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Abstract 

Over the years, the view on proteases as relatively non-specific protein 
degradation enzymes, mainly involved in food digestion and intracellular protein 
turnover, has shifted and they are now recognized as key regulators of many 
biological processes that determine the fate of a cell. Besides their biological role, 
proteases have emerged as important tools in various biotechnical, industrial and 
medical applications. At present, there are worldwide efforts made that aim at 
deciphering the biological role of proteases and understanding their mechanism 
of action in greater detail. In addition, with the growing demand of novel protease 
variants adapted to specific applications, protease engineering is attracting a lot of 
attention. 
 
With the vision of contributing to the field of protein science, we have developed 
a platform for the identification of site-specific proteolysis, consisting of two 
intracellular genetic assays; one fluorescence-based (Paper I) and one antibiotic 
resistance-based (Paper IV). More specifically, the assays take advantage of 
genetically encoded short-lived reporter substrates that upon cleavage by a 
coexpressed protease confer either increased whole-cell fluorescence or antibiotic 
resistance to the cells in proportion to the efficiency with which the substrates are 
processed. Thus, the fluorescence-based assay is highly suitable for high-
throughput analysis of substrate processing efficiency by flow cytometry analysis 
and cell sorting, while the antibiotic resistance assay can be used to monitor and 
identify proteolysis through (competitive) growth in selective media.  
 
By using the highly sequence specific tobacco etch virus protease (TEVp) as a 
model in our systems, we could show that both allowed for (i) discrimination 
among closely related substrate peptides (Paper I & IV) and (ii) enrichment and 
identification of the best performing substrate-protease combination from a 
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background of suboptimal variants (Paper I & IV). In addition, the fluorescence-
based assay was used successfully to determine the substrate specificity of TEVp 
by flow cytometric screening of large combinatorial substrate libraries (Paper II), 
and in a separate study also used as one of several methods for the 
characterization of different TEVp mutants engineered for improved solubility 
(Paper III).  
 
We believe that our assays present a new and promising path forward for high-
throughput substrate profiling of proteases, directed evolution of proteases and 
identification of protease inhibitors, which all are areas of great biological, 
biotechnical and medical interest.  
 
Keywords: proteases, flow cytometry, GFP, CAT, protein engineering, ssrA, 
ClpXP, tobacco etch virus, TEV, site-specific, high-throughput, selection, 
proteolysis, libraries  
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Σα βγεις στον πηγαιµό για την Ιθάκη, 

να εύχεσαι νά’ναι µακρύς ο δρόµος, 

γεµάτος περιπέτειες, γεµάτος γνώσεις. 

 

When you set sail for Ithaca, wish for the road to be long, full of adventures, full of knowledge. 

 

From the poem Ithaca by Konstantinos Kavafis 
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A constant quest 

For ages, man has strived to find an answer to what is the essential unit of life. 
Numerous theories have been presented through the past but the impact of most 
of them have faded a long time ago. For instance, although Empedocles’ (430 
BC) belief that every living thing is a combination of four eternal elements (earth, 
wind, fire, water) was widespread for centuries, it is considerably distant from the 
current conception of a living organism's fundamental components [1].  

It took more than two thousand years since Empedocles until someone could 
take a closer look at living organisms. It was first in 1665 that Robert Hooke 
described how his homemade microscope enabled him to distinguish tiny 
structures resembling monastery cells in a sliver of cork. Less than a decade after 
Hooke’s discovery, Antony van Leeuwenhoek published the initial observation of 
single cell organisms in a series of letters to The Royal Society of London for the 
Improvement of Natural Knowledge. Subsequent advances in microscopy, 
allowed scientists to affirm the significant role of cells in living organisms and 
prove that cells are capable of growing, dividing, maturing and reacting to 
environmental stimuli. Eventually, based on the earlier work of Theodor Schwann 
and Matthias Jakob Schleiden, Rudolf Virchow established in 1858 that cells are 
the smallest building blocks of life. In addition, Virchow claimed that every cell 
originates from a pre-existing cell, hence laying the ground for the modern cell 
theory [1]. 

Most of plants and animals are composed of a variety of cell types, each 
specialized in particular tasks. All the same, every cell is involved in a complex 
interplay with other cells in order to sustain a functional organism. What controls 
the processes in a cell and thereby its behavior, was a mystery for long. In 1869, 
Friedrich Miescher extracted and described new molecules from the nuclei of 
white blood cells, which he collectively named nuclein. Among these molecules 
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was what we today know as DNA [1]. Despite the extensive research of Miescher 
and succeeding colleagues, the function of DNA remained unknown until the 
early 1940s. The first step towards an answer came when George Beadle and 
Edward Tatum exposed the bread mold Neurospora crassa to X-rays in a range of 
experiments with the ambition to acquire more knowledge on gene action. Their 
observations, suggesting a direct connection between genes and proteins, were 
published in 1941 and paved a new path forward in understanding how genes 
regulate different cellular processes [2]. In February 1944, at a time when the 
genetic information was still believed to be concealed in proteins, a study 
published in the Journal of Experimental Medicine revolutionized the perspective 
of DNA. Oswald Avery together with his co-workers Colin Macleod and Maclyn 
McCarty were the first to publish data proving DNA as the carrier of genetic 
material [3]. Subsequent work of Alfred Hershey and Martha Chase confirmed the 
important function of DNA [4].  

Biological science entered a new era when James D. Watson and Francis Crick 
came across an extraordinary image taken by Rosalind Franklin and Raymond 
Gosling. Photo 51, an X-ray diffraction image of DNA, provided the final clues 
needed for Watson and Crick to make one of the greatest discoveries in history. 
Inspired by Photo 51 and earlier correspondence with Erwin Chargaff on DNA 
base pairing, Watson and Crick could describe the double helical form of DNA. 
Nature magazine published in 1953 Watson and Crick’s suggested DNA structure 
along with a series of articles supporting their hypothesis [5-7]. Instantly after the 
DNA structure became public, researchers rushed to interpret the genetic code. 
This scientific race did not only result in the deciphering of the code of life in 
1966, but also brought on important insights into DNA and RNA function [8-10]. 
During the same epoch, Crick also emphasized the fundamental link between 
DNA, RNA and proteins by formulating the central dogma of molecular biology 
in 1957, which he later revised in 1970 [11,12] (Figure 1 describes the central 
dogma of molecular biology).  
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As a result of the immense scientific focus on DNA structure and function, the 
development of methods for DNA manipulation has attracted a growing interest 
since the 1950s. But it was not until the early 1970s that successful efforts made 
earlier on the isolation and characterization of enzymes involved in DNA 
synthesis and modification, finally lead to major breakthroughs in the field of 
genetic engineering [13-15]. In 1974, unlike other proposed methods for DNA 
recombination [16-18], Herbert Boyer and Stanley Cohen demonstrated for the 
first time that it was possible to cleave DNA molecules using restriction 
endonucleases and thereafter recombine the desired fragments with DNA ligase. 
Furthermore, Boyer and Cohen went a step further and used their recombinant 
DNA technique to introduce genes from different organisms into plasmid 
pSC101 and successfully used it to express the corresponding recombinant 
proteins in Escherichia coli (E. coli) [19,20]. Only a few years after the birth of 
recombinant DNA technology, the first human protein, insulin, was 
recombinantly produced in E. coli in the laboratories of Genentech, a company 
founded by Boyer [21]. 

