contributors to substrate specificity in Pla (Chakraborty et al., 2011; Kukkonen, 2003). 

Arrows in Figure 20 point to structural variance in outer surface loops (predominately L3, 

L4, and L5). It is possible that variations in these loops engender disparate substrate 

preferences in the two proteases. Furthermore, the longer surface loops in OmpT give this 

enzyme a deeper, and conceivably more selective, binding pocket. Putative S1 subsite 

residues that are on these variable loop regions include Thr 263 and Asp 208.  

Position-specific evolutionary conservation scores were calculated based on 

amino acid entropies, using ConSurf, Polyview 3D and Sable sequence-based prediction 

software (Adamczak et al., 2005)(Porollo and Meller, 2007)(Glaser et al., 2003). These 

results are displayed in Figure 21. A score of 9 corresponds to a residue that is most 

conserved and 0 corresponds to a residue that is least conserved. Only OmpT residues 

with a conservation score of 5 or higher are displayed in the table in Figure 21 (B). Figure 

21(A) identifies residues with a conservation score of 7 or higher as sticks. As one may 

predict, most of the highly conserved residues lie in the active site pocket of this enzyme.  
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Figure 20. Sequence and structural variations of two closely related Omptins 

The sequence and structural alignments of OmpT from E. coli (orange; PDB ID: 1i78) 

and closely related Y. pestis Plasminogen Activator Pla (red; PDB ID: 4dcb). Arrows 
point to the structural variance in outer surface loops (green and blue) that engenders 

different substrate preferences in the two proteases (Chakraborty et al., 2011). Image 

created in TopMatch.  
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Figure 21. Evolutionarily conserved residues in wild type OmpT. 

Scores were calculated using ConSurf, and Sable sequence-based prediction software 

(Adamczak et al., 2005)(Porollo and Meller, 2007)(Glaser et al., 2003). A score of 9 is 
most conserved and 0 is least conserved. (A) Residues with a conservation score of 7 or 

higher are displayed as sticks. Most of the highly conserved residues lie in the active site 

pocket of this enzyme. (B) OmpT residues with a conservation score of 5 or higher are 
displayed in this table. 
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8.1.2 Analysis of previously engineered OmpT variants 

OmpT variants displaying novel substrate specificity are listed in Table 10 along 

with all amino acid substitutions, their preferential cleavage site, and catalytic efficiency. 

Residues that were mutated in previously engineered variants were targeted for further 

analysis via computer-based modeling and substrate docking. Based on this analysis, 

several residues were predicted to be important for altered P1 specificity in previously 

engineered OmpT variants. These residues, located at positions 27, 29, 172, 208, 223, and 

282 are displayed in red in Table 10. 

 

OmpT Variants 

Enzyme Mutations Cleavage site 

OmpT 
 

Arg ↓ Arg 

AR-OmpT S223R Ala ↓ Arg 

ER-OmpT E27L, D208R, S223G, L183F Glu ↓ Arg 

YR-OmpT 

E27W, V29P, I170V, Y172V, D208H, 

Y221A, L265V Tyr ↓ Arg 

TR2-OmpT 

E27H, V29S, D208L, D214N, S223D, 

P243S, W253G, N270Y, S276G Thr ↓ Arg 

RV-OmpT D97H, S223D, Q63R Arg ↓ Val 

EA-OmpT 

E27L, N48D, L183F, D208R, D214N, 

G216E, S223G, N244I, D274G, A280E Glu ↓ Ala 

sTyr-OmpT* 

E27F, V29A, M87R, Y126C, E153D, I170V, 

D208R, Y221A, I282H sTyr ↓ Arg 

nYR-OmpT 

V39G, E153S, I170V, G196S, D208F, 

S223G, L265G nTyr ↓ Arg 

ERR-OmpT L31V, V39K, L265Q, D274R Glu-Arg ↓ Arg 

Table 10. Mutations in previously published OmpT variants.  
Possible S1 subsite residues are indicated in red. (Li, 2011b; Varadarajan et al., 2005a, 
2008b, 2009a) *Published as sT4-OmpT 
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Figure 22. Multiple sequence alignment of wild type OmpT and OmpT variants. Part A 

All OmpT variants in this alignment showed altered substrate specificity at either the P1, 
P1’, or P2 position. As expected, residues 27, 208, and 223 (which correspond to 47, 228, 

and 243 in the alignment) had the highest frequency of mutation in these variants. The 

preferential cleavage site of each variant is given in Table 10 or described in the text. 
(Alignment continued in the figure below.) 
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Figure 23. Multiple sequence alignment of wild type OmpT and OmpT variants. Part B 

Continued from Figure 22 above. 

 

Several OmpT variants that are not listed in Table 10 were also analyzed (and are 

shown in the alignment in Figure 22 and Figure 23) because they showed reduced 

specificity for Arg↓Arg sites, as compared to wild type OmpT. For instance, when wild 

type OmpT, B4 OmpT and G11 OmpT were incubated with the peptide 

W  P RVV  TI, variants B4 and  11 preferred the cleavage site Val↓Val, while 

wild type OmpT preferred Arg↓Val, and showed no detectable cleavage at Val↓Val.  

Variants B4 and  11 also cleaved the peptide at Val↓ ly and  ly↓Thr (also left virtually 

untouched by wild type OmpT), suggesting that the residues mutated in these variants 

may be important for substrate specificity (Olsen et al., 2000).  

Variants 1.2.19, D208G, and 1.3.19 were also analyzed because they displayed 

altered substrate specificity; each variant favored Ala↓Arg sites over the wild type 



 88 

preferred Arg↓Arg sites. Specificity for AR/RR was 1.3 x10
-2

, 1.0 x 10
2
, 1.4 x 10

2
, 4.7 x 

10
4
, and >1.8 x 10

5
 for wild type OmpT, 1.2.19, D208G, 1.3.19, and AR-OmpT, 

respectively. C5 OmpT had a reduced specificity for Arg↓Arg over Ala↓Arg, but still 

preferred dibasic residues (specificity for AR/RR: 3.6 x 10
-2

) (Varadarajan et al., 2005b). 

 

8.2  THE STYR OMPT VARIANT 

8.2.1 sTyr OmpT Model 

Since there is no solved structure for the sTyr OmpT variant, a plausible structure 

was developed using homology modeling and mutation prediction software as described 

in the Materials and Methods. After the fourth round of optimization, the DFIRE energy 

of the best sTyr model was -344.64, slightly higher than the third round.  However, other 

factors, including the QMEAN z-score, indicated the better model was indeed the one 

isolated after the fourth round of optimization. The structure with the highest raw 

QMEAN score, and z-score closest to zero was also the ideal structure based on analysis 

of psi and phi torsion angles. The Ramachandran plot for the best sTyr OmpT model is 

displayed in Figure 24. In this model 81.9% reside in the most favored regions (red), 

16.5% are in additional allowed regions (yellow), 1.2% are in generously allowed regions 

(beige), and 0.4% are in disallowed regions (white). Therefore, 98.4% were within the 

favored and allowed regions in the sTyr model. This is close to the values for wild type 

OmpT: 98.2%, calculated in this study and 98.6%, published (Vandeputte-Rutten et al., 

2001b), and it is greater than the 90%, which is necessary for a “good model” (Arnold et 

al., 2006). In addition, Vandeputte-Rutten et al. reported that one Glu residue fell in the 

disallowed region, this was the same residue that fell in the disallowed region in our sTyr 

model.  
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Figure 24. Ramashandran plot for the optimized sTyr OmpT model. 

(A) Ramachandran plot for the sTyr model. (B) Plot statistics for the sTyr model and  
wild type OmpT (from the crystal structure, PDB: 1i78). Plot created in PROCHECK.  
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A structural alignment of the sTyr OmpT variant (optimized computer-based 

model) and wild type OmpT (crystal structure, PDB ID: 1i78) is shown in Figure 25. 

Active site residues are shown as sticks, with wild type residues are colored green and 

residues in the sTyr variant are colored red. Two major differences in the active site 

include the mutations: Glu to Phe at position 27 and Asp to Arg at position 208. These 

residues are both located in the putative S1 subsite, as illustrated in Figure 16. In this 

figure residues are color-coded based on their predicted function: catalytic residues (83, 

85, 210, and 212) are blue, S1 site residues (27 and 208) are red, S1’ residues (97 and 99) 

are green, and S2’ residues (81 and 170) are orange. 

Electrostatic potentials were mapped onto the surface of wild type OmpT and 

sTyr OmpT (based on the optimized sTyr model). Electrostatic potential maps were 

generated using APBS in PyMOL, and results are displayed in Figure 26. Positive and 

negative surfaces are displayed in blue (+70 kT/e) and red (-70 kT/e), respectively. The 

orientation of this image is looking down the β-barrel, into the active site. Although the 

sTyr enzyme is less negative than wild type OmpT, it is clear that the S1 pocket is still 

somewhat negative.   
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Figure 25. Structural alignment of wild type OmpT and sTyr OmpT. 

Wild type residues are shown as green sticks and sTyr residues are shown as red sticks. 

Structural predictions for the sTyr variant were determined using programs such as 

Yasara, Rosetta, and SAlign as previously described.  
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Figure 26. Electrostatic potential mapped to the surface of wild type OmpT and sTyr OmpT.  

Mutations in the sTyr variant were predicted as previously described. Electrostatic 

potential maps were generated using the Adaptive Poisson-Boltzmann Solver (calculates 

electrostatic potentials from the linearized Poisson−Boltzmann equation) in PyMOL (+/- 
70 kT/e). The putative S1 subsite, indicated by a yellow box, is less negative in the sTyr 

OmpT variant than in the wild type variant, thus facilitating the switch in substrate 

specificity from a positively charged residue (Arg or Lys) in the P1 position to a 

negatively charged sTyr residue.  

 

8.2.3  Substrate Docking 

The sYR peptide substrate was docked into the active site of the sTyr OmpT 

variant. Interactions between the peptide and enzyme were analyzed using ArgusLab and 

LigPlot+ (Laskowski and Swindells, 2011; Thompson, 2004). These interactions were 

then compared to those that are predicted to mediate docking of the preferred substrate in 

wild type OmpT (Baaden and Sansom, 2004; Dekker et al., 2001; Eren et al., 2010; Li, 

2011b; Vandeputte-Rutten et al., 2001b). The active site orientations shown in Figure 27 

are conducive to sYR peptide docking. However, in Figure 27 (A), sYR is flipped as 

compared to that suggested by Li et al (2011) and others, thereby swapping the S2 and 

S2’ binding pockets. An orientation similar to that seen in Figure 27 (B) is likely to be 
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closer to the true docking orientation of the peptide based on previous mutagenesis 

studies.  

Figure 28 displays sYR docked in this more likely orientation. Putative S1, S1’, 

and S2 subsites are indicated on the surface representation of sTyr OmpT (Figure 28(A)). 

The scissile bond (between the P1 sTyr residue and the P1’ Arg) is located between the 

two catalytic dyads D210-H212 and D83-D85 (blue) as predicted by Baaden and Sansom 

(2004). 
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Figure 27. Possible orientations of the sYR peptide in the active site of sTyr OmpT.  
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Figure 28.  The sYR peptide docked in the active site of sTyr OmpT. 
A) Peptide CsYR (cyan) docked in the active site of sTyr OmpT. Surface representation 

of the sTyr OmpT variant. Putative S1, S1’, and S2 subsites are indicated in red, green, 

and orange, respectively. Catalytic residues (83, 85, 210, and 212). B) Peptide CsYRV 

(tan) docked in the active site of OmpT. important active site residues are shown as 
sticks. The conformation of the P1’ Arg residue differs slightly between A and B. Based 

on molecular dynamics studies, both conformations result in favorable interactions with 

putative S1’ residues.  
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8.2.4 Target Residues 

Secondary structure analysis and solvent accessibility predictions (see Figure 70, 

Appendix) were used in combination with the previously presented data to select five 

target residues: Y172, F27, Q174, S223 and T263 (Figure 29).  All of the residues 

selected for mutation reside within 5 Å of pTyr on the pYR peptide (Table 9, Materials 

and Methods) when it is docked in the active site of the sTyr OmpT variant. A more 

detailed description of each target residue is provided in Sections 8.3.2.1 – 8.3.2.5.   

 

 
Figure 29. Residues targeted for mutation in the sTyr OmpT variant.  