We have, since the groundbreaking initial attempts to produce proteins by 
recombinant means in heterologous host systems, moved a long way and can now 
engineer proteins, cellular pathways as well as whole organisms to meet the needs 
of particular applications. In fact, with the knowledge gained and recent technical 
improvements made, we have now even reached a stage where we can see the 
first steps towards whole de novo designed organisms [22]. 

 

Figure  1.  The  central  dogma  of  molecular  biology  describing  the  simple  and  ingenious 

connection between DNA, RNA and proteins. 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Proteins 

Protein history goes all the way back to the beginning of 19th century. Proteins’ 
characteristic to precipitate upon heat or acid treatment facilitated their isolation 
and analysis in the early days of protein science. Pioneering studies on fibrin, 
albumin, ovalbumin and hemoglobin performed by Gerardus Johannes Mulder 
suggested that all these molecules shared the same chemical composition. 
Mulder’s collaborator, Jöns Jakob Berzelius, named this group of biological 
substances to proteins in 1838. The term protein chosen by Berzelius, which means 
substances of primary importance in Greek, stressed the vital mission of these 
molecules [1,23]. Still, proteins significance was not acknowledged until 1926. It 
was first then that James Sumner crystallized the enzyme urease and by 
subsequent chemical analysis determined that it actually was a protein [24].  

Today, proteins are accepted as essential members of every process in a living 
organism. Some are responsible for transportation of substances in the blood or 
through cell membranes, while others are enzymes, catalyzing chemical reactions 
for example in food digestion and DNA synthesis. Skin, hair and connective 
tissues also contain proteins such as keratin and collagen providing structural 
support, whereas actin and myosin are responsible for muscle contraction. One 
might wonder how proteins display such extreme function-variety, considering 
that a set of only 20 different amino acids is used as building blocks in naturally 
occurring proteins. But proteins follow a simple and ingenious design. Every 
protein consists of at least one chain of amino acids coupled through peptide 
bonds in a specific order, predefined by the genetic code. After a brief calculation, 
it becomes obvious that you can get an enormous number of sequence 
combinations, >1013 (2010 = 1.024x1013), even for a small random peptide chain 
of only 10 residues. Keeping in mind that polypeptide chains also vary in length 
and exhibit different structural conformations, the number of possible protein 
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variants becomes almost limitless (Figure 2 shows different protein structures).  

Figure  2. Different  structural  conformations  of  proteins. Upper  section  from  the  left:  Green 

fluorescent  protein,  hemoglobin.  Lower  section  from  the  left:  IgG2a  antibody,  chaperone 

complex GroEL/GroES. Images created based on PDB files 1AON, 1EMA, 1IGT and 2W6V. 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For the successful determination of a protein’s function it is advantageous to have 
at hand the protein’s structure, cellular localization, amino acid composition and 
sequence. Therefore, the development of approaches providing such information 
has contributed enormously to our deeper knowledge of proteins. Collectively, 
methods such as Edman degradation, X-ray crystallography, NMR spectroscopy, 
immunohistochemistry and microscopy, in combination with modern 
recombinant protein production and purification techniques have revolutionized 
protein science.  

With more than 800 genomes sequenced to date, including the human, a lot of 
work is currently invested to elucidate the role of the proteins encoded by the 
corresponding genes. These efforts include small studies on single proteins in 
laboratories all over the world but also more comprehensive approaches such as 
the Swedish Human Protein Atlas project (HPA) [25] and the Structural 
Genomics Consortium (SGC)  [26]. While HPA’s main focus is to analyze the 
expression and localization of human proteins in a large variety of normal human 
tissues and cancer cell lines, SGC aims for the determination of the three 
dimensional structure of medically relevant proteins. No matter the magnitude of 
the individual studies, modern protein science together supplies, in an accelerating 
fashion, valuable information on protein functionality.  
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Proteases 

A specific set of proteins, commonly referred to as proteases or proteolytic 
enzymes have the ability to break up proteins through hydrolysis of peptide 
bonds. Depending on the different catalytic mechanisms employed by proteases, 
they are divided in six separate classes: serine, glutamic, cysteine, threonine, 
aspartic and metalloproteases. Besides differences in the mechanism of catalysis, 
proteases also exhibit great variation in shape and size, ranging from single 
catalytic units of 15 kDa [27] to large proteolytic complexes like multimeric 
meprin metalloproteases with molecular weights up to 6 MDa [28]. Proteases are 
often not solely constituted of proteolytic subunits, but may also include other 
functional domains deciding a protease’s cellular localization, activation, inhibitor 
sensitivity and substrate recognition.  

For years, proteases were believed to be only involved in non-specific protein 
degradation related to food digestion and intracellular protein turnover. However, 
a lot has changed since the first proteases, pepsin and trypsin, were described in 
the middle of the nineteenth century [1,29]. At present, proteases are not 
exclusively regarded as protein demolishers; they are also governors of intricate 
proteolytic pathways, networks and cascades determining the destiny and 
behavior of countless bioactive molecules. Recent genomic studies have revealed 
that proteases are in fact present in every living organism and account for nearly 
3% of every mammalian genome. For instance, the human and mouse genomes 
encode 689 and 714 known and putative proteases, respectively [30]. 

Specific proteolysis is recognized to play an important role in a variety of 
fundamental biological processes such as DNA transcription and replication, 
apoptosis, immune response, wound repair, cell migration and proliferation, 
neuronal outgrowth, haemostasis, tissue remodelling and morphogenesis [31]. 
Proteolytic processing of viral polypeptides has also proven essential for the 
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maturation of infectious particles as well as for the virulence of pathogenic 
organisms like Bacillus anthracis and Vibrio cholerae [32,33]. In agreement with the 
versatility of proteases and the multitude of processes they are involved in, 
proteolytic malfunction is responsible for several pathological conditions such as 
cancer, thrombosis, type II diabetes, haemophilia, rheumatoid arthritis, 
atherosclerosis, progeria, hypertension, congestive heart failure, Parkinson’s and 
Alzheimer’s disease. According to the Mammalian Degradome Database, as much 
as 86 hereditary disorders are caused by mutations in protease-encoding genes 
[31,34-42]. 

Targeting proteases in therapy 

Due to their biological importance, proteases have been popular therapeutic 
targets for over 60 years; approximately 5-10% of all current pharmaceutical 
targets are estimated to be proteases. Since excessive proteolysis is believed to be 
the major cause in a number of diseases, related drug discovery has mainly been 
focused on the development of inhibitors against relevant proteases. For over two 
decades, inhibitors for the human protease angiotensin-converting enzyme (ACE) 
have been extensively used to treat cardiovascular disorders, and the 13 ACE 
inhibitor drugs currently available on the market account for sales exceeding 6 
billion US dollars annually [43].  

Other effective protease inhibitor drugs include Tipranavir, Sitagliptin and 
Desirudin, which are used in modern therapeutic strategies against AIDS, diabetes 
and thrombosis, respectively. However, cancer treatment based on inhibitors of 
matrix metalloproteases has been a great challenge. Although preclinical studies 
on cancer models have shown promising results, subsequent clinical trials were 
hampered by severe side affects and/or lack of medical effect. In spite of some 
less successful drug development projects involving protease inhibitors, there are 
presently several promising therapeutic candidate molecules in preclinical and 
clinical trials for inhibition of proteolytic activity involved in diabetes, 
osteoporosis, cancer, hepatitis C, malaria, multiple sclerosis and chronic 
obstructive pulmonary disease [43-45].  
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Proteases as therapeutics and biomarkers 

In addition to being targets for inhibitors, proteases themselves are used in 
numerous medical applications where increased proteolysis is desired. For 
example, different naturally occurring or engineered protease variants are 
successfully employed as anti-inflammatory and anti-blood-coagulating agents 
(APC) or for treating cervical dystonia (Botulinum toxin B) and cardiovascular 
disorders (TNK-tPA) [46]. Moreover, concurrently with our better understanding 
of proteases’ involvement in different disorders, the interest in proteases and their 
inhibitors as prognostic or diagnostic markers is increasing. Indeed, the 
measurement of kallikrein 3 levels in serum has assisted in the accurate diagnosis 
of prostate cancer since early 1990s [44]. Other potential biomarkers currently 
tested for diagnosis of various cancer types are the proteases cathepsin B, matrix 
metalloproteinase 8, a disintegrin and metalloproteinase with thrombospondin 
motifs 15. Likewise, the Trypanosoma cruzi protease cruzipain, has been suggested 
for monitoring the parasitic infection causing Chagas disease [44,47,48]. 

Table 1. Examples of protease inhibitors in the clinic 
Disease Protease target Drug name 

Tipranavir 
Fosamprenavir HIV/AIDS HIV protease 
Saquinavir 

Diabetes DDP4 Sitagliptin 
Desirudin 

Thrombosis Thrombin 
Lepirudin 
Captopril 

Hypertension ACE 
Ramipril 

Periodontitis MMP1, MMP2 Periostat 
Pancreatitis Broad‐Spectrum Nafamostat 
Cancer Proteasome Bortezomib 
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Industrial proteases  

Many industrial processes involve the catalysis of different chemical reactions, and 
chemical catalysts have been the preferred industrial alternatives. Because most 
enzymes can be produced by recombinant means in large scale and at the same 
time be more environmental friendly and effective than their chemical 
counterparts, enzymes have been gradually incorporated as catalysts in many 
industrial applications over the last decades. Based on their use, industrial 
enzymes are usually divided into three different categories: technical, food and 
feed enzymes.  

In 2010, the global market of industrial enzymes was estimated to 3.6 billion 
dollars with a growing annual rate of 5% [49]. Proteases constitute over 60% of 
the industrial enzymes available on the market, most of them being alkaline 
proteases of bacterial origin used in the detergent industry. A variety of other 
proteases are used for waste treatment or production of food, textiles, 
pharmaceuticals and cosmetics [50-52].  

Table 2. Applications of industrial proteases 
Industry Application Trade name 
Food Meat tenderizing NovoCarne Tender 
Animal feed Nutritional value improvement Ronozyme Proact 
Alcohol Saccharification San Super 360L  
Cosmetics Wrinkle removal Botox 

Savinase 
Detergents Protein stain removal 

Esperase 
Bating Pyrase 

Leather 
Unhairing NUE 

Pulp and paper Biofilm removal Everlase 
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Protease engineering 

Although proteases have evolved to efficiently catalyze specific reactions in their 
natural environments, their function in most cases is not directly applicable to a 
desired medical or industrial application. The design and cost effectiveness of 
each particular application requires specific qualities and attributes of the 
proteases. For instance, in order to meet all industrial demands, proteases have to 
tolerate diverse pH ranges, temperatures, surfactants and solvents, but still be able 
to process specific substrates. On the other hand, proteases intended as 
therapeutics must possess specialized pharmacokinetic properties and flawless 
substrate specificity. Therefore, engineering of proteases towards altered catalytic 
efficiency and specificity or enhanced stability in artificial environments is 
invaluable for both medical and industrial applications [46,53]. 

Among the first successful attempts on protease engineering was the specificity 
reprogramming of subtilisin BPN` from Bacillus amyloliquefaciens. Amazingly, amino 
acid substitutions at almost every position in the 275 residues long polypeptide 
chain of subtilisin BPN` are claimed in various patents [53]. Subtilisins are indeed 
the proteases that most extensively have been subjected to modifications. 
Numerous engineered variants of subtilisins with enhanced specificity and activity 
at lower temperatures as well as increased pH and surfactant endurance, are 
widely used in the detergent industry at present.  
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Rational approaches for protease engineering 

Even though rational design has been used for the successful engineering of some 
proteases like subtilisin BPN`, trypsin and neurolysin [54-56], it has proven 
difficult to apply as a generic approach for protease engineering. Despite the 
increasing number of available protein sequences and structures, together with 
powerful algorithms for modeling molecular dynamics, it is still very complicated 
to predict what effect a specific amino acid substitution has on protease function. 
Modern computational methods combined with contemporary strategies for site 
directed mutagenesis have actually been applied for enhancing the solubility and 
stability of certain proteases [57]. However, engineering a protease’s specificity 
and activity solely by rational design requires a deeper understanding on the 
intricate connection between a protease’s sequence, structure and proteolytic 
mechanism than is currently available. 

Library-based approaches for protease engineering 

Fortunately, there are other approaches utilizing random mutagenesis for the 
engineering of proteases and proteins in general that do not have the same 
prerequisites as rational design. These methods seek to emulate nature’s own 
mechanisms for protein optimization, and therefore are usually classified as 
directed evolution approaches. Directed evolution focuses on the creation of 
genetic libraries containing a large number of mutated protease variants and their 
subsequent screening for the identification of novel variants with the desired 
attribute (Figure 3).  

Figure  3.  Steps  for  directed  evolution  of  proteases.  Genetic  libraries  containing  a  large 
number of mutated protease variants are created. Protease mutants with desired attributes 
are isolated through screening or selection prior to characterization or additional rounds of 
mutagenesis and screening/selection. 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It is important to keep in mind that successful approaches used for the 
engineering of a particular protease are not necessarily applicable to all other 
proteases. Regardless the type of approach, rational or evolutionary, careful 
planning is required on where and how to create genetic diversity in the mutated 
protease variants that are to be analyzed for the preferred properties. Depending 
on how much structural and functional information is accessible for the protease 
of interest, different strategies have to be chosen. In many cases today, there is 
adequate knowledge on the proteases subjected to engineering. Hence, with the 
intention of minimizing the individual shortcomings of rational design and 
directed evolution, iterative combinatorial approaches are usually preferred to 
obtain the desired results faster. However, the kind and order of the methods 
employed in combinatorial approaches differs from case to case (Figure 4 
describes different strategies for protease engineering strategies) [58-61].  

Figure 4. Different strategies for creating protease diversity. 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Error-prone PCR has been one of the most popular methods in protein 
engineering [62]. Although a powerful method for generating genetic diversity on 
whole genes, error-prone PCR has its limitations. Due to the mutational bias of 
the DNA polymerases utilized in error-prone PCR, the method can only produce 
restricted genetic diversity [63]. Furthermore, during error-prone PCR only one 
nucleotide is generally misincorporated per amino acid codon, thus limiting the 
maximal range of amino acids derived from each mutated codon to between 4 
and 6 [64]. Thus, beneficial amino acid substitutions requiring more than one 
nucleotide change will probably be missed when employing error-prone PCR. An 
attractive alternative then is transversion-enriched sequence saturation 
mutagenesis (SeSaM-Tv+) that allows a less biased mutational spectra and 
adjacent nucleotide substitutions, but unluckily it lacks the convenient 
experimental setup of error-prone PCR [65].  

Whole-gene randomization is not always necessary in protease engineering. 
Mutations enhancing protease stability might be scattered through the whole 
protease gene, but on the other hand, targeted amino acid substitutions in or near 
the active site of a protease could not only promote alterations in substrate 
specificity but can also lead to the acquirement of novel catalytic activities. 
Furthermore, it is not only amino acid substitutions that create genetic diversity. 
Insertions or deletions of amino acids and even mutations promoting circular 
permutation (giving rise to new N- and C-termini) are of equal importance 
[66,67].  