Residues targeted for mutation are shown as (A) spheres and (B) sticks in the sTyr OmpT 
variant. Target residues surround the putative S1 subsite (Figure 28). Target residues Phe 

27 (yellow), Tyr 172 (cyan), Gln 174 (blue), Ser 223 (orange), and Thr 263 (pink) are 

located on loops L1 (27), L3 (172 and 174), L4 (223), and L5 (263).   
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8.3 CHARACTERIZATION AND ANALYSIS OF NOVEL OMPT VARIANTS 

The following results display the effects of fifteen amino acid substitutions on 

protease activity and substrate specificity of the sTyr OmpT variant. In addition, the pH 

dependencies of the five histidine mutants are presented. Finally, a detailed analysis of 

the results from each variant accompanies each set of results.  

 

8.3.1 Enzyme Purification  

OmpT variants were isolated and purified as described in the methods section. 

The purity of each variant was > 90% as determined by SDS-PAGE. Figure 30 displays 

the gel images captured after two separate rounds of purification for wild type and sTyr 

OmpT (A), and one set of variants: 172H, 172K, and 172R (B).    

 

 
Figure 30. SDS PAGE gels of purified OmpT and OmpT variants.  

Variants were subjected to SDS PAGE on a 4-20% polyacrylamide gradient gel 

containing tris-glycine buffer under reducing conditions and stained using GelCodeBlue 
reagent (Thermo Scientific, Rockford, IL). Lane one (MW):  Precision Plus Protein™ All 

Blue standards. OmpT is the major band at ~ 34 KD (corresponding to intact protein) All 

variants had an estimated purity of > 90%. (Note: sTyr in lane 2, gel (B) was added at ½ 
the ratio of other variants displayed in this gel.) 
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8.3.2 Proteolytic Activity and Substrate Specificity of Novel OmpT Variants 

The proteolytic activity and substrate specificity of each variant were analyzed in 

MES buffer at pH 6.2, the optimal pH for wild type OmpT catalysis (Gill et al., 2000). 

The substrate cleavage by all 15 variants was analyzed at a series of enzyme and 

substrate concentrations and incubation times ranged from 5 min to 20 hrs. The results in 

this section are organized by mutational position, and peptide cleavage results for 

selected long (14 hr) and short (15 min) incubations are given for each set of variants.  

As an example, Figure 31 displays the HPLC trace of cleaved and uncleaved sYR 

peptide observed after incubating sYR with the sTyr OmpT variant for one hour. Peaks 

one (~8 min) and two (~11.6 min) correspond to the uncleaved sYR peptide and the 

cleavage product, WCsY, respectively.  

As a control, incubations were carried out under each set of reaction conditions 

with no enzyme added. No cleavage products were observed even after 20 hour 

incubations with any of the peptides (Table 9). 
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Figure 31. HPLC trace for sTyr OmpT with the sYR peptide substrate.  

Reactions were carried out in 50 mM MES buffer (pH 6.2) with 150 nM enzyme, 300 

µM peptide, 50 µM TCEP at room temperature for  15 min. The reaction was stopped 

with 1% TFA and peptide cleavage products were monitored by HPLC on a C-12 reverse 
phase column using the following gradient: 5% AcN/95%H2O for 2 min, AcN was then 

increased to 40% after 16 min, and from 40%-95% over a period of 5 min followed by 

flushing and reequilibration over 12 min. Product concentration was calculated by 

integrating the area of each peak at 280 nm. Peak 1 at ~8 min corresponds to the 
uncleaved sYR peptide, and peak 2 at ~11.6 min corresponds to the cleaved WCsY 

peptide segment.  
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8.3.2.1 Variants with Mutations at Position 27 

 
Figure 32. Target residue, phenylalanine 27 (violet), in the active site of sTyr OmpT.  

 

Glutamate 27 is a conserved residue in the active site of OmpT (conservation 

score: 7, Figure 21), and a mutation at this position contributed to the switch in P1 

specificity of five OmpT variants listed in Table 10, including the sTyr variant in which 

glutamate 27 was mutated to phenylalanine. Substrate docking studies with the sYR 

peptide and the sTyr OmpT model indicate that the side chain of this residue would likely 

be within hydrogen bonding distance (< 3.5 Å) of the sulfonyl group on sTyr. 

Consequently, Phe 27, shown in Figure 32, was targeted for mutagenesis.  
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Results for variants 27H, 27K, and 27R 

 

 
Figure 33. Amino acid mutations made in the sTyr OmpT variant at position 27.  

The mutations from Phe (green) to His, Lys, and Arg (red) resulted in three novel OmpT 

variants; 27H, 27K, and 27R, respectively.  Structural predictions were made using 

Yasara (Krieger et al., 2002) and WHAT IF (Vriend, 1990) and visualized using HOPE 
(Venselaar et al., 2010). 

 

Phenylalanine 27 was mutated to histidine, lysine, and arginine by site-directed 

mutagenesis (Figure 33), and the new OmpT variants are referred to as 27H, 27K, and 

27R, respectively. The substrate specifity and catalytic efficiency of 27H, 27K, and 27R 

were assessed through a series of incubations with pYR, sYR, pSR, and pYR-A peptides 

(Table 9) from 5 min to 20 hrs.  

Peptide cleavage results for each variant following 14 hour incubations in MES 

buffer (pH 6.2) are given in Figure 34. None of the variants showed any detectable 
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cleavage product with the pSer-containing peptide (pSR) even after 20 hour incubations. 

With the remaining three peptides sYR, pYR, and pYR-A, 27H cleaved 100, 92.9, and 

76.8%; 27K cleaved 100, 53.2, and 11.1%; and 27R cleaved 11.2, 3.5, and 0.0%, 

respectively.  
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Figure 34. Substrate Cleavage by 27H, 27K, and 27R – 14 hr incubations 

Percent pYR, pYR-A, pSR and sYR peptide cleavage by sTyr, 27H, 27K, and 27R OmpT 
variants  after 14 hour incubations. Incubations contained 150 nM enzyme, and 300 µM 

peptide. The percent cleavage results represent an average of the results from three 

separate incubations. No cleavage pSR products were observed for any variant. With the 
remaining three peptides, sYR, pYR, and pYR-A, variant 27H cleaved 100, 92.9, and 

76.8%; variant 27K cleaved 100, 53.2, and 11.1%; and variant 27R cleaved 11.2, 3.5, and 

0.0%, respectively. The sTyr OmpT variant cleaved 0.0, 12.8, 36.9, and 100% of pSR, 

pYR-A, pYR, and sYR, respectively. 

 

Peptide cleavage results following 1 hour incubations with 800 nM enzyme and 

300 μM substrate are displayed in Figure 35. The values in this figure represent an 

average of the results from three independent incubations. As before, 27R showed 

significantly lower proteolytic activity than the other variants, cleaving only 1.1% of sYR 

and showing no detectible cleavage of the other peptides. With the remaining three 
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variants, cleavage of pSR, pYR-A, pYR, and sYR was 0.0, 6.1, 16.0, 99.0% with sTyr; 

0.0, 38.0, 76.0, 99.1% with 27H; and 0.0, 5.2, 10.2, 97.8% with 27K. Shorter incubations 

displayed a similar pattern of results, and variant 27H consistently cleaved sYR, pYR, 

and pYR-A at a faster rate than the sTyr variant. Substrate cleavage results following 15 

min incubations are displayed in Figure 36. The average percent cleavage of sYR under 

these conditions was 77.1, 55.1, and 0.0% with 27H, 27K, and 27R, respectively.  
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Figure 35. Peptide Cleavage by 27H, 27K, and 27R – 1 hr incubations 

Percent pYR, pYR-A, pSR and sYR peptide cleavage by sTyr, 27H, 27K, and 27R OmpT 

variants  after one hour incubations. Incubations contained 800 nM enzyme, 300 μM 
peptide. Cleavage of pSR, pYR-A, pYR, and sYR was 0.0, 6.1, 16.0, 99.0% with sTyr; 

0.0, 38.0, 76.0, 99.1% with 27H; 0.0, 5.2, 10.2, 97.8% with 27K; and 0.0, 0.0, 0.0, 1.1% 

with 27R.  
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sYR Peptide Cleavage by 27H, 27K, and 27R
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Figure 36. sYR Peptide Cleavage by 27H, 27K, and 27R – 15 min incubations 

Percent sYR peptide cleavage by sTyr, 27H, 27K, and 27R OmpT variants following 15 
min incubations. Incubations contained 150 nM enzyme and 300 μM peptide. Percent 

cleavage values represent an average of the results from three separate incubations. The 

average percent cleavage of sYR under these conditions was 77.1, 55.1, 0.0% with 27H, 
27K, and 27R, respectively. 

 

Due to its high catalytic efficiency, we chose to further evaluate variant 27H with 

substrates pYR and sYR. Briefly, 2nM enzyme was incubated with 40-300 µM sYR/pYR 

in 50 mM MES (pH 6.2) with 10 nM EDTA and 50 μM TCEP at 25 °C. Reactions were 

stopped by adding 1% TFA and flash freezing in liquid nitrogen. The peptide cleavage 

products were analyzed by reverse phase HPLC, and product concentrations were 

calculated by integrating peak areas at 280 nm. All kinetic parameters were calculated 

using KaleidaGraph software (Synergy Software, Reading, PA).  

Results, showing the sYR and pYR peptide cleavage rates plotted as a function of 

substrate concentration, are given in Figure 37. Each data point in the graphs represents 

the average of three results from three separate reactions. The kcat/KM  for sYR and pYR 

cleavage are 7.5 ± 0.3 X 10
5
 M

−1
s
−1 

and 9.4 ± 0.7 x 10
3
 M

−1
s
−1

, respectively (Table 11). 
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Identical experiments were performed with the sTyr OmpT variant, to confirm 

adequate experimental procedures. For the sYR peptide, a kcat/KM value of 9.9 x 10
4 

M
−1

s
−1

 was determined, which is slightly lower than the published value of 1.1 x 10
5 

M
−1

s
−1

. Likewise, a slightly lower kcat/KM  value was measured for cleavage of pYR; 4.9 

x 10
2 

M
−1

s
−1

 as compared to the published value 5 x 10
2 

M
−1

s
−1

 (Table 11) (Varadarajan 

et al., 2008a). Overall catalytic activity increased with the Phe to His mutation at position 

27 and selectivity for sTyr over pTyr-containing peptides decreased from ~220 to ~80-

fold.   
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Figure 37. Peptide cleavage rates of variant 27H  

Peptide cleavage rates of variant 27H plotted as a function of (A) sYR concentration, and 

(B) pYR concentration. Briefly, 2nM enzyme was incubated at 25 °C with 40-300 µM 
sYR/pYR and stopped by adding 1% TFA and flash freezing in liquid nitrogen.  

Cleavage products were analyzed by reverse phase HPLC. Product concentrations were 

calculated by integrating peak areas at 280 nm. Each data point represents the average of 
three results from three separate reactions. Graphs were constructed using KaleidaGraph 

software (Synergy Software, Reading, PA). 

 

 

A)

B)
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OmpT Variant Mutations kcat/KM [M
−1

s
−1

] 

    sYR pYR 

sTyr* 

E27F, V29A, M87R, Y126C, 

E153D, I170V, D208R, Y221A, 

I282H 

1.1 ± 0.2 × 10
5
 5 ± 3 × 10

2
 

27H 

E27H, V29A, M87R, Y126C, 

E153D, I170V, D208R, Y221A, 

I282H 

7.5 ± 0.3 X 10
5
 9.4 ± 0.7 x 10

3
 

Table 11. Amino acid mutations and kinetic parameters for 27H and sTyr OmpT.  
The amino acids that differ from wild type OmpT are listed and the single amino acid 

difference between the two variants is indicated in red. The kinetic parameters for 

proteolytic cleavage of sYR and pYR peptides are listed. Cleavage sites were sTyr↓Arg 

and pTyr↓Arg, respectively. (* published as ST4, kcat/KM values for this variant were 

reported by Varadajaran, et al., 2009) 

 

Electrostatic potentials were mapped onto the surface of variants 27H, 27K, and 

27R. Figure 38 displays the results for 27K with positive and negative surfaces of the 

variant displayed in blue and red, respectively. The mutation from Phe to Lys at position 

27 creates a more positively charged S1 pocket as compared to the sTyr OmpT (see 

Figure 26).   
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Figure 38. Electrostatic potential mapped onto the surface of 27K.  

Three dimensional electrostatic potential maps were generated with APBS (Adaptive 

Poisson-Boltzmann Solver) in PyMOL (+/- 70 kT/e). Positive and negative surfaces of 

the 27K OmpT variant are displayed in blue and red, respectively. The image is looking 

down the β-barrel into the active site, and the putative S1 is identified as a yellow box.  
The mutation from Phe to Lys creates a more positively charged S1 pocket as compared 

to the sTyr variant. 

 

Discussion for variants 27H, 27K, and 27R 

In summary, a mutation from phenylalanine at position 27 to arginine almost 

completely abolished proteolysis with the substrates tested, whereas a mutation to lysine 

at the same position had little effect on the overall activity and substrate specificity of the 

enzyme, and a mutation to histidine resulted in a more proteolytically active, less 

selective variant with the substrates tested. These results reiterate the importance of 

residue 27 in P1 binding and selectivity.   

Variant 27K

S1 Subsite
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Glutamate to phenylalanine mutation in the sTyr OmpT variant 

 

 
Figure 39. Glu to Phe mutation in the sTyr OmpT variant.  

(A) The active site of wild type OmpT. Glu 27 is violet and catalytic residues are cyan. 

Other important active site residues are shown as grey sticks (PDB: 1i78). (B) Putative 
hydrogen bond (yellow) between Glu27 (violet) and Trp44 (green) in the active site of 

wild type OmpT. Hydrogen bond distance given in angstroms. Calculations were made in 

YASARA (Krieger et al., 2002) and WHAT IF (Vriend, 1990). (C) Glutamate to 
phenylaline mutation at position 27.  The wild type residue, glutamate (green), is mutated 

to phenylalanine (red) in the sTyr OmpT variant. Mutational predictions were made using 

YASARA and visualized with HOPE (Venselaar et al., 2010). 

 

In wild type OmpT, a glutamate is present at position 27, as shown in Figure 39. 

In the sTyr variant this residue is mutated to phenylalanine thereby decreasing the 

negative charge at the S1 subsite and facilitating the switch in substrate preference from a 

positively charged Arg/Lys residue at P1 to a negatively charged sulfotyrosine. In 

addition, phenylalanine 27 may facilitate substrate binding by forming favorable aromatic 
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interactions with sTyr of the substrate.  The predicted free energy change for this 

mutation was positive (calculated with the PoPMuSiC algorithm (Dehouck et al., 2011)), 

suggesting that this individual mutation may also help stabilize the sTyr variant.  

According to calculations performed using YASARA (Krieger et al., 2002) and 

WHAT IF (Vriend, 1990), the side chain of glutamate 27 forms a hydrogen bond with the 

side chain of tryptophan 44 in wild type OmpT. However, in the sTyr variant, the 

glutamate to phenylalanine mutation eliminates this hydrogen bond interaction.  

 

Mutational effects of 27H, 27K, and 27R 

Substituting Phe to Lys or His at position 27 resulted in a small increase in 

transition-state stabilization with sYR. However, for both the 27H and 27K variants, the 

difference in catalytic efficiency, as compared to sTyr OmpT, results mostly from 

differences in KM values. Therefore, the differences in catalytic efficiencies for these 

variants are likely due to ground-state rather than transition-state stabilization.  

Our results indicate that variant 27K has a lower catalytic turnover rate 

(determined by steady state plots of substrate cleavage over time) than the sTyr OmpT 

variant at relatively low sYR substrate concentrations, and a high substrate concentration 

is needed in order to compensate for its lower ground-state binding affinity. On the other 

hand, variant 27H showed a much lower KM than the sTyr variant with the tested sTyr 

and pTyr-containing peptides.  

To further investigate these results, optimized models for variants 27H, 27K, and 

27R were constructed as previously described. A comparison of the sTyr and 27H models 

showed that phenylalanine 27 (of sTyr OmpT) and histidine 27 (of 27H OmpT) are 

oriented similarly in each variant. Likewise, amino acids surrounding the mutated 

histidine residue are predicted to remain oriented as they were in the sTyr variant. Simply 
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maintaining the overall structural conformation of the active site may point to one reason 

variant 27H retained activity when many of the other variants did not.  

Interestingly, stability calculations prior to mutagenesis predicted that the local 

conformation for variant 27H would be somewhat destabilized due to this mutation (data 

not shown). Although the two amino acids are predicted to orient similarly and are very 

similar in size, Phe residues are usually more flexible than His residues (Schlessinger and 

Rost, 2005). Additionally, phenylalanine and histidine prefer different secondary 

structures (β-strand and α-helix, respectively). Thus, several factors, beyond the potential 

for the side chain imidazole to form many interactions with pTyr that phenylalanine 

cannot, may contribute to the increased activity and decreased selectivity in this variant.  

Both phenylalanine and histidine may interact with pTyr through aromatic 

interactions (sometimes incorrectly referred to as “π-stacking” (Martinez and Iverson, 

2012)) with OH of pTyr and the aromatic side chain of His/Phe. However, unlike 

phenylalanine, the imidazole side chain of histidine can also interact with pTyr by 

establishing a hydrogen-bond or a salt bridge with the phosphoryl group of pTyr. 

Furthermore, His can potentially form a cation-π interaction (as the cation) and can be a 

hydrogen donor in an NH/π interaction with pTyr.  

Substrate docking with sYR reveals that His most likely interacts with pTyr by 

forming a hydrogen bond or salt bridge with the phosphate group. This could explain 

why 27H is more catalytically efficient with both sYR and pYR than sTyr OmpT. 

Furthermore, this potential interaction, which is not present in the sTyr variant, could 

explain why 27H has a greater affinity for pTyr-containing peptides than the sTyr OmpT 

variant. The reason that Lys does not form such a favorable interaction with sYR/pYR 

may be due to its size or because it is much less rigid than His.  
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On the other hand, in the optimal model for 27R, Arg 27 forms a salt bridge with 

Asp 210, part of a key catalytic dyad. Thus, proteolysis may be abolished in this variant 

mostly due to inefficient catalysis.  

These results endorse the importance of residue 27 in P1 binding and selectivity, 

and are consistent with previous results seen in several variants listed in Table 10. For 

instance, a mutation from Glu to Trp in YR-OmpT created a more hydrophobic pocket 

for the P1 Tyr. Interactions between Tyr and Trp may also facilitate binding at the S1 

site. Likewise, the mutation from Glu to Phe and Glu to Leu in sTyr-OmpT and ER-

OmpT, respectively, decrease the negative charge in the P1 pocket, making it more 

favorable for negatively charged Glu (in ER-OmpT) and sTyr (in sTyr-OmpT) residues at 

P1 (Varadarajan et al., 2008a, 2008c). 

 

8.3.2.2 Variants with Mutations at Position 172 

 

 
Figure 40. Target residue, tyrosine 172 (violet), in the active site of the sTyr OmpT. 
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The conserved tyrosine residue at position 172 (conservation score = 6, calculated 

with ConSurf (Glaser et al., 2003), see Figure 21) was selected for mutation because of 

its close proximity to the proposed S1 pocket and putative role in P1 selection. In 

addition a mutation at position 172 contributed to altered P1 specificity in the YR-OmpT 

variant (Varadarajan et al., 2008). Furthermore, initial modeling data showed that the side 

chain of some residues at this position would reside < 3.5 Å (i.e. roughly within hydrogen 

bonding distance) from the phosphoryl group on pTyr (of the pYR substrate).  

 

Results for variants 172H, 172K, and 172R 

 

 
Figure 41. Amino acid mutations made in the sTyr OmpT variant at position 172. 

 The mutations from Tyr (green) to His, Lys, and Arg (red) resulted in three novel OmpT 

variants; 172H, 172K, and 172R, respectively.  Structural predictions were made using 

Yasara (Krieger et al., 2002) and WHAT IF (Vriend, 1990) and visualized using HOPE 

(Venselaar et al., 2010). 
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Tyrosine 172 of the sTyr OmpT variant was mutated to arginine, lysine and 

histidine by site-directed mutagenesis resulting in variants 172H, 172K, and 172R 

(Figure 41). Substrate specificity of the three variants (172H, 172K, and 172R) was 

evaluated with peptides pYR, sYR, pSR, and pYR-A) (Table 9) under a series of enzyme 

and substrate concentrations and incubation times. Figure 42 displays the peptide 

cleavage results observed after 14 hour incubations with 150 nM enzyme and 300 µM 

peptide. None of the variants cleaved pSer or pYR-A peptides. Additionally, all three 

variants, 172H, 172K, and 172R, preferred the sYR peptide, cleaving 90.2, 100, and 3.1% 

of sYR and 0.0, 16.0, and 1.5% of pYR, respectively.  

Proteolytic efficiency was evaluated by a series of shorter reaction times from 5 – 

60 min. Figure 43 displays the results from 15 min incubations with sYR (all other 

conditions were consistent with the 14 hr incubations). Percent sYR cleavage by 172H, 

172K, and 172R was 2.0, 10.1, and 0.0, respectively.   
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Peptide Cleavage by Variants 172H, 172K, and 172R
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Figure 42. Substrate Cleavage by 172H, 172K, and 172R  – 14 hr incubations. 

Percent pYR, pYR-A, pSR and sYR peptide cleavage by 172H, 172K, 172R and sTyr 

OmpT variants following 14 hour incubations. Incubations contained 150 nM enzyme, 

and 300 µM peptide. The percent cleavage results represent an average of the results 

from three separate incubations. None of the variants cleaved peptides pSR or pYR-A. 
All three variants, 172H, 172K, and 172R, preferred the sYR peptide, cleaving 90.2, 100, 

and 3.1% of sYR and 0.0, 16.0, and 1.5% of pYR, respectively.  
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Figure 43. sYR peptide cleavage by 172H, 172K, and 172R – 15 min incubations  

Percent sYR peptide cleavage by 172H, 172K, 172R, and sTyr OmpT variants following 

15 min incubations. The reactions were carried out in 50 mM MES buffer (pH 6.2) with 

150 nM enzyme, 300 µM peptide. Percent cleavage values represent an average of three 
independent measurements. Percent sYR cleavage by 172H, 172K, and 172R was 2.0, 

10.1, and 0.0, respectively. 
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As previously mentioned, variant 172H cleaved nearly 85% of the sYR substrate 

after 14 hour incubations, while leaving pYR, pYR-A, and pSR virtually intact (Figure 

42). These results were of interest since they raised the possibility that 172H was more 

selective for sYR than the sTyr OmpT variant. Longer incubations with pYR still showed 

no detectable cleavage products. However, shorter incubation times revealed that sYR 

cleavage by variant 172H was three orders of magnitude slower than the sTyr variant 

(steady-state rates were extrapolated from plots of cleavage over time; data not shown).  

Electrostatic potentials were mapped onto the surface of the optimized models for 

172H, 172K, and 172R. Electrostatic potential maps were generated using APBS in 

PyMOL, and Figure 44 displays the results for 172K (from red: -70 kT/e to blue: +70 

kT/e). The S1 subsite of 172K (indicated by the yellow box in Figure 44) contains a small 

patch of blue indicating that the S1 subsite of 172K is slightly positive in that area, 

whereas sTyr OmpT is mainly red (Figure 26). 
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Figure 44. Electrostatic potential mapped onto the surface of 172K.  

Three dimensional electrostatic potential maps were generated with APBS (Adaptive 
Poisson-Boltzmann Solver) in PyMOL (+/- 70 kT/e). Positive and negative surfaces of 

the 172K OmpT variant are displayed in blue and red, respectively. The putative S1 

pocket is indicated by a yellow box. The mutation from Tyr to Lys at position 172 creates 
a more positively charged S1 pocket as compared to the sTyr variant. 

 

Discussion for variants 172H, 172K, and 172R 

Substituting a tyrosine residue located at position 172 with arginine, lysine or 

histidine, resulted in three variants with dramatically less activity than the sTyr OmpT 

variant. The most active variant, 172K, was still over five times slower than sTyr OmpT 

at cleaving the sYR peptide. Variant 172H was about 20 times slower, and 172R was too 

slow to even approximate its reaction rate. Based on proteolytic cleavage results with the 

peptides tested, substrate specificity was virtually unaltered by a mutation from Tyr to 

Lys at position 172. Variants 172H and 172R also had a preference for sTyr over pTyr-
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containing peptides, but determining the degree of preference was not feasible given their 

low proteolytic activity with either peptide. These results possibly indicate that Lys 172  

does not directly contact the substrate residue at the P1 position. This contrasts 

predictions made via preliminary modeling prior to mutagenesis. Furthermore, the 

significant drop in proteolytic activity observed among all of the variants at position 172 

may be attributed to the disruption of a key hydrogen bonding network.  

According to calculations made using the WHAT-IF web interface, in wild type 

OmpT, tyrosine 172 likely forms a hydrogen bond with aspartic acid on position 208 and 

glutamine 174 at distances of 3.0 and 2.6 Å, respectively (Figure 45). As previously 

discussed, aspartic acid 208 is mutated to arginine in sTyr OmpT, and calculations in 

WHAT IF suggest that the side chain of tyrosine 172 forms a hydrogen bond with the 

side chain of glutamine 174 (2.8 Å). Additionally, we found that the distance between the 

center of oxygen and N-δ nitrogen on the side chains of Tyr 172 and Arg 208, 

respectively, was ~3.3 Å. Therefore, it is likely that this network is maintained in the 

sTyr variant. Arg 208, is predicted to mediate substrate specifity in sTyr OmpT through 

direct contacts with sTyr. A hydrogen bonding network between Tyr 172, Gln 174, and 

Arg 208 may hold Arg 208 in an optimal position for binding to the substrate.  
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Figure 45. Putative hydrogen bonding network in wild type OmpT.  