Accordingly, in addition to error-prone PCR and SeSaM-TV+, there are plenty of 
other methods for the generation of diversity in mutant protease libraries. For 
example synthetic-oligonucleotide based methods such as theoretical maximum 
efficiency randomization (MAX) [68], codon shuffling and incorporation of 
synthetic oligonucleotides via gene reassembly (ISOR) are used when site-directed 
randomization is wanted [69]. Whereas, when more radical changes in protease 
structure or function are demanded, the choice falls on recombinatorial methods, 
which can be either homology dependent (synthetic DNA shuffling, staggered 
extension process (StEP), mutagenic and unidirectional reassembly (MURA)) or 
not (sequence-independent site-directed chimeragenesis (SISDC), structure-based 
combinatorial protein engineering (SCOPE), USER friendly DNA recombination 
(USERec)), recently reviewed by Lutz et al. [70].  
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Discovering novel protease variants  

However, in order to take advantage of the full potential of these combinatorial 
approaches and make huge leaps in protease evolution, it is imperative to have 
powerful screening or selection methods at hand that easily can handle large 
mutant libraries. Depending on which properties are desired from the engineered 
protease variants, the choice of screening or selection method varies accordingly. 
Several assays have indeed been developed for attaining engineered variants of 
target proteins with improved stability or solubility through screening of 
combinatorial protein libraries [71,72]. One of the most recent assays that holds 
great potential is a variant of an earlier protein-folding assay, which was based on 
the propensity of GFP to misfold when C-terminally fused to a “difficult-to-fold” 
protein [73]. According to the new refined method, combinatorial libraries of 
target proteins are first cloned into a reporter plasmid upstream of a 15 amino 
acid long fragment of GFP (GFP11) and subsequently transformed into E. coli cells 
harboring another expression vector encoding the rest of the complementary 
GFP fragment (GFP1-10). Because the successful GFP complementation is 
dependent on the folding state of the mutant-GFP11 fusion protein, only cells 
coexpressing correctly folded mutants and GFP1-10 will exhibit gain-of-
fluorescence. Thereby, after induced expression of both genetic constructs on 
agar plates, the brighter colonies that likely contain the best folding mutants can 
be picked and subjected to multiple rounds of DNA shuffling and screening. 
Finally, the desired mutants are expressed and characterized in an analogous in 
vitro experimental setup for quantitative analysis of solubility [74] (Figure 5). 
Although methods such as the above-mentioned are applicable for the 
engineering of proteases towards enhanced solubility or stability as well, one has 
to keep in mind that alterations to a protease’s scaffold promoting such properties 
may actually inflict on the activity or substrate specificity of the protease. 
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Figure  5.  Two  assays  applied  for  protease  engineering.  (I)  GFP‐based  folding  assay. 
Coexpression of folded protease‐GFP11 fusion proteins and the complementary GFP fragment 
(GFP1‐10) results in correct GFP formation. Misfolding or aggregation of protease‐GFP11 hinders 
GFP  complementation.  (II)  OmpT  specificity  engineering.  Different  fluorophore‐labeled 
synthetic substrate peptides are electrostatically bound to the E. coli cell surface, where they 
can  be  cleaved  by  displayed  OmpT  mutants.  Depending  on  the  kind  of  substrate  peptide 
cleaved different types of fluorescence is exhibited. Quencher (Q), selection substrate (SUBs), 
counterselection substrate (SUBcs), bodipy fluorophore (BD), tetramethylrhodamine (TMR). 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For that reason, methods capable of interrogating recombinant protease libraries, 
which take in consideration proteolytic activity rather than protease stability or 
solubility, have also been developed. One such method has been designed and 
used successfully by Varadarajan and his coworkers to create new engineered 
variants of endopeptidase OmpT with novel substrate specificities [64,75,76]. E. 
coli cells displaying genetically encoded libraries of mutated OmpT variants on the 
surface are incubated with a predefined mixture of two different substrate 
peptides; one containing the substrate sequence to select for (SubS) and the other 
a counterselection substrate sequence (SubCS), labeled with boron-dipyromethene 
(BODIPY) and tetramethylrhodamine (TMR) fluorophores, respectively. Due to 
its positive net charge, SubS is electrostatically bound to the E. coli cell surface 
where it upon cleavage by the displayed OmpT mutants gives rise to BODIPY 
fluorescence. On the contrary, the TMR labeled SubCS is not captured on the E. 
coli cell surface unless it is cleaved. Thus, cells expressing OmpT mutants 
processing the desired substrate peptide exhibit high BODIPY and no or low 
TMR fluorescence making their enrichment and characterization possible after a 
number of consecutive flow-cytometry sorting rounds (Figure 5). 

Although the method established by Varadarajan and colleagues has proven very 
effective for reprogramming the substrate specificity of OmpT, its application is 
unfortunately limited to proteases that can effectively be displayed on the cell 
surface of E. coli. A method that does not share the same limitation is the genetic 
assay for site-specific proteolysis (GASP), which has been applied to modify the 
substrate specificity of hepatitis A virus (HAV) 3C protease (3CP) [77]. In GASP, 
mutant protease libraries are expressed in the yeast reporter strain EGY48 
together with fusion proteins that contain the selection substrate peptide in a 
linker region between the transcription factor LexA-b42 and the truncated 
cytoplasmic domain of the yeast integral membrane protein STE2. Protease 
mutants capable of cleaving the substrate peptide release LexA-b42 from the 
membrane bound fusion protein. LexA-b42 is thereby free to enter the nucleus 
and activate the reporter genes Leu2 and LacZ. Consequently, when screening 
recombinant protease libraries using GASP, protease mutants with the desired 
substrate specificity can be isolated and further characterized since the cells 
harboring them (i) gain the ability to grow on media lacking leucine, and (ii) stain 
blue if supplemented with 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 
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(X-gal)  (Figure 6).  

Another assay for screening libraries of protease mutants has been developed by 
O'Loughlin and coworkers. Their method is based on an earlier study, showing 
that inserting a recognition site for HIV protease in a specific structural element 
of β-galactosidase leaves its activity unaffected in vivo and in vitro, as long as the 

Figure 6. Genetic assay for site‐specific proteolysis  (GASP) and β‐galactosidase‐based system 
for  protease  engineering.  (I)  In  GASP,  fusion  proteins  containing  the  selection  substrate 
peptide  (sub)  in  a  linker  region  between  the  transcription  factor  LexA‐b42  (TF)  and  the 
truncated cytoplasmic domain of the integral membrane protein STE2 are expressed in yeast 
cells.  LexA‐b42  is  released  from  the  plasma  membrane  upon  site‐specific  proteolysis  and 
activates  reporter  gene  expression  in  the  nucleus  (Leu,  LacZ).  (II)  Specific  cleavage  of  a 
substrate  peptide  located  in  a  permissive  loop  of  β‐galactosidase  diminishes  the  enzyme’s 
activity  and  the  cells  thereby  lose  the  ability  to  convert  X‐gal  into  a  blue  product.  The  β‐
galactosidase activity in cells can be monitored on agar plates containing X‐gal. 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HIV protease is not present [78]. After cloning a desired protease substrate 
sequence into the permissive loop of the β-galactosidase, the reporter is 
coexpressed with a recombinant protease library in E. coli. The cells are then 
spread on agar plates containing X-gal for monitoring β-galactosidase activity. 
Because bacterial colonies expressing functional protease mutants cleaving the 
desired substrate peptide attain a light blue phenotype, due to reduced internal β-
galactosidase activity, they are easily picked for additional characterizations 
(Figure 6). Although this assay has proved functional, it has relatively low 
sensitivity and limited throughput capacity.  