Putative hydrogen bonding network that forms between tyrosine 172 (red), glutamine 174 
(cyan), and arginine 208 (orange) in wild type OmpT. Hydrogen bonds are depicted as 

yellow dashes and distances are given in angstroms.  

 

Molecular modeling studies with variants 172K and 172R reveal that both Arg 

and Lys at position 172 may form a hydrogen bond with Asp 210. This interaction is not 

predicted to form in sTyr or wild type OmpT. In addition, the distance between Asp 210 

and His 212 in variants 172K and 172R is slightly larger than in the sTyr variant. As 

previously mentioned, Asp 210 and His 212 form one of two key catalytic dyads in the 

OmpT active site, and disrupting an interaction between this dyad is likely to engender a 

significant loss in activity.  

On the other hand, modeling studies with variant 172H, indicate that the sidechain 

of His 172 does not form a hydrogen bond with any other residue in the protein. 

Although the two amino acids are similar in size and are predicted to orient in a similar 

fashion, the loss of a hydrogen bonding network with Gln 174 and Arg 208 may 

contribute to the loss of proteolytic activity observed in this variant.  

Based on this analysis we suspect that lower proteolytic efficiency in these three 

variants is likely the result of 1) disrupting the potentially important hydrogen bonding 

network with 208, or 2) interference with the key catalytic dyad between residues 212 
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and 210. Hypothetically, these two scenarios would lower substrate binding and hinder 

catalysis, respectively.  

Preliminary kinetic experiments showed that variants 172K and 172H had a lower 

apparent kcat rather than a higher KM with the sYR substrate (as compared to sTyr OmpT). 

This observation strengthens the prediction that none of the residues mutated at this 

position directly contact the substrate, and lower proteolytic activity probably results 

from disrupting key catalytic residues rather than hindering substrate binding.  

 

8.3.2.3 Variants with Mutations at Position 174 

 

 
Figure 46. Target residue, glutamine 174 (violet), in the active site of sTyr OmpT. 

 

Glutamine at position 174 was the third residue targeted for mutagenesis. Gln 174 

is conserved in 11 of 12 omptin proteins in Figure 18 and this residue has a conservation 

score of 5 based on ConSurf scoring (Figure 21). As compared to the other four targeted 
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residues, Gln 174 is located slightly further down the barrel of OmpT at the bottom of the 

S1 subsite. Therefore, an Arg substitution at this location would be less likely to cause 

overcrowding in the S1 subsite. Initial modeling and substrate docking analysis showed 

that the side chain of Arg 174 could reside < 3.5 Å (i.e. roughly within hydrogen bonding 

distance) from the phosphoryl group on pTyr.  

 

Results for variants 174H, 174K, and 174R 

 

 
Figure 47. Amino acid mutations made in the sTyr OmpT variant at position 174. 

The mutations from Gln (green) to His, Lys, and Arg (red) resulted in three novel OmpT 

variants; 174H, 174K, and 174R, respectively.  Structural predictions were made using 

Yasara (Krieger et al., 2002) and WHAT IF (Vriend, 1990) and visualized using HOPE 

(Venselaar et al., 2010).  
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In this study glutamine 174 was mutated to arginine, lysine and histidine resulting 

in three novel OmpT variants: 174H, 174K, and 174R, respectively (Figure 47). The 

enzyme variants were isolated and purified as previously described. The substrate 

specificity of each variant was evaluated through a series of incubations with peptides: 

pYR, sYR, pSR, and pYR-A (Table 9). Proteolytic cleavage was determined by 

monitoring peptide cleavage products via reverse phase HPLC and integrating peak areas 

at 280 nm.  

Figure 48 displays the results from these 14 hour incubations with 150 nM 

enzyme and 300 μM peptide. The percent cleavage values displayed in Figure 48 

represent an average of three separate incubations. Observed cleavage values with 

peptides pSR, pYR-A, pYR, and sYR were as follows: variant 174H cleaved 0.0, 8.3, 

40.4, and 100%, 174K cleaved 0.0, 38.0, 71.0, and 100%, 174R cleaved 0.0, 0.0, 0.0, and 

94.0%, respectively.  

Proteolytic efficiency was also evaluated by a series of shorter reaction times 

from 5 – 60 min. Figure 49 displays the results from 15 min incubations with sYR. Other 

reaction conditions were consistent with the 14 hr incubations. Substrate cleavage of sYR 

by 174H, 174K, and 174R was 33.1, 47.2, and 8.5%, respectively. Less than 1% cleavage 

was observed when pYR, pSR, and pYR-A were incubated with variants 174H, 174K, 

and 174R under the same reaction conditions.   
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Figure 48. Substrate Cleavage by 174H, 174K, and 174R– 14 hr incubations 

Percent pYR, pYR-A, pSR and sYR peptide cleavage by sTyr, 174H, 174K, and 174R 

OmpT variants following 14 hour incubations. Incubations contained 150 nM enzyme, 

and 300 µM peptide. The percent cleavage results represent an average of the results 

from three separate incubations. Observed cleavage values with peptides pSR, pYR-A, 
pYR, and sYR were as follows: variant 174H cleaved 0.0, 8.3, 40.4, and 100%, 174K 

cleaved 0.0, 38.0, 71.0, and 100%, 174R cleaved 0.0, 0.0, 0.0, and 94.0%, respectively. 

 

Percent sYR Cleavage by Variants 174H, 174K, and 174R

15 min incubations

0

20

40

60

80

100

sTyr 174H 174K 174R

s
Y

R
 C

le
a
v
a
g

e
 (

%
)

 
Figure 49. sYR peptide cleavage by 174H, 174K, and 174R – 15 min  

Percent sYR peptide cleavage by sTyr, 174H, 174K, and 174R OmpT variants following 
15 min incubations. Incubations contained 150 nM enzyme and 300 μM peptide. Percent 

cleavage values represent an average of the results from three separate incubations. The 

average percent cleavage of sYR by sTyr, 174H, 174K, and 174R was 54.2, 33.1, 47.2, 

and 8.5, respectively. 
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Electrostatic potential was mapped onto the surface of variants 174H, 174K, and 

174R. The maps were generated using APBS in PyMOL, and Figure 50 displays the 

results for 174R (from red: - 70 kT/e to blue + 70 kT/e). By comparing the S1 subsites of 

174R (Figure 50) and sTyr OmpT (Figure 26), the S1 subsite of 174R is clearly less red, 

thus indicating that the mutation from Gln to Arg at position 174 likely decreases the 

negative charge at the putative S1 pocket.  

 

 
Figure 50. Electrostatic Potential Mapped onto the surface of 174R.  

Electrostatic potential maps were generated using the Adaptive Poisson-Boltzmann 

Solver in PyMOL (+/- 70 kT/e). Positive and negative surfaces of the 174R OmpT 
variant are displayed in blue and red, respectively. The putative S1 subsite is indicated by 

the yellow box. Compared to sTyr OmpT, the S1 subsite of 174R is less red than the sTyr 

variant.   

 

Discussion for variants 174H, 174K, and 174R 

Substituting Gln 174 with a His residue had little effect on the overall specificity 

or cleavage efficiency of the enzyme. In contrast, a mutation from Gln to Arg at the same 
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position greatly decreased proteolysis with both pTyr and sTyr-containing substrates. As 

with the His mutation, a mutation to Lys at position 174 had little effect on the overall 

catalytic efficiency of the enzyme. However, variant 174K was less selective for sTyr 

over pTyr-containing peptides (as compared to sTyr OmpT).  

 The lower catalytic efficiency of variant 174R, as compared to 174H, 174K, and 

sTyr OmpT, may be attributed to an unfavorable orientation of residues in the active site. 

In silico analysis reveals that the Arg mutation at position 174 may effect small 

conformational changes in Phe 27 and Arg 208 that would slightly reduce the size of the 

S1 pocket. Furthermore, Arg 174 would not be able to form a hydrogen bond with Tyr 

172. As discussed in the previous section (8.3.2.2 Variants with Mutations at Position 

172), the side chain of Gln 174 is predicted to be part of a hydrogen bonding network 

with Tyr 172 and Asp 208 in wild type OmpT, and it is possible that these same 

interactions are formed in the sTyr OmpT variant with an Arg at position 208.  This 

hydrogen bonding network may be important for holding the Arg 208 in an optimal 

position for substrate docking.  
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8.3.2.4 Variants with Mutations at Position 223 

 

 
Figure 51. Target residue, serine 223 (violet), in the active site of sTyr OmpT.  

 

Serine 223 resides at the top of the putative S1 subsite and points inward toward 

the active site. It is predicted as one of the three main residues identified as important for 

mediating substrate recognition and selectivity at the P1 position, but is less conserved 

than the other two putative S1 residues at positions 208 and 27 (Polview3D conservation 

score = 2). In a multiple sequence alignment with 12 omptins/omptin homologs from the 

A26 family listed in the MEROPS database (Figure 18), residue 223 was identified as a 

serine in only 2 of the 12, OmpT and OmpP. Nevertheless, a mutation at this residue 

contributed to the altered substrate specificity in 6 of the OmpT variants listed in Table 

10. Furthermore, it was the single amino acid mutated in the AR-OmpT variant.  
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In 8 of the remaining 12 omptin proteins from the alignment in Figure 18, an 

acidic amino acid resides at position 223. This may facilitate binding to substrates with a 

basic residue at P1. Interestingly, the final two omptin homologs, AAW85741.1 and 

CAG37431.1 have a basic Lys residue in place of Ser. Unfortunately, the two proteins 

have yet to be characterized, and catalytic activity (if any) is unknown at this point. It 

would be interesting to determine whether or not these proteins are also peptidases and if 

they have a different substrate preference at P1. One more interesting point is that in Asp 

208, another putative S1 subsite residue, is mutated in only 2 out of the 12 omptins from 

this alignment; in both mutations Asp is substituted to Ala and in both cases Ser 223 is 

mutated to Asp. This is probably to compensate for the charge loss at the S1 subsite, 

further verifying that both residues are likely important for P1 selectivity.  
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Results for variants 223H, 223K, and 223R 

 

 
Figure 52. Amino acid mutations made in the sTyr OmpT variant at position 223. 

The mutations from Ser (green) to His, Lys, and Arg (red) resulted in three novel OmpT 

variants; 223H, 223K, and 223R, respectively.  Structural predictions were made using 
Yasara (Krieger et al., 2002) and WHAT IF (Vriend, 1990) and visualized using HOPE 

(Venselaar et al., 2010).  

 

Three variants were constructed by mutating serine 223 to histidine, lysine, and 

arginine, by site-directed mutagenesis (Figure 52). All other mutations in the sTyr variant 

were preserved. The substrate specificity and catalytic efficiency of variants 223H, 223K, 

and 223R were assessed by incubating peptides pYR, sYR, pSR, and pYR-A (peptide 

sequences are given in Table 9) in a progressing series of enzyme/substrate 

concentrations and incubation times.  

Figure 53 displays the results from 14 hour incubations carried out in 50 mM 

MES buffer (pH 6.2) with 150 nM enzyme and 300 µM peptide at room temperature. 
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None of the variants showed any detectable cleavage with the pSer-containing peptide 

(pSR) even after longer 20 hour incubations at the same conditions. All three variants 

favored the sTyr-containing peptide (sYR), although variant 223R showed very little 

proteolytic activity with any of the tested substrates, cleaving only 5% of the sYR peptide 

and showing no detectible cleavage of pSR, pYR-A, and pYR. Variant 223H was the 

most active of the three variants, cleaving 14.8, 10.2, and 100% of pYR-A, pYR, and 

sYR, respectively. Variant 223K cleaved ~39% of sYR and showed no detectible 

cleavage of the other peptides.  

The proteolytic activity of all three variants was also evaluated following shorter 

incubation times with the same four peptide substrates. Selected data for 15 min 

incubations with the sYR peptide are shown in Figure 54. The percent cleavage values 

shown represent an average of three individual reactions. Variants 223H, 223K, and 

223R cleaved 8, 2.4 and 1.9% of sYR, respectively.   
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Figure 53. Substrate Cleavage by 223H, 223K, and 223R– 14 incubations  

Percent pYR, pYR-A, pSR and sYR peptide cleavage by sTyr, 223H, 223K and 223R 

after 14 hour incubations. Values represent the percent substrate cleaved by following 14 

hour incubations with 150 nM enzyme and 300 μM pSR, pYR-A, pYR, or sYR. All 

variants clearly retained a preference for sYR over the other substrates tested. Variants 
223K and 223R cleaved 39.1 and 5.0% of sYR, respectively, and did not show any 

detectable cleavage of the other peptides. Variant 223H cleaved 0.0, 14.8, 10.2, and 

100% of pSR, pYR-A, pYR, and sYR, respectively. 
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Figure 54. sYR peptide cleavage by 223H, 223K and 223R - 15 min incubations.  