For an overview of assays applied for protease engineering please see Table 3.  

Table 3. Assays applied for protease engineering  

Assay  Sensitivity  Applicability  Execution  Comments 

GFP‐folding  +++  +++  ++ 
Detects only correct 
folding 

E. coli display   ++  +  ++ 
Only for cell surface 
displayed proteases 

GASP  +  ++  ++ 
Applicable to 
eukaryotic proteases  

Split β‐galactosidase  +  ++  +  Low throughput 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Discovering substrate sequences  

Given the important role of proteases in industrial applications as well as in 
medical research and therapy, innovative methods providing a deeper and wider 
understanding of protease function would be invaluable. In fact, the biological 
role of many newly discovered or already known proteases is still undetermined. 
As a result, a novel area of research has emerged, called degradomics, which 
encompasses all genetic and proteomic approaches developed for the 
identification and characterization of proteases, including their associated 
substrates and inhibitors.  

Since the ability to discriminate between potential substrates is central to protease 
function, it is an absolute necessity to identify a protease’s substrate repertoire. 
This will not only result in a better understanding of the biological processes that 
proteases are involved in, but also provide important clues to how proteases 
recognize their targets and for development of potent protease inhibitors. 
Especially in combination with the steadily growing numbers of structurally 
determined proteins and proteases, a more detailed picture of the structure-
function relationship is likely to emerge from this work. Because early methods 
for substrate sequence determination were based on cleavage of synthetic 
peptides and subsequent biochemical analysis, they were both tedious and 
inconvenient. Since then, more effective techniques have been developed utilizing 
chemically or biologically generated combinatorial substrate peptide libraries [79].  
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Synthetic substrate libraries 

One of the first methods using synthetic combinatorial substrate libraries is 
positional scanning (PS-SCL) (Figure 7). In PS-SCL, several sublibraries are 
synthesized; comprised of fluorogenic peptides containing only one constant 
position within fully randomized sequences. After protease addition, the 
fluorescence intensity detected from each sublibrary consequently reflects the 
average contribution of the fixed amino acid in the substrate’s proteolytic 
efficiency. Since the fluorogenic substrates often used require the fluorophore to 
be directly attached to the scissile bond, PS-SCL has merely been applied for the 
systematic analysis of subsite specificities. Although variations of PS-SCL, 
involving Edman peptide sequencing or FRET based peptide libraries, have been 
developed for sequential prime and non prime-site specificity determination, they 
have limited throughput since they require synthesis of multiple peptide libraries 
[80-82]. 

Protein microarrays have also been used successfully for screening of substrate 
peptide libraries. In contrast to PS-SCL, each fluorogenic substrate peptide is 
individually immobilized on a solid matrix or suspended in nanodroplets, thereby 
making it possible to detect synergies between different residues of the substrate 
sequence [79,83,84]. Nevertheless, proteolysis is typically detected by fluorescence 
detection in microarrays as well. Diáz-Mochón et al recently demonstrated an 
interesting DNA microarray method employing hybrid peptide-nucleic acid 
molecules (PNA) for determining the P4-P1 specificity of chymopapain and 
subtilisin [85]. The PNA fluorogenic substrate library they created were first 
incubated with a protease in solution and subsequent specific hybridization of the 
cleaved PNA-peptide substrate on DNA microarrays, through oligonucleotide 
(“probe”)-PNA interactions, allowed fluorometric readout and consequently 
determination of the non-prime protease specificity.  

Although fluorogenic peptide libraries have proven useful for substrate sequence 
determination of proteases through PS-SCL and microarrays, their application 
and throughput is restricted due to their design and difficulties inherent to peptide 
synthesis. The commonly preferred way for surpassing some of these limitations 
is to synthesize and use smaller peptide libraries randomizing only one subsite of 
the protease substrate. However, such libraries leave out possible subsite 
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cooperativity upon substrate recognition. FRET-based substrates including both 
substrate subsites have indeed been used to analyze the substrate specificity of 
caspases and Factor Xa, but only one residue was randomized in each substrate 
peptide [86,87].   

Figure  7.  Fluorogenic  peptide  libraries  for  protease  substrate  sequence  determination.  (I) 
Numbering nomenclature  for  the  residues comprising a protease  substrate  sequence and  the 
position  of  cleavage  (scissile  bond).  (II)  Different  designs  of  fluorogenic  synthetic  substrate 
peptides.  F  is  a  fluorophore,  activated  upon  release  from  the  substrate  peptides.  Q  is  a 
quencher. R is a fluorophore (rhodamine), gradually activated upon substrate processing. (III) In 
positional scanning (PS‐SCL), sublibraries comprised of fluorogenic peptides containing only one 
constant position (P) within fully randomized sequences (X) are synthesized. F  is a fluorogenic 
leaving group. 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Biological substrate libraries 

To avoid the obstacles related to synthetic peptide libraries, alternative methods 
based on biologically created peptide substrates have been developed. Among 
them, the most popular approach has been substrate phage display, which 
successfully has been applied to determine the specificity of several proteases such 
as subtilisin, furin, HIV protease, Factor Xa and caspases [88-91]. Substrate phage 
display relies on the presentation of genetically encoded combinatorial substrate 
peptides on filamentous phage particles, most often M13, f1 or fd phages, as N-
terminal fusions to the minor coat protein pIII. In addition to the pIII domain, 
the substrate peptides also include an affinity tag that enables immobilization of 
the phages on solid support. Upon incubation with the protease of interest, phage 
particles displaying functional substrates are first released from the matrix and 
thereafter amplified in E. coli following infection. After multiple rounds of 
selection and enrichment, the DNA of selected phage clones is sequenced to 
reveal the potential substrate sequences (Figure 8).  

Another method for protease specificity determination is CLiPS, which is based 
on cellular libraries of peptide substrates [92,93]. Unlike substrate phage display, 
CLiPS not only determines specificity but also provides time-dependent substrate 
processing rates of individual substrate sequences. CLiPS utilize circularly 
permutated variants of protein X (CPX) for displaying combinatorial substrate 
peptides on the surface of E. coli cells. Thanks to the design of the reporter 
proteins, the cells can be labeled through streptavidin-conjugated phycoerythrin 
binding to the substrate peptides anchored on the E. coli outer membrane. The 
fluorescently labeled cells are thereafter incubated with a protease, which detaches 
the fluorescent probes from cells displaying functional substrate peptides. 
Consequently, cells expressing optimal substrate peptides can be isolated from the 
total cell population by flow cytometric sorting based on their decreased 
fluorescence intensity. Enriched cells are regrown and subjected to additional 
cycles of flow cytometry screening and ultimately sequenced for substrate 
sequence determination (Figure 8). 
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MS-based substrate identification 

Unless coupled to downstream procedures, substrate phage display, CLiPS and 
other equivalent methods only provide the consensus substrate sequences of 
proteases. Therefore, mass spectrometry based techniques, have been developed 