Percent sYR peptide cleavage by sTyr, 223H, 223K and 223R OmpT variants following 

15 min incubations. Incubations contained 150 nM enzyme and 300 μM peptide. Percent 

cleavage values represent an average of the results from three separate incubations. 
Percent sYR cleavage by 223H, 223K and 223R was 8, 2.4 and 1.9% cleavage, 

respectively.     
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Electrostatic potential was mapped onto the surface of 223H, 223K, and 223R 

using APBS in PyMOL. Figure 55 displays the results for 223R with positive (70 kT/e) 

and negative (- 70 kT/e) surfaces of the variant displayed in blue and red, respectively.  

The results shown in Figure 55 (223R) and Figure 26 (sTyr) illustrate the difference in 

the surface properties at the putative S1 subsite of the two variants. The more positively 

charged S1 subsite of 223R would likely select for more negatively charged residues at 

the P1 position.  

 

 
Figure 55. Electrostatic potential mapped onto surface of variant 223R.  

Electrostatic potential maps were generated using the Adaptive Poisson-Boltzmann 

Solver in PyMOL (+/- 70 kT/e). The putative S1 subsite is identified by a yellow box. 

Positive and negative surfaces are displayed in blue and red, respectively. The Ser to Arg 
mutation at 223 adds a positive charge at the S1 subsite of this variant as compared to 

sTyr.  

 



 132 

Discussion for variants 223H, 223K, and 223R  

Mutational effects on catalytic activity 

All three variants with mutations at position 223 were less catalytically efficient 

with the tested substrates than sTyr OmpT. Experimental results show that a mutation to 

Arg at this position almost abolish proteolytic activity with the sYR peptide. Variant 

223H is the most proteolytically active variant of the three, yet, initial cleavage rates of 

sYR by variant 223H were still over 10 times slower than by sTyr OmpT (determined by 

steady state plots of substrate cleavage over time; data not shown).  

There are several ostensible explanations for the decline in activity observed with 

each of the three mutations made at position 223 including decreased structural stability 

(resulting in a less functional enzyme), conformational changes at key catalytic residues 

(resulting in less efficient catalysis), loss of important contacts between the enzyme and 

substrate either with Ser 223 or with other residues that take on a new orientation in these 

variants (resulting in less efficient docking), or increased steric hindrance at the active 

site (resulting in less efficient docking or peptide docking in an orientation not optimal 

for catalysis). Due to low cleavage efficiency, we could not obtain accurate kcat/KM values 

for each variant. However, we used molecular dynamics simulations, free energy change 

calculations, and substrate docking to shed light on the observed effects.  

Decreased structural stability and/or conformational changes at the active site 

could render the variant less active by disrupting binding and/or catalysis. Enzyme 

structures for each variant were modeled as previously described. Analysis of hydrogen-

bonding networks using WHAT-IF revealed that serine 223 forms a hydrogen bond with 

threonine 263 in sTyr OmpT. Due to their differences in size and hydrophobicity, it is 

unlikely that histidine, lysine or arginine would form the same interaction with T263 
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(hydropathy indexes: -0.8, -3.2, -3.9, and -4.5 for Ser, His, Lys, and Arg, respectively 

(Kyte and Doolittle, 1982)).  

The structural stability of each variant was assessed as previously described using 

PoPMuSiC 2.1 (Dehouck et al., 2011) and I-Mutant2.0 (Capriotti et al., 2005). Of the 

three variants, 223H was predicted to be the least stable based on sequence data alone 

(data not shown). Yet, when the same mutation was analyzed in sTyr OmpT, where 

structural data would be accounted for, the ΔΔ  of this mutation suggested that 223H 

would be more stable than 223K or 223R. Understandably, ΔΔ  predictions are not 

always 100% accurate and these results reiterate the fact that protein engineering 

endeavors should use stability predictions in combination with other analysis techniques 

to evaluate which mutations may destabilize the protein. Nonetheless, the negative ΔΔ  

values obtained for this variant may give a clue as to why 223H was more proteolytically 

active with pYR, sYR, and pYR-A than 223K and 223R. On the other hand, the presence 

of a larger residue at 223 may interfere with substrate docking by protruding into the 

pocket that accommodates sulfotyrosine, thus obstructing proper binding.  

We used several substrate-docking simulations to further explore these 

possibilities; two of which are explained here accompanied by relevant results. The first 

substrate-docking simulation explored the possibility of sYR binding in the most optimal 

orientation for catalysis (based on molecular dynamics simulations by Baaden and 

Sansom, 2004; Neri et al., 2008). The second simulation explored the possibility of sYR 

forming favorable interactions with Arg 208, a potentially vital S1 residue, in 223H, 

223K, and 223R.  

In the first simulation sYR was docked in all three variants, and the scissile bond 

of the peptide was positioned optimally for catalysis according to molecular dynamics 

simulations published by Neri et al., 2008. Therefore, the scissile bond was positioned 
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between the Asp 210 - His 212 and Asp 83 - Asp 85 dyads. The substrate was then 

adjusted to fit the unique pocket of each enzyme while retaining the position of the 

scissile bond. Substrate docking was evaluated through binding energy calculations 

preformed with ArgusLab software and hydrogen bonding interactions in LigPlot
+
. Under 

these conditions, sTyr of the sYR peptide could not form favorable interactions with Arg 

208.  

Arg 208 is predicted to be a critical S1 residue that interacts directly with P1. In 

wild type OmpT Asp 208 is thought to interact with the P1 Arg residue. In sTyr OmpT 

Asp is mutated to Arg at this position. Additionally, Arg 208 is the only positively 

charged mutated residue in sTyr OmpT that directly contacts P1 in the S1 subsite. 

Therefore, Arg 208 is an ostensibly vital residue in the selection of sTyr over Arg at P1, 

and loss of this interaction would likely ensue a negative impact on sTyr/pTyr binding.  

In a second simulation, we explored the feasibility and probability of sTyr (of the 

peptide: CsYRV) forming favorable interactions with Arg 208 in 223H, 223K, and 223R. 

The peptide was positioned at ~ 3 Å from Arg 208. This distance corresponds to the 

distance between Asp 208 and Arg P1 as reported by Baaden and Sansom (2004). The 

peptide was then adjusted to fit in the enzyme active site as favorably as possible while 

maintaining a distance of ~ 2.5-3.5 Å between Arg 208 and sTyr at P1. In this orientation, 

each variant displayed considerable overcrowding at the P1 site, specifically with regard 

to the distance between the P1 sTyr residue and the residue at position 223. The results 

from this simulation are displayed in Figure 56. The illustrations clearly show 

overcrowding at the putative P1 binding site of each variant, and substantial 

overcrowding in the S1 subsite of 223R (thin purple lines indicate covalent bonds 

between the substrate and enzyme) (Figure 56 (C)).  
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These simulations show that sTyr would have the most trouble properly docking 

in the S1 subsite of 223R due to substantial overcrowding. Interestingly, kinetic data for 

sYR cleavage by all three variants (223H, 223K, and 223R) are consistent with these 

results, and the mutation from serine to arginine at position 223 resulted in the greatest 

loss of activity compared to Lys and His at the same position.  

These data suggest that decreased activity in variants 223H, 223K, and 223R may 

be attributed to an inability of P1 to dock properly in the S1 subsite of these variants 

(either because of a loss of contact with Arg 208 or overcrowding at the P1-binding site).  
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Figure 56. sYR substrate docking results with 223H (A), 223K (B), and 223R (C). 

Covalent bonds of the enzyme are in purple, covalent bonds of amino acids in light 
brown. Putative hydrogen bonding interactions between the 223 variant and sYR peptide 

are indicated with green dashed lines, and covalent bonds between the enzyme and 

peptide are represented by thin purple lines. Red lines show hydrophobic interactions. 
Enzyme residues in hydrophobic contact with sYR are represented by red semi-circles 

with radiating spokes. Hydrogen bond distances are given in angstroms. Enzyme 

modeling was performed as previously described. This figure was produced with 
LIGPLOT+ (Laskowski and Swindells, 2011). 
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Figure 57. Substrate docking in variant 223R.  

Three dimensional representation of peptide sYR (shortened to CsYRV for molecular 
dynamics and docking simulations) docked in the 223R variant as shown in Figure 56 

(C). Docking methods and parameters are described in the text. Image rendered in 

Chimera (Pettersen et al., 2004).   

 

Substrate specificity  

All three variants retain a preference for sTyr-containing peptides over pTyr/pSer-

containing peptides. Due to the significant loss of activity in 223K and 223R, we could 

not determine whether this preference was more or less selective than the sTyr variant. It 

is interesting to note that over a series of incubations with 10-200 nM enzyme 50-300 μM 

peptide, for 20 min – 14 hr, 223H consistently cleaved the pYR-A peptide at a slightly 

faster rate than the pYR peptide (less than 20 min showed no detectable cleavage of 
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either peptide). The proteolytic activity of 223H with pTyr-containing peptides was quite 

low, cleaving less than 20% of both in 14 hours, yet the altered preference for alanine 

over cysteine at P2 is surprising since this residue was not previously thought to influence 

P2 specificity (Li, 2011a). 

The residue at position 223 may influence P2 specificity by contacting P2 

directly, although this seems unlikely based on substrate docking studies. Alternatively, 

the mutation from serine to histidine may engender a preference for alanine at P2 

indirectly by contributing to overcrowding in the S1 site thereby forcing the peptide to 

shift further into the S2 pocket and consequently making the smaller P2 residue more 

favorable. Substrate docking with both models, 223H and sTyr, and the pYR and pYR-A 

peptides, show that this theory is plausible. However, if such a shift did occur, it would 

likely hinder optimal contacts with catalytic residues by shifting the scissile bond ~0.9 Å 

away from Asp 83 and His 212. The catalytic water molecule is positioned between these 

two residues, and it is expected to be ~3.5-4 Å from the carbon of the scissile CO-NH 

(Neri et al., 2008a). This may reveal why proteolysis is less efficient in the 223 variants 

compared to sTyr OmpT with the tested substrates.  

 

Conclusions for variants 223H, 223K, and 223R 

Varadarajan et al. (2005) found that a mutation from serine to arginine at 223 

resulted in a new preference for substrates containing alanine (rather than arginine) in the 

P1 position. This single mutation at position 223 contributes to a >10
7
 fold switch in 

specificity compared to wild type OmpT. Thus, serine 223 most likely plays an important 

role in selecting for and/or stabilizing the P1 residue in the S1 pocket. Our results show 

that a mutation from Ser to His at this position engenders a switch in specificity from Cys 

to Arg at P2. It is unclear whether the residue at position 223 may also play a role in P2 
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binding/selectivity, but substrate docking studies reveal that the probable rationale for His 

223’s role in P2 specificity is merely an artifact of a bulkier residue impeding proper 

binding of P1 in the S1 subsite and a shift of the entire peptide.  

 

8.3.2.5 Variants with Mutations at Position 263 

 

 
Figure 58. Target residue, threonine 263 (violet), in the active site of sTyr OmpT.   

 

Threonine 263, a putative active site residue in OmpT, was the final residue 

targeted for mutagenesis. Like Ser 223, Thr 263 has a fairly low conservation score (3 out 

of 9) according to Polyview scoring (Porollo and Meller, 2010). However, multiple 

sequence alignments from this study show that this residue is well conserved among 

closely related omptin and omptin-like proteins (Figure 18).  

Thr 263 is located on extracellular loop 5 (L5), one of three extracellular loops in 

OmpT that differ significantly from Pla and are probably important for substrate 

specificity in omptins (See the Pla-OmpT structural alignment Figure 20). In addition Thr 
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263 is positioned at the top of the putative S1 subsite, and based on preliminary modeling 

executed in this study, we predicted that this residue would impact substrate selectivity 

by directly contacting the side chain of the P1 residue.  

 

Results for variants 263H, 263K, and 263R 

 

 
Figure 59. Amino acid mutations made in the sTyr OmpT variant at position 263.  

The mutations from Thr (green) to His, Lys, and Arg (red) resulted in three novel OmpT 
variants; 263H, 263K, and 263R, respectively.  Structural predictions were made using 

Yasara (Krieger et al., 2002) and WHAT IF (Vriend, 1990) and visualized using HOPE 

(Venselaar et al., 2010). 

 

Threonine 263 was mutated to arginine, lysine, and histidine by site-directed 

mutagenesis of the sTyr OmpT variant (Figure 59). The substrate specificity and 

proteolytic efficiency of each 263H, 263K, and 263R were evaluated by monitoring 
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peptide cleavage products using high performance liquid chromatography as previously 

described. All reported values represent the average of three independent incubations. 

Peptide cleavage results from selected long (14 hr) and short (15 min) incubations, 

carried out in 50 mM MES buffer (pH 6.2) with 10 mM EDTA, are given in Figure 60 

and Figure 61.   

Variants 263K and 263H were significantly less active than 263R. In 14 hour 

incubations with 150 nM enzyme and 300 µM sYR peptide, 263K cleaved 73% of the 

peptide (Figure 60). Under the same reaction conditions, the sTyr OmpT variant is 

capable of cleaving an equivalent amount of substrate in less than 20 minutes. The 263H 

variant was even less efficient, cleaving only 43.1% of the sYR substrate in 14 hours, and 

variant 263R cleaved 93.5% of the sYR peptide. Variant 263R was the only variant to 

show any detectable cleavage of pYR after 14 hour incubations, cleaving 40.1% of this 

peptide, slightly more than the sTyr variant which cleaved 36.9%. None of the variants 

showed any detectible cleavage of pYR-A or pSR in these conditions or following 

identical incubations with enzyme concentration doubled. Results from 15 min 

incubations are displayed in Figure 61. Variants 263H, 263K, 263R, and sTyr OmpT 

cleaved 0.0, 5.0, 17.1, and 54.2% of the sYR peptide, respectively.  
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Figure 60.Substrate cleavage by 263H, 263K, and 263R – 14 hr incubations 

Percent cleavage of pSR, pYR-A, pYR, and sYR peptides after 14 hour incubations with 

variants sTyr, 263H, 263K, and 263R. The incubations were carried out at room 

temperature in 50 mM MES buffer (pH 6.2) with 150 nM enzyme and 300 μM peptide. 
Each value is an average of the results from three independent incubations. None of the 

variants showed any detectable cleavage of the pSR peptide. None of the variants showed 

any detectable cleavage of pYR-A or pSR. Variants 263H, 263K, and 263R cleaved 43.1, 
73.0, and 93.5 of sYR and 0.0, 0.0, and 40.1% of pYR, respectively.  

 

Percent sYR Cleavage by 263H, 263K, and 263R
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Figure 61. sYR peptide cleavage by 263H, 263K, 263R – 15 min incubations 

Percent sYR peptide cleavage after 15 min incubations with sTyr, 263H, 263K, and 

263R. The reactions were carried out in 50 mM MES buffer (pH 6.2) with 10 mM 
EDTA, 150 nM enzyme, and 300 μM peptide. Variants 263H, 263K, and 263R cleaved 

0.0, 5.0, and 17.1% of the sYR peptide, respectively. 
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Electrostatic potentials were mapped onto the surface of the optimized models for 

263H, 263K, and 263R. Electrostatic potential maps were generated using APBS in 

PyMOL, and Figure 62 displays the results for 263R (from red: - 70 kT/e to blue: + 70 

kT/e). The S1 subsite of 263R is indicated by the yellow box in Figure 62. The small 

patch of blue inside this box is not seen in the sTyr variant (Figure 26). The blue patch 

indicates a positively charged region in the putative S1 subsite.  

 

 
Figure 62. Three dimensional electrostatic potential mapped onto the surface of 263R.  

The putative S1 subsite is identified by a yellow box. Positive and negative surfaces are 
displayed in blue and red, respectively. The Thr to Arg mutation at 263 adds a positive 

charge to the S1 subsite of this variant as compared to sTyr OmpT. Electrostatic potential 

maps were generated using the Adaptive Poisson-Boltzmann Solver in PyMOL (+/- 70 
kT/e). 

 

Discussion for variants 263H, 263K, and 263R 

Substituting a threonine residue located at position 263 with arginine, lysine or 

histidine, resulted in three variants with dramatically lower proteolytic efficiency than the 
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sTyr OmpT variant. It is not surprising that substituting a threonine residue in the active 

site of this enzyme for a bulkier lysine or histidine residue could hinder enzyme activity. 

However, if the size of this residue is responsible for the decline in activity, it is 

interesting that a mutation from threonine to arginine at the same position would 

engender significantly less detriment to enzyme activity (Figure 63). The 

flexibility/rigidity of these residues may also contribute to activity lost/retained. 

Schlessinger and Rost report that His is usually fairly rigid, Arg is somewhat flexible, and 

Lys is very flexible. They also state that active site residues are often more rigid (lower 

normalized B-values) than non-active site residues (Schlessinger and Rost, 2005).  

Another interesting observation is that a mutation to Arg at this position resulted 

in altered substrate specificity at both P1 and P2. Our results clearly indicated that 263R 

had a stricter preference for Cys over Ala at P2 than the sTyr variant (showing no 

cleavage of pYR-A after 20 hour incubations). This same variant is also less selective for 

sTyr over pTyr at P1, as compared to sTyr OmpT.  

Based on these results, it appears that the residue at position 263 may play a role 

in both P1 and P2 specificity. Thr 263 is located on the edge of the putative S1 and S2 

subsites, and it may influence selectivity by contacting by residues directly. Figure 69 

displays OmpT with catalytic residues colored green, and putative P1, P2, P1’, and P2’ 

binding sites colored red, teal, orange, and yellow, respectively. Thr 263 lies in the purple 

region because it may be important for both P1 and P2 binding.   
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Figure 63. Structural predictions for mutated residues at position 263.  

Thr 263 (orange) was mutated to His (magenta), Lys (yellow), and Arg (cyan).  

 

8.3.3 pH Effects on Histidine Variants 

Histidine is the most prevalent functional amino acid at the binding/active sites of 

enzymes (Kumar et al., 2011; Ouzounis et al., 1998; Rebek Jr, 1990), and it is also the 

most versatile (Liao et al., 2013). The imidazole side chain on histidine can interact with 

other molecules via ion-pairs, hydrogen bonding, cation-π, hydrogen-π, and coordinate 

bond interactions depending on its surrounding environment and the orientation of the 

two interacting residues. The imidazole side chain of histidine has a pKa of ~ 6.0, so near 

neutral pH changes effect the interactions it can form with other residues, and 

consequently makes histidine a functionally important residue in many enzymes, 

including OmpT (i.e. His 212).  

Preliminary reactions were run to test the pH effects on the histidine variants from 

this study for two reasons; first, to see if a change in pH would alter the substrate 

specificity of these variants. More specifically, we wanted to see if the degree to which 

one variant preferred sTyr/pTyr would vary with pH. Secondly, since histidine residues 

may interact with other amino acids in several different ways, we monitored the effects of 
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pH on substrate cleavage to help us understand the results we observed in previous 

sections.  

In addition to aforementioned incubations in MES buffer at pH 6.2, the 

proteolytic efficiency and substrate specificity of variants with histidine mutations (27H, 

172H, 174H, 223H, and 263H OmpT) were also evaluated in 50 mM β,β’-

dimethylglutaric acid (DMG) buffer with 50 μM TCEP at pH 4.4, 6.2, and 7.6. Product 

cleavage was monitored by HPLC as before, and the pH effects on each variant were 

analyzed.  

 

Results for the pH effects on histidine variants 

Control incubations with no enzyme added showed no detectable cleavage 

products for any of the peptides even after 20 hours. Figure 64 displays the percent sYR 

substrate cleavage by 27H, 172H, 174H, 223H, 263H, and sTyr OmpT variants at pH 4.4, 

6.2, and 7.6 following 14 hr incubations (Table 9). All six variants were least active at pH 

4.4. Percent cleavage values for sTyr, 27H, 172H, 174H, 223H, and 263H were as 

follows: 85.2, 7.7, 0.0, 23.4, 0.0, and 0.0 at pH 4.4; 100, 100, 69.1, 100, 85.6, and 23.4 at 

pH 6.2; 100, 91.5, 67, 100, 94.9, and 0.9 at pH 7.6.    

In Figure 65 the percent cleavage results for 14 hr incubations with sYR, are 

compared to pYR cleavage results for each variant in identical incubation conditions. No 

detectable pYR cleavage products were observed for any of the variants at pH 4.4, and 

variants 172H and 263H showed no detectable pYR cleavage in DMG buffer at any pH 

tested. The remaining four variants all displayed the most cleavage of pYR at pH 6.2, 

compared to pH 4.4 or 7.6. Variants sTyr, 27H, 174H, and 223H cleaved 37.3, 59.2, 30.4 

and 2.3% of the pYR peptide at pH 6.2; and 7.1, 20.4, 11.5, and 0.0% of pYR at pH 7.6.  
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Figure 64. Percent sYR cleavage by histidine variants at pH 4.4, 6.2 and 7.6. 

The sYR peptide was incubated with variants 27H, 172H, 174H, 223H, 263H, and sTyr 

OmpT in  50 mM β,β’-dimethylglutaric acid buffer with 50 μM TCEP (150 nM enzyme 
and 300 µM peptide) for 14 hours. Percent cleavage was determined by reverse phase 

HPLC. Each value displayed in this chart is the average of 3 results from 3 separate 

reactions. All six variants were least proteolytically efficient at pH 4.4.  
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Figure 65. sYR and pYR cleavage by histidine variants at pH 4.4, 6.2, and 7.6.  

Incubations were carried out in DMG buffer with 150 nM enzyme and 300 μM peptide. 
All variants cleaved pYR more efficiently at pH 6.2 than at pH 4.4 or 7.6 in DMG buffer.  

 

The pH effects on the proteolytic activity of histidine variants was also examined 

at shorter incubation times. Figure 66 displays the percent sYR cleavage observed 

following 2 hr incubations in DMG buffer at pH 4.4, 6.2, and 7.6 with 100 nM enzyme 

and 300 μM peptide. Variants sTyr OmpT and 174H cleaved 3.2 and 0.8% of sYR at pH 

Substrate Cleavage by Histidine Variants at pH 4.4, 6.2, & 7.6
14 hour incubations
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4.4, yet none of the other variants showed any detectable cleavage at this pH. Percent 

sYR cleavage values for sTyr, 27H, 172H, 174H, 223H, and 263H were 89.6, 89.1, 7.4, 

93.7, 31.7, and 2.2, respectively at pH 6.2; and 96.2, 41.3, 18.3, 88.3, 30.7, and 1.8, 

respectively at pH 7.6.  

Finally, the effects of buffer composition are compared in Figure 67. This figure 

displays the sYR and pYR cleavage results for all six variants in MES and DMG buffer 

solutions at pH 6.2 following 14 hour incubations. All variants were more proteolytically 

efficient in MES buffer than in DMG buffer.    

 

 
Figure 66. sYR cleavage by histidine variants at pH 4.4, 6.2, & 7.6 – 2 hr incubations.  

Incubations were carried out in DMG buffer at pH 4.4, 6.2, and 7.6 with 100 nm enzyme 
and 300 μM peptide. Percent cleavage values are the average of three individual 

incubations. All variants showed little to no cleavage at pH 4.4. 172H and sTyr OmpT 

cleaved more of the sYR peptide at pH 7.6 than 6.2. All other variants had the highest 
percent cleavage of sYR at pH 6.2.  
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Figure 67. sYR cleavage by histidine variants in MES vs. DMG at pH 6.2.  

Incubations consisted of 150 nM enzyme and 300 μM peptide. All variants were more 

proteolytically efficient in MES buffer than DMG buffer.    

 

Note, upon final analysis of the HPLC traces for variant 27H, we noticed that 

there was a slight shift in the peak for the suspected uncleaved pYR and sYR peptides in 

DMG buffer at pH 6.2 and 7.6, but not 4.4. Extensive analysis of the data and a 

comparison of these plots to those for the uncleaved peptide advocate that the reported 

results are valid. However, future HPLC and Mass Spec analysis should be preformed to 

confirm these findings.  
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Discussion for the pH effects on histidine variants 

pH effects on enzyme activity and substrate specificity 

An analysis of protease cleavage by the histidine variants from this study at pH 

4.4, 6.2, and 7.6 showed that all variants were least catalytically efficient with sYR and 

pYR at pH 4.4, and all variants (that showed detectable cleavage of pYR) cleaved pYR 

most efficiently at pH 6.2 over pH 7.6. Conversely, the optimal pH for sYR cleavage 

differs among the different variants. Interestingly, the sTyr OmpT is more catalytically 

efficient with its preferred substrate, sYR, at pH 7.6 over pH 6.2 (the catalytically optimal 

pH for wild type OmpT). Additionally, sTyr OmpT is more specific for sTyr-containing 

peptides over pTyr-containing peptides at pH 7.6 than at pH 6.2.  