Figure  8.  Overview  of  biological  systems  for  protease  substrate  sequence  identification.  (I) 
Affinity‐tagged combinatorial substrate peptides are displayed on filamentous phage particles. 
After  immobilization on solid support,  the phage particles displaying  functional substrates are 
released from the matrix upon site‐specific proteolysis. After multiple rounds of phage particle 
recovery, selection and enrichment, desired phage clones are sequenced to reveal the potential 
substrate  sequences.  (II)  In  CLiPS,  fluorescently  labelled  libraries  of  substrate  peptides  are 
displayed  on  E.  coli.  A  reduction  of  cellular  fluorescence  can  be  detected  by  flow  cytometry 
analysis upon substrate cleavage. Typically, after multiple rounds of flow cytometric screening, 
the  enriched  low‐fluorescent  clones  are  subjected  to  DNA  sequencing  for  identification  of 
substrate peptides. 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that not only discover the substrate sequence but simultaneously also pinpoint the 
actual scissile bond in a specific protease substrate. One common feature shared 
by most of these methods is that they take advantage of the new N-termini 
generated upon cleavage (referred to as neo N-termini). Cell proteomes or 
proteome-derived peptide libraries are first incubated with a protease of interest 
thereby creating new N-terminal peptides, which are thereafter selectively labeled 
to facilitate their isolation and subsequent identification by LC-MS/MS analysis 
(Figure 9). Efficient enrichment of the neo N-terminal peptides can be 
accomplished using positive selection strategies involving chemical or enzymatic 
biotinylation of the target peptides followed by different affinity chromatography 
techniques. However, approaches such as N-terminal combined fractional 
diagonal chromatography (COFRADIC) and terminal amine isotopic labeling of 
substrates (TAILS), which rely on negative selections, have also been developed 
for neo N-terminal peptide enrichment [94,95]. Substrate sequence determination 
using mass spectrometry methods is to a large extent based on single peptides, so 
called “one hit wonders”. Therefore, even small limitations in the enrichment of 
neo N-terminal peptides or the bioinformatic peptide identification can 
potentially result in false positive or missed peptide matches. Consequently, every 
substrate sequence derived from such methods has to be individually validated by 
other assays. 

Figure  9.  MS‐based  methods  for  protease  substrate  sequence  determination.  Proteomic 
libraries  are  digested  with  the  protease  of  interest.  The  resulting  neo  N‐  or  C‐terminal 
peptides  are  enriched  prior  to  tandem  mass  spectrometry  analysis  and  subsequent 
bioinformatic identification of protease substrates. 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In addition to the methods presented in this chapter for protease substrate 
sequence determination, others have also been developed [96-99]. For a brief 
overview please see Table 4.  

Table 4. Assays applied for protease substrate sequence determination  

Assay  Sensitivity  Applicability  Execution  Comments 

Synthetic substrates   +  ++  + 
Subsite investigation 
only 

Phage display   ++  ++  ++  Need purified protease 

CLiPS  ++  ++  ++ 
Direct quantitative 
analysis possible 

MS‐based  ++  ++  ++ 
One hit wonders 
Scissile bond 

Cyclic AMP‐based  +  ++  +  Low throughput 

Ribosome display  +  ++  + 
20 aa long substrate 
consensus sequence   

Although substrate sequence specificity provides important clues for unraveling 
the specific roles of proteases in biological processes, several other questions have 
also to be answered in order to fully understand the complicated and tightly 
regulated cascades and networks proteases are involved in. Although not the 
scope of the thesis, some of these important aspects will be mentioned to 
illustrate the complexity of these questions. For example, it will be important to 
find answers to: (i) what proteases are present at a particular point in time? (ii) in 
which compartments/locations are they found? (iii) at what concentrations?, (iv) 
under what conditions are they active/inactive? Obviously, there is no single 
technique that can answer all these questions. For example, microarrays analyzing 
the expression levels of “all” proteases, protease-homologues and endogenous 
inhibitors in murine and human samples are available today, as well as methods 
utilizing mass spectrometry for measuring protease levels [100-102]. However, as 
indicated, proteases are not always active, some of them are under constant 
pressure of endogenous inhibitors or are produced as zymogens and await 
activation by other proteases. Therefore, assays targeting protease activity directly 
have recently been designed, involving activity-based probes (ABP) or protease 
signature peptides (PSP) [101]. Unquestionably, all current efforts made in the 
field of protease science are not only necessary but also critical to our 
understanding of protease biology and function in greater detail.  
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Investigations 

As discussed in the last two chapters, various biological and chemically based 
approaches have been developed to study protease substrate specificity and 
activity. Although their significant contribution to protease science should 
definitely not be neglected, all of them suffer more or less from limitations 
concerning sensitivity, applicability or labor intensity. Thus, novel high-
throughput protease assays allowing accurate, qualitative and quantitative analysis 
are welcomed. 

In this part of the thesis, our efforts for the development and application of two 
novel whole-cell protease assays will be presented briefly, based on Papers I-IV. 
Paper I, describes the rationale behind the design and optimization of a novel 
fluorescence-based protease screening method alongside its initial successful 
attempts of isolating an optimal substrate peptide or protease variant from a large 
excess of cells expressing suboptimal variants. After construction, the 
fluorescence-based assay was used successfully first to profile the substrate 
specificity of the tobacco etch virus protease (Paper II), and thereafter together 
with other methods applied to characterize four different tobacco etch virus 
protease variants (Paper III). Finally, the fluorescence-based method was evolved 
into an antibiotic resistance-based assay, thus forming a promising novel platform 
for engineering and characterization of proteases (Paper IV). 
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From an extraordinary RNA to a novel protease assay 
(Paper I) 

Upon halted protein biosynthesis, due to truncated mRNA molecules, bacteria 
bring into play a versatile RNA, known as ssrA RNA. This peculiar RNA is 
actively involved in the recycling of stalled ribosomes by serving both as tRNA 
and mRNA. First, operating as a tRNA, ssrA RNA supplies an alanine to the A 
site of the stalled ribosomes. Thereafter, taking the role of an mRNA, it does not 
only assists in the elongation and release of the trapped polypeptide chains but 
also decides their fate by encoding an eleven-residue long degradation peptide, 
called ssrA (AANDENYALAA), attached to the C-terminal end. Since several 
proteolytic complexes such as HflB, ClpAP, ClpXP and Tsp recognize the ssrA 
peptide, the subsequent degradation of ssrA-tagged polypeptides is inevitable 
[103,104].  

Taking advantage of the above-mentioned feature of the ssrA peptide to target 
proteins for degradation, and earlier publications showing that the efficient 
degradation of ssrA-tagged green fluorescent protein (GFP) in the E. coli 
cytoplasm could be monitored by flow cytometry analysis [103,105], we sought to 
develop a convenient novel high-throughput system for characterization and 
engineering of proteases; preferably one that took advantage of the benefits of 
modern flow cytometry analysis and sorting. As described in Paper I, we created a 
system that utilizes genetically encoded fluorescent reporter peptides comprised 
of ssrA-tagged GFP with different substrate sequences (PS) positioned between 
the GFP and ssrA-moiety. If expressed alone in E. coli, the GFP-PS-ssrA reporter 
peptides are destined for rapid degradation by ClpXP. However, if a substrate 
specific protease, capable of removing the ssrA degradation tag through substrate 
processing, is coexpressed in the bacterial cytoplasm, the GFP evades degradation 
and gives rise to increased whole-cell fluorescence intensity that is easily 
detectable with a flow cytometer (Figure 10). 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In initial experiments, reporter constructs either lacking any substrate peptide or 
containing the tobacco etch virus protease (TEVp) recognition sequence 
ENLYFQ↓G were expressed in E. coli cells alongside TEVp. Flow cytometry 
analysis revealed that cells harboring TEVp and the reporter construct with a 
processable substrate, exhibited higher whole-cell fluorescence intensity than cells 
expressing the substrate-less reporter peptide (Figure 11).  