The lower catalytic activity observed for all variants at pH 4.4 may be attributed 

to dimer formation of OmpT as was seen by Kramer et al. at pH 4.0 (L.Vandeputte-

Rutten & R. A. Kramer, unpublished data; Kramer et al., 2002). It is expected that the 

OmpT variants would have some activity at pH 7.6, since the pKa values for wild type 

OmpT are ~5.6 and 7.5 (due to the catalytic histidine residue at position 212) (Kramer et 

al., 2000a). However, it is surprising that some variants, including the sTyr OmpT 

variant, had a higher optimal pH than wild type.   

The pKa of free pTyr for the transition from the -2 state to the -1 state is ~5.8-6.1 

and the pKa of the sulfate group on sTyr is ~ 4.5 (Hoffmann et al., 1994; Jones and 

Dodgson, 1965). Therefore, in the incubations carried out at pH 6.2, a significant 

percentage of pTyr residues may be in their -1 state, but in incubations carried out at pH 

7.6, pTyr would likely be more prevalent in its -2 state. Since the pKa of sTyr is much 

lower than the pH in either incubation (i.e pH 6.2 and 7.6), the sTyr residue on sYR 

would remain primarily in its -1 state in both.  
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Therefore, the observed shift in the optimal pH of sTyr OmpT to favor more 

alkali conditions is likely due to the influence of one or more mutated residues on the 

enzyme, whereas the improvement in substrate specificity (i.e. to favor sTyr over pTyr) 

may be due to the charge state of the substrate.  

These results are interesting because they help us understand how sTyr OmpT 

discriminates for sulfated over phosphorylated tyrosine residues. Furthermore, these 

results are useful for future work with this enzyme (e.g. by improving reaction conditions 

for use in proteomics, and further engineering of substrate specificity).   

 In addition to the histidine variants, some of the other variants from this study 

were also tested in DMG buffer at pH 4.4, 6.2, and 7.6 for comparison (data not shown). 

One interesting result obtained from these incubations was that variant 172R cleaved 

~25% of the sYR peptide at pH 7.6. This result is noteworthy since variant 172R only 

cleaved ~3% of the sYR peptide after identical incubations in MES (pH 6.2). Likewise 

there was no detectable cleavage of sYR at either pH 6.2 or 4.4 in DMG buffer. Variants 

172K and possibly 172H also cleaved sYR more efficiently at pH 7.6 than pH 6.2 or 4.4 

in DMG buffer (variant 172H showed more cleavage of sYR at pH 7.6 over 6.2 in shorter 

reactions, but in longer reactions cleavage was about even in both conditions).  

As previously mentioned, Tyr 172 is part of a putative hydrogen bonding network 

that may stabilize key active site residues (Figure 45), and the fact that it is conserved in 

all omptin proteins in the alignment displayed in Figure 18, suggests that the identity of 

this residue might be quite important for optimal activity. A mutation from Tyr to 

Arg/Lys (and to a lesser extent His) shifts the pH optimum of the enzyme to favor a more 

alkali environment. Therefore, the charged character and the ionized state of the amino 

acid at position 172 may contribute to enzyme activity and pH tolerance.  
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Buffer effects on enzyme activity 

At pH 6.2, sTyr OmpT and all other variants tested in this study were less active 

in the DMG buffer solution than in the MES buffer solution (Figure 67). There are a 

couple of ostensible explanations for these results: the difference in buffer and/or the 

presence/absence of a metal chealator. It is well known that the choice of buffer can 

impact the structural stability and activity of proteins (Ugwu and Apte, 2004); in fact 

sodium acetate buffer inhibits OmpT activity (Sugimura and Nishihara, 1988). OmpT 

activity has not been tested in β,β’-dimethylglutaric acid buffer, so it is unclear whether 

this was the cause of all or some loss of activity in these incubations. 

Barrett et al. report that EDTA has no effect on enzyme activity (Barrett et al., 

2004). However, studies by Rutten (2003) and Sugimura and Nishihara (1988) report 

otherwise. Although it is unclear whether the drop in protease activity is due to the 

different buffering agent, an absence of EDTA, or a combination of both, our results for 

the OmpT variants we tested seem to line up with the assertions made by Rutten and 

Sugimura and Nishihara, that EDTA is necessary for optimal activity (at least in the 

mutants we studied).  

Transition metal ions (Co
2+

, Zn
2+

, Cu
2+

 and Ni
2+

) are considered borderline acids, 

and are attracted to certain amino acid residues over others based on hard soft acid and 

base (HSAB) principles. These ions have a particular affinity for soft bases (such as 

cysteine) and borderline bases (residues with aromatic nitrogen atoms such as tryptophan 

and histidine), yet they have the strongest affinity for histidine (Arnold, 1991; Arnold and 

Haymore, 1991; Remko et al., 2010; Ueda et al., 2003). This may explain why the 

catalytic activity of variant 27H was affected to a greater extent than the sTyr variant in 

MES verses DMG buffer solutions.  
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Furthermore, Rutten determined two crystal structures of wild type OmpT each in 

complex with two Zn
2+

 ions (Rutten, 2003). In the first structure one Zn
2+

 ion was 

situated between Asp208 and Glu 27, and the other was between Asp 83 and Asp 85. In 

the second structure, one Zn
2+

 was positioned between Asp 83 and Asp 210, and the other 

was located between Asp 208 and Gln 174 (Rutten, 2003). It seems reasonable that 

substituting Phe for His, a residue with stronger metal ion affinity, at position 27, a 

position where Zn
2+

 ion complexes have previously been observed in OmpT, would 

result in an enzyme with greater affinity for Zn
2+

 and therefore greater inhibition in the 

absence of a metal chelating agent.  

 

 

9. Summary, Conclusions, and Future Directions 

9.1 SUMMARY OF IMPORTANT RESULTS AND CONCLUSIONS 

Observations and conclusions from mutagenesis studies 

In an attempt to engineer a protease that would favor pTyr-containing proteins 

over sTyr-containing proteins, we mutated five residues surrounding the sTyr binding site 

of a sTyr-selective protease. The targeted residues were each mutated to Arg, Lys, and 

His in order to increase the positive charge around the sTyr-binding site and stabilize the 

added negative charge on pTyr. Surprisingly, our attempts to alter specificity via this 

rational design method were unsuccessful. We did, however, learn some interesting, 

useful information about many residues surrounding the S1 subsite of OmpT as well as 

methods of sTyr selection in the sTyr OmpT variant.  

First, we determined that the size of the sTyr binding pocket in sTyr OmpT is 

probably too small to accommodate a larger amino acid substitution and accommodate 
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phosphotyrosine as well. Although an extra positive charge at the S1 subsite would likely 

provide a more favorable pocket for pTyr (in regard to charge stabilization), steric 

hindrance, due to a bulkier mutated residue, probably prevented docking at several 

targeted sites.   

We also determined that the optimal pH of the sTyr variant is shifted to a more 

alkali pH as compared to wild type OmpT. Additionally, found that the sTyr variant has a 

higher substrate specificity for sTyr-containing peptides over pTyr-containing peptides at 

pH 7.6 as compared to pH 6.2. This result likely indicates that sTyr specificity is 

mediated at least to some degree by the charge state of sTyr and pTyr residues. As we 

saw with the sTyr OmpT variant, phosphotyrosine binding in SH2 domains is also pH 

dependent. Likewise, the changes in binding affinity that are observed with variations in 

pH of the solvent are expected to arise from the different charge states of the pTyr 

peptide. One study found that the binding energy was 1.8 kcal/mol more favorable for 

pTyr binding in the -2 state than in the -1 state. This corresponds to a 20-fold greater 

affinity for pTyr in the -2 state (de Mol et al., 2002).  

Charged amino acids are commonly found at the active sites of enzymes (Kumar 

et al., 2011) and are consequently common mutational targets in enzyme engineering. 

These residues can also contribute largely to the pH profile of an enzyme (Mullaney et 

al., 2002). Thus, it is likely that many “improved” variants may be missed because the 

screening/selection conditions are not optimal for that particular variant. This issue 

should be considered in the future engineering of OmpT, as well as other enzymes.  

Additionally, we found that a mutation from Phe to His at position 27 resulted in a 

more catalytically efficient, less selective protease at pH 6.2. The loss of selectivity in 

this variant is likely due to one of two things: 1) hydrogen bond formation between His 
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and the phosphate group of pTyr in its -1 state, or 2) protonated His stabilizing the extra 

negative charge on pTyr in its -2 state (Figure 68).  

 

 

 

Figure 68. pTyr-docked in the S1 subsite of variant 27H. 
Putative S1 subsite residues are shown as lines and the pTyr-containing peptide is shown 

as spheres. Arg208 probably helps stabilize the negative charge on the phosphate group 
of pTyr. His27, Thr 263, and Ser 223 are also predicted to contact the phosphate group on 

pTyr when docked in S1 subsite. Modeling of variant 27H OmpT and substrate docking 

were preformed as previously described in the text. 

 

 

The mutation from phenylalanine to histidine at position 27 shifted the pH 

optimum of this variant to favor a more acidic environment than the sTyr variant and 

narrowed the enzyme’s tolerance for fluctuations in pH. The function of histidine 

residues are often uniquely dependent on pH and enzymes with histidine mutations 

frequently demonstrate unusual pH profiles (Bauman et al., 2011; Hitomi et al., 2001; 
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Kohzuma et al., 1999; Singer and Forman‐Kay, 2008). It would be interesting to 

analyze the substrate specificity of variant 27H at a range of acidic pH values closer to 

the optimal pH of wild type OmpT than those that were chosen for this study.  

Additionally, a mutation to Lys at position 27 decreased substrate binding affinity 

and a mutation to Arg seemingly abolished proteolytic activity. Therefore it is likely that, 

in addition to interacting directly with pTyr/sTyr, His also plays a structural role in the 

pTyr/sTyr binding site. Modeling analysis of the mutation shows that Phe27 and His27 

orient similarly in both variants, further substantiating this projected structural role.  

Through our mutagenesis studies with sTyr OmpT, we also determined that the 

residue at position 263 (and possibly residue 223) can effect the substrate specificity of 

OmpT at both P1 and P2 positions on the peptide. Residues such as Thr 263, which can 

influence substrate specificity at more than one site, can obfuscate mutagenesis results, 

especially in multiple mutation variants. Recognizing the role of Thr 263, in reference to 

substrate specificity at P1 and P2 residues, will aid in designing novel OmpT variants.   
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Figure 69. Putative peptide binding sites in sTyr OmpT.  
Thr 263 (purple) is situated between the putative S1 (red) and S2 (blue) subsites of 
OmpT. Catalytic residues are indicated in green and the putative S1’ and S2’ subsites are 

indicated in orange and yellow, respectively.  

  

Observations from in silico studies with OmpT 

In addition to the site-directed mutagenesis studies performed in this research, we 

also performed an extensive examination of the sTyr OmpT active site via in silico 

methods. We analyzed the mutations made in this variant as well as other OmpT variants 

and did a comparative analysis of these results. In the sTyr OmpT variant methionine at 

position 87 is mutated to arginine. Met87 lies on loop 2 between Asp97 of the putative 

S1’ subsite, where the P1’ Arg residue docks, and Val59 of the putative S2 subsite. 

Although this residue is not in the putative S1 site, it is possible that Arg helps to “grab” 

substrates with negatively charged residues. Future engineering endeavors may benefit 

from targeting other residues on the outer loops of OmpT in order to influence proteolytic 
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activity with novel substrates. The mutations Y221A and V29A likely make room for a 

larger residue in the S1 subsite. Furthermore, molecular dynamics studies show that the 

mutation from Ile to His at position 282 is probably important for positioning Arg 208 for 

substrate binding. His 282 is located behind Arg 208 (looking down the β-barrel), and 

when His was substituted back to an Ile in molecular dynamics studies, Arg 208 pointed 

away from the active site in ~50% of the models.   

Interestingly, in molecular dynamics models lacking LPS, Lys 217 formed a 

strong hydrogen bond with Ser 151. These models were not used for substrate docking 

since LPS is required for OmpT activation; however, the observation was interesting 

given the likely importance of this residue in catalysis. An OmpT variant with mutations 

G216K and K217G displayed roughly three-fold lower affinity for the substrate (Kramer 

et al., 2000b). Furthermore, Lys217 has been implicated in possibly playing a role in 

catalysis by stabilizing the catalytic intermediate (Eren et al., 2010). The functional 

significance of this possible interaction is not clear; however, since this residue is by 

some means important for optimal activity in OmpT, it is worth mentioning these results.  