With the intention of refining our method to better distinguish cells expressing 
functional substrate-protease combinations, the expression of the reporter 
peptides and TEVp was varied. For the same purpose, an engineered ssrA peptide 
containing an extra pair of asparagine and tyrosine residues 
(AANDENYNYALAA) with enhanced degradation efficiency [106] was also 
evaluated for use in our system, instead of the normal degradation tag. Both 
strategies proved to have a positive effect on the resolution between the positive 
and negative cells. After implementing the improved ssrA-tag together with the 
most productive conditions for TEVp and reporter peptide expression, our 
methodology made it possible not only to detect subtle differences in the 

Figure  10.  Schematic  overview  of  the  fluorescence‐based  system.  A  reporter  substrate, 
consisting of GFP  fused  to  a protease  recognition  site with  an  ssrA degradation  tag  at  the C‐
terminus  (I),  and  a  target  protease  (II)  are  coexpressed  in  E.  coli  cells.  Upper  section:  A 
functional protease cleaves off the ssrA degradation tag and rescues GFP from ClpXP‐mediated 
degradation, thus conferring increased whole‐cell fluorescence. Lower section: On the contrary, 
in the absence of a functional protease, the whole‐cell fluorescence intensity is low due to the 
inevitable degradation of the reporter construct by ClpXP. 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processing efficiency of closely related TEVp substrate peptides (Paper I & Paper 
II) but also to discriminate TEVp variants according to their in vivo solubility 
(Figure 11) Additionally, flow cytometric analysis and sorting allowed for 
enrichment and subsequent identification of an optimal substrate peptide and 
protease variant from a large excess of cells expressing suboptimal variants 
(1:100,000). Two rounds of cell sorting resulted in a 69,000-fold and a 22,000-fold 
enrichment of the superior substrate peptide and protease variant, respectively. 

 

Figure  11.  (I)  Flow  cytometry  analysis  of  E.  coli  cells  that  coexpress  TEVp  and  different 
reporters  constructs,  2.5  h  after  induction  (0.1  mM  IPTG,  0.2%  arabinose).  Three  reporter 
constructs  contained  closely  related  TEVp  substrate  sequences  that  only  differed  in  the  P1’ 
position (in bold). They are represented by the histograms shown in green (subG=ENLYFQG), 
purple (subV=ENLYFQV) and blue (subP=ENLYFQP). Cells coexpressing TEVp with the negative 
control  GFP‐ssrA  (red)  or  the  positive  control,  GFP‐subG  (dark  green).  (II)  Flow  cytometry 
analysis  of  E.  coli  cells  that  express  different  TEVp  variants,  one  soluble  (green)  or  one 
aggregation‐prone (blue), together with the reporter GFP‐subG‐ssrA. Cells coexpressing TEVp 
and GFP‐ssrA (red) served as negative control. 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Substrate profiling of tobacco etch virus protease using a 
novel protease assay (Paper II) 

Encouraged by the positive results presented in Paper I, we decided to apply our 
system for identification of the substrate sequence specificity of a protease 
through screening of large combinatorial substrate libraries. The choice of 
protease fell on TEVp, not only because it was already incorporated in our system 
but also due to the fact that its sequence specificity has until recently been 
examined merely by either comparing natural TEVp substrate sequences or 
analyzing a limited number of substrate peptide variants through ordinary 
cleavage reactions [107]. Thus, in Paper II, we first created and incorporated three 
different combinatorial substrate peptide libraries in our novel fluorescence-based 
protease assay. This was done through PCR-mediated randomization of the 
reporter construct GFP-ENLYFQG-ssrA, by utilizing oligonucleotides 
containing degenerate codons (NNK) at relevant positions of the TEVp 
recognition sequence. Since positions P6, P3, P1 and P1’ have been considered 
the most important specificity determinants [107], they were targeted both in 
library 1 (XNLXFX↓G) and library 2 (XNLXFX↓X). Whereas library 3 encoded 
substrate peptide variants randomized in position P1’ along with the less critical 
positions P5, P4 and P2 (EXXYXQ↓X). Subsequent comparison of the 
theoretical and actual sizes of the constructed libraries using the statistical analysis 
tool GLUE [108], showed that they should contain all possible substrate variants 
with more than 99% likelihood.  

Unfortunately, the NNK-codon, used for the substrate library construction, 
besides encoding all 20 natural amino acids also codes for the amber stop codon 
(UAG), which upon incorporation into our reporter peptides hinder the full 
translation of the degradation tag, and thereby give rise to false-positive clones. In 
order to circumvent this problem, we initially tried E. coli strains that express 
amber stop codon suppressor tRNAs, but this strategy did not work to full 
satisfaction, due to insufficient suppression efficiency. Instead, the strategy that 
eventually proved viable was to deplete the created libraries from contaminating 
false-positive clones by collecting non-fluorescent clones through two initial 
rounds of flow cytometry analysis and sorting, without initiating the TEVp 
expression. After the pre-screening procedure, cells now co-expressing the 
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substrate libraries and TEVp were subjected to two additional sorting rounds. 
However, during this secondary screening phase, it was cells exhibiting high 
fluorescence intensity that were isolated in hopes of identifying optimal TEVp 
substrate sequences. Regardless of the library used, subsequent DNA sequencing 
of randomly picked clones from the enriched libraries revealed a strong consensus 
substrate sequence, matching the protease’s natural substrate peptide 
ENLYFQG.  

Table 5 Incidence and in vivo processing efficiency of peptides that emerged 
from substrate library screenings. 

  Sequence1  Freq.2  Perc.3  MFI4 

TEVwt  ENLYFQG      
Library 1  XNLXFXG      

  ENLYFQG 73  41  501 
  DNLYFQG 42  23  403 
  GNLYFQG 13  7  160 
  YNLYFQG 9  5  152 
  MNLYFQG 9  5  150 
  WNLYFQG 7  4  120 
  CNLYFQG 7  4  165 
  RNLYFQG 4  2  103 
  LNLYFQG 4  2  61 

Library 2  XNLXFXX      
  ENLYFQG 143  80  500 
  RNLYFQS 14  8  271 
  ANLYFQG 4  2  313 
  QNLIFQG 2  1  230 
  RNLYFQC 2  1  200 

Library 3  EXXYXQX      
  ENLYFQG 121  67  512 
  ECLYHQG 4  2  311 
  ERLYVQM 3  2  227 
  ESEYCQE 2  1  209 
  EVMYSQA 2  1  178 
  EFLYIQD 1  <1  139 
  ERGYGQV 1  <1  109 
  EVWYCQC 1  <1  107 
  EVAYGQK 1  <1  79 
  ESRYVQS 1  <1  68 
  EGEYWQR 1  <1  57 
  ESNYGQM 1  <1  52 

Neg. ctrl        10 
Pos. ctrl        1075 

1. Amino acid sequences 
2. Incidence of a particular clone after screening of library 1, 2 and 3. Frequency percentage 

of clonal occurrence 
3. Mean fluorescence intensity (au) 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Moreover, we did not identify any other substrate peptide that was processed 
more efficiently than the native substrate peptide, which suggests the co-evolution 
of this particular protease-substrate combination. Our results in general agreed 
well with earlier studies regarding the amino acid preference in the critical 
positions P3, P1, P1’ of the TEVp recognition sequence. In position P6 though, it 
was surprising to observe a relatively large variety of residues in functional 
substrates, especially as the general view in previous publications by other groups 
seems to be that this position requires a glutamate (E) for efficient substrate-
protease interaction. The fact that TEVp appears to have a larger potential 
substrate repertoire than previously known may have impact on its use in 
biomedical research and industry, where its popularity is based on its high 
sequence specificity and activity (Table 5). 