 

9.2 FUTURE DIRECTIONS: ENGINEERING A PTYR-SELECTIVE VARIANT 

Most pTyr-selective enzymes, that successfully discriminate against sTyr 

residues, possess two positively charged residues at the pTyr-binding site. Thus, altering 

the substrate specificity of sTyr OmpT to select for pTyr residues will likely require the 

addition of a positive charge at the P1 binding site.  

However, upon close examination of the P1 binding pocket, one will see that 

there are few options of residues to target that would not decrease the size of the pocket 

upon mutation to Arg, Lys, or His. Molecular modeling and substrate docking performed 
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in this study reveal that the P1 sTyr residue fits snuggly in the S1 subsite, and any 

residues that could potentially contact pTyr when mutated (to either Arg, Lys, or His) 

without significantly decreasing the size of the binding pocket, were either already 

targeted in this study or are essential for catalysis (i.e. part of a key catalytic dyad). 

Therefore, adding a positive charge in an optimal position to contact the phosphate group 

of pTyr in the P1-binding site will likely require the incorporation of an unnatural amino 

acid. The use of unnatural amino acids to successfully alter substrate specificity has been 

demonstrated (Mehta et al., 2011), and improved methods for the incorporation of 

unnatural amino acids makes protein engineering with such residues feasible and 

worthwhile (Link et al., 2003; Singh-Blom et al., 2013).  

Analyzing the probable interactions that form between His 27 and the phosphate 

group of pTyr helps illustrate how pTyr docks in the S1 subsite of this variant. 

Furthermore, this information helps us home in on which residues would be beneficial to 

target in future engineering endeavors.  From our analysis, Ala 280, Ala 221, Ser 223, 

and Thr 263 all seem like promising positions for substituting a relatively small, 

positively charged amino acid, such as 2; 3-diaminopropionic acid (Dpr). The size of Dpr 

is similar to that of serine and when incorporated into a protein, it is projected to be 

primarily in its protonated form at neutral pH (Lougheed et al., 2004). As stated earlier, 

Phe/His27 may play an important structural role in the S1 subsite. However, given the 

success we had in somewhat altering specificity at this position by a mutation to His, it 

may be beneficial to try incorporating Dpr at this position as well (in addition to the four 

sites previously mentioned).  
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 9.3 CONCLUDING REMARKS 

Although we did not successfully accomplish our first goal, to engineer an OmpT 

variant selective for cleaving phosphotyrosine substrates, we did successfully accomplish 

our second goal, to enhance our understanding of OmpT and specifically the sTyr variant. 

Furthermore, these findings should aid future efforts to engineer novel highly selective 

and specific OmpT variants including a phosphotyrosine specific variant.  

In addition, the results from this study reiterate the complexity of enzyme-

substrate interactions that mediate substrate specificity. Our design approach was to 

mimic the selection strategies of the most selective phosphoryl-specific enzymes. The 

sTyr OmpT variant, recently engineered in our lab, prefers sTyr-containing substrates; 

yet, it will also hydrolyze pTyr-containing substrates at a much slower rate. In order to 

alter the substrate specifity of the sTyr variant to favor this promiscuous side reaction, 

amino acid substitutions were made around the sTyr recognition site to increase the 

positive charge at that site. Results from previous mutagenesis experiments with OmpT 

as well as extensive modeling and substrate docking were used to identify residues for 

mutagenesis. Even so, all catalytically efficient variants retained their substrate 

preference (sTyr-containing peptides over pTyr-containing peptides). Thus, it is evident 

that fine-tuning substrate specifity in some enzymes requires complex changes to the 

active site that are either beyond the scope of current rational design methods or will 

require multiple rounds of mutagenesis and analysis. The foremost limitations of rational 

design ensue from an inadequate understanding of amino acid structure-function 

relationships and enzyme-substrate interactions in the context of a dynamic, flexible 

enzyme. This is largely the case for enzymes such as OmpT, where the crystal structure is 

of an inactive form of the enzyme. Molecular dynamics studies give us more information 
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about the possible active form of this enzyme, but mutagenesis studies are required in 

order to validate these in silico studies.  

We previously discussed the advantages and limitations of random mutagenesis 

and semi rational design methods, which require little or no previous knowledge of the 

active site. Random mutations allow for variants with beneficial synergistic mutations 

and other hard-to-predict mutations to be isolated; yet, resultant enzymes are often 

plagued with elevated catalytic promiscuity. Furthermore, the shortcomings of directed 

evolution arise primarily from inadequate methods for screening or selection. As we saw 

in this study, it is not only beneficial to study a large number of variants, it is also 

important to study them in various environmental conditions.  

Therefore, fine-tuning substrate specificity may require multiple rounds of 

engineering in which random mutagenesis approaches and rational design are alternated, 

rather than combined as they are in semi rational design. Random mutagenesis would 

allow unexpected and synergistic mutations to be acquired, while rational design would 

allow isolated, improved variants to be studied more thoroughly through mutagenesis and 

analysis similar to that performed in this study.  
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Appendix – Additional Tables and Figures 

 

 

Contents of Appendix 

 

Table – Forward oligonucleotides used for the gene assembly of sTyr OmpT 

 

Table – Reverse oligonucleotides used for the gene assembly of sTyr OmpT 

 

Figure - Predicted secondary structure and solvent accessibility for residues in the 172K 

variant. 

 

Figure - Sequence alignment of ompT of E. coli, ompP of E. coli, icsP of S. flexneri, 

ompC of E. coli, sopA of S. flexneri, pgtE of S.typhimurium, and pla of Y. pestis. 
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Forward Oligonucleotides for sTyr OmpT  
 

 

1F. 5’-CCGGGAATTCACCATGCGGGCGAAACTTCTGGGAATAGTC-3’ 

2F. 5’-CTGACAACCCCTATTGCGATCAGCTCTTTTGCTTCTACC-3’ 

3F. 5’-GAGACTTTATCGTTTACTCCTGACAACATAAATGCG-3’ 

4F. 5’-GACATTAGTCTTGGAACTCTGAGCGGAAAAACAAAATTCC-3’ 

5F. 5’-GTGCATATCTAGCCGAAGAAGGAGGCCGAAAAGTCAGTCAACTC-3’ 

6F. 5’-GACTGGAAATTCAATAACGCTGCAATTATTAAAGGTG-3’ 

7F. 5’-CAATTAATTGGGATTTGATGCCCCAGATATCTATCGGGGCTG-3’ 

8F.. 5’-CTGGCTGGACAACTCTCGGCAGCCGAGGTGGCAATATGGTC-3’ 

9F. 5’-GATCAGGACTGGCGCGATTCCAGTAACCCCGGAACCTGGAC-3’ 

10F.5’-GGATGAAAGTAGACACCCTGATACACAACTCAATTATGC-3’ 

11F.5’-CAACGAATTTGATCTGAATATCAAAGGCTGGCTCCTCAAC-3’ 

12F.5’-GAACCCAATTGCCGCCTGGGACTCATGGCCGGATATCAG-3’ 

13F.5’-GAAAGCCGTTATAGCTTTACAGCCAGAGGTGGTTCCTATATC-3’ 

14F.5’-TACAGTTCTGACGAGGGATTCAGAGATGATATCGGCTCCTTC-3’ 

15F.5’-CCGAATGGAGAAAGAGCAGTGGGCTACAAACAACGTTT-3’ 

16F.5’-TAAAATGCCCTACATTGGCTTGACTGGAAGTTATCGTTAT-3’ 

17F.5’-GAAGATTTTGAACTCGGTGGCACATTTAAATACAGCGG-3’ 

18F.5’-CTGGGTGGAATCATCTCGGAACGATGAACACTATGACCCG-3’ 

19F.5’-GGAAAAAGAATCACTGCCCGCAGTAAGGTCAAAGACCAAAAT-3’ 

20F.5’-TACTATTCTGTTGCAGTCAATGCAGGTTATTACGTCACAC-3’ 

21F.5’-CTAACGCAAAAGTTTATGTTGAAGGCGCATGGAATCGG-3’ 

22F.5’-GTTACGAATAAAAAAGGTAATACTTCACTTTATGATCACAAT-3’ 

23F.5’-AATAACACTTCAGACTACAGCAAAAATGGAGCAGGTCACG-3’ 

24F.5’-AAAACTATAACTTCATCACTACTGCTGGTCTTAAGTACAC -3’ 

 

Table 12. Forward oligonucleotides used for the gene assembly of sTyr OmpT  
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Reverse Oligonucleotides for sTyr OmpT  

 

 

1R. 5’- GCAATAGGGGTTGTCAGGACTATTCCCAGAAGTTTCG-3’ 

2R. 5’- GAGTAAACGATAAAGTCTCGGTAGAAGCAAAAGAGCTGATC-3’ 

3R. 5’- CGCTCAGAGTTCCAAGACTAATGTCCGCATTTATGTTGTCAG-3’ 

4R. 5’- CCTCCTTCTTCGGCTAGATATGCACGGAATTTTGTTTTTC-3’ 

5R. 5’- CGTTATTGAATTTCCAGTCGAGTTGACTGACTTTTCGG-3’ 

6R. 5’- GGGCATCAAATCCCAATTAATTGCACCTTTAATAATTGCAG –3’ 

7R. 5’- CTGCCGAGAGTTGTCCAGCCAGCAGCCCCGATAGATATCTG-3’ 

8R. 5’- GAATCGCGCCAGTCCTGATCGACCATATTGCCACCTCGG–3’ 

9R. 5’- GGTGTCTACTTTCATCCGTCCAGGTTCCGGGGTTACTG-3’ 

10R. 5’- ATATTCAGATCAAATTCGTTGGCATAATTGAGTTGTGTATCAG-3’ 

11R. 5’- CCAGGCGGCAATTGGGTTCGTTGAGGAGCCAGCCTTTG-3’ 

12R. 5’- CTGTAAAGCTATAACGGCTTTCCTGATATCCGGCCATGAGTC-3’ 

13R. 5’- AATCCCTCGTCAGAACTGTAGATATAGGAACCACCTCTGG-3’ 

14R. 5’- CTCTTTCTCCATTCGGGAAGGAGCCGATATCATCTCTG-3’ 

15R. 5’- CCAATGTAGGGCATTTTAAAACGTTGTTTGTAGCCCACTG-3’ 

16R. 5’- CCACCGAGTTCAAAATCTTCATAACGATAACTTCCAGTCAAG-3’ 

17R. 5’- GTTCCGAGATGATTCCACCCAGCCGCTGTATTTAAATGTG-3’ 

18R. 5’- CGGGCAGTGATTCTTTTTCCCGGGTCATAGTGTTCATC-3’ 

19R. 5’- CATTGACTGCAACAGAATAGTAATTTTGGTCTTTGACCTTACTG-3’ 

20R. 5’- CTTCAACATAAACTTTTGCGTTAGGTGTGACGTAATAACCTG-3’ 

21R. 5’- TGAAGTATTACCTTTTTTATTCGTAACCCGATTCCATGCGC-3’ 

22R. 5’- CTGTAGTCTGAAGTGTTATTATTGTGATCATAAAG-3’ 

23R. 5’- AGTGATGAAGTTATAGTTTTCGTGACCTGCTCCATTTTTG-3’ 

24R. 5’- AACAGCCAAGCTTTTAAAATGTGTACTTAAGACCAGCAGT-3’ 
 

Table 13. Reverse oligonucleotides used for the gene assembly of sTyr OmpT 

 

Forward and reverse oligonucleotides for the gene assembly of the sTyr OmpT 

variant are given in Table 12 and Table 13, respectively. Oligonucleotides were designed 

as previously described by Varadarajan et al. (2009b) with changes made so that the 

nucleotide sequence corresponds to that of the sTyr OmpT variant (Varadarajan et al., 

2008a). 
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Figure 70. Predicted secondary structure and solvent accessibility for 172k variant 

 

Figure 70 above shows the predicted secondary structure and solvent accessibility 

for residues in the 172K variant. Boxed regions indicate changes due to the tyrosine to 

lysine substitution. Purple boxes indicate regions with changes in secondary structure, 

yellow and red boxes indicate regions with lower and higher solvent accessibility, 

respectively (as compared to the sTyr OmpT variant). Results were determined using 

SABLE.  
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Figure 71. Omptin Sequence Alignment #1 
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Figure 71 on the previous page shows the sequence alignment of ompT of E. coli, 

ompP of E. coli, icsP of S. flexneri, ompC of E. coli, sopA of S. flexneri, pgtE of 

S.typhimurium, and pla of Y. pestis. The sequence alignment was constructed using 

ClustalW2 (Larkin et al., 2007), and sequences were obtained from SWISS-PROT and 

GenBank databases (Benson et al., 2011; Artimo et al., 2012). 

 

 

 

 

 

.  
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