Characterization of TEV protease mutants engineered for 
improved solubility (Paper III) 

Among reagents presently used for removal of fusion tags from recombinantly 
produced proteins, TEVp has been one of the most preferred alternatives due to 
its stringent specificity. TEVp unfortunately suffers from reduced solubility and 
its expression in E. coli has been rather problematic. Although different strategies 
have been adopted to bypass these limitations, novel enhanced TEVp variants are 
still needed.  

Two efforts for improving the function of TEVp were reported recently 
[109,110]. According to these studies, introducing the mutations L56V/S135G in 
TEVp confer improved in vitro activity and solubility, while the mutations 
T17S/N68D/I77V increase the amount of soluble protease upon overexpression 
in E. coli. In Paper III, all above-mentioned five mutations were combined into 
one protease molecule with the intention to create a novel TEVp mutant with 
superior solubility and activity compared to both parental variants as well as the 
wild-type TEVp. In order to analyze the different protease variants, all were 
subjected to the GFP-based method, presented in Paper I, and also other 
established methods assaying expression levels, solubility and activity. Collectively, 
our results indicated that the most beneficial substitutions are L56V/S135G, 
promoting enhanced activity and solubility both in vitro and in vivo. On the 
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contrary, in our hands the substitutions T17S/N68D/I77V, quite surprisingly, 
had a negative effect on both the solubility and activity of every protease variant 
they were introduced into. Hence, eliminating our vision of creating an 
exceptional TEVp variant with extraordinary activity and solubility by introducing 
the mutations T17S/L56V/N68D/S135G/I77V.  

Evolving a current protease assay (Paper IV) 

Although the potential of the fluorescence-assisted whole-cell assay has been 
demonstrated in Papers I, II and III, the fact that it relies on flow cytometry 
entails certain limitations. For instance, when the sizes of combinatorial libraries 
of proteases or substrate peptides to be screened approach the magnitude of 109 
library members, flow cytometric analysis and sorting becomes time consuming 
and therefore impractical. Furthermore, the availability of high-throughput cell 
sorters is restricted to laboratories with good financial support, thereby narrowing 
the wide spread application of the fluorescence-based method.  

For the above-mentioned reasons, we designed a modified variant of the original 
fluorescence-based system, which should enable detection of site-specific 
proteolysis by monitoring growth on selective media rather than measuring 
fluorescence with a flow cytometer. This was achieved simply by replacing the 
GFP moiety of the previously created reporter constructs with the antibiotic 
resistance enzyme, chloramphenicol acetyltransferase (CAT) (Figure 12). Using 
this new approach, cells expressing TEVp and reporter peptides with or without a 
cleavage site could easily be discriminated, based on their propensity to survive on 
agar plates supplemented with chloramphenicol (Figure 12).  
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Figure  12.  Antibiotic  resistance‐based  assay  for  site‐specific  proteolysis  (I)  E.  coli  cells 
coexpressing the target protease and a proteolysis‐reporter containing a substrate peptide. 
Upper  part:  If  the  protease  cleaves  the  substrate  peptide,  the  enzyme  chloramphenicol 
acetyltransferase  (CAT)  will  be  released  from  the  ssrA  degradation  tag  and  escapes 
degradation by intracellular proteases such as ClpXP. The cell will therefore gain resistance 
to  chloramphenicol  (Cml)  and  consequently  be  able  to  grow  in media  supplemented with 
Cml.  Lower  part:  In  cells  where  no  or  inefficient  substrate  cleavage  occurs,  the  whole 
reporter complex is destructed and cannot support cell growth in Cml‐supplemented media. 
(II) E. coli  cells expressing TEVp  together with  the negative control CAT‐ssrA  (left), or CAT‐
subG‐ssrA  (middle) or  the positive control CAT‐subG  (right), were plated on LB agar plates 
supplemented with 20 µg/ml Cml, 0.1 mM IPTG and 0.8% L(+)‐arabinose. 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In fact, additional experiments also showed that the processing efficiency of 
different substrate sequences by TEVp was reflected in the growth rates of the 
cells harboring them, i.e., the growth rate correlated with the substrate processing 
efficiency (Figure 13). In a model experiment, we also showed that the system 
enabled the enrichment of the best substrate-protease combination from a 
background of less-efficient combinations, through selection based on 
competitive growth in liquid culture (Figure 14). 

 

Figure 13. Cells harboring the TEVp expression vector as well as one of the reporter vectors 
pCAT‐subG‐ssrA (substrate: ENLYFQG; blue diamonds), pCAT‐subV‐ssrA (substrate: ENLYFQV; 
red squares) or pCAT‐subP‐ssrA (substrate: ENLYFQP; green triangles), or the negative control 
pCAT‐ssrA (blue squares), were grown to early log phase before TEVp and the reporters were 
induced  sequentially.  After  2  hours  of  phenotyping,  the  cells were  inoculated  into  fresh  LB 
broth  supplemented  with  the  inducers  (0.1  mM  IPTG  and  0.2  %  L(+)‐arabinose)  and  the 
selective agent Cml (20 µg/ml). Growth was followed over time by measuring OD600. 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Although the CAT-based protease assay proved to be a promising selection 
strategy for characterization and engineering of proteases and their substrates, it 
does not possess the same quality of providing simple quantification of the 
processing efficiency as the GFP-based method. Nevertheless, thanks to the 
design of the reporter constructs used in both systems (i.e., universal restriction 
sites) it is straightforward to switch between them, by simple cloning procedures, 
to take full advantage of the specific benefits of each system. 

Figure 14. Enrichment of cells expressing an efficiently processed substrate  from a mixture of 
cells  expressing  less‐efficient  substrates.  Cells  coexpressing  TEVp  and  either  CAT‐subG‐ssrA 
(green) or CAT‐subP‐ssrA (blue) or CAT‐ssrA (red) were mixed at an approximate ratio of 1:2:2 
before being  inoculated  into  selective media  supplemented with 20 µg/ml Cml, 0.1 mM  IPTG 
and  0.2%  L(+)‐arabinose.  Shown  are  the  distributions  between  cells  expressing  the  different 
substrate peptides during the selection (as determined by DNA sequencing). 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Reflections 

The undisputed significance of proteolysis in medical as well as industrial 
applications has made proteases justified targets of vast scientific focus the past 
decades. Enormous efforts have been and still are made today all over the world 
in small and larger scale projects, not only for elucidating the biological role of 
proteases but also for gaining information on proteases’ mechanism of action. 
Besides, due to the huge demand on novel protease variants with desired 
characteristics for various applications, protease engineering has rapidly emerged 
as a scientific area of great importance.  

With the vision of contributing to the field of protease science we developed a 
platform of novel protease assays, one fluorescence-based and one antibiotic 
resistance-based. In contrast to many other equivalent methodologies, our 
platform does not require the production and subsequent purification of the 
target protease and/or synthetic peptides, which can be rather elaborate and 
tedious. Additionally, its high sensitivity and adequate dynamic range provides 
direct quantitative analysis of site-specific proteolysis, which along with the 
platform’s distinct genotype-phenotype link makes it attractive for 
characterization and engineering of proteases and their substrates.  

Unfortunately, when applied for substrate profiling, our assays do not determine 
the scissile bond within the substrate sequences. Although this can be an issue 
when investigating less characterized proteases, it can be solved through in vitro 
cleavage of synthetic peptide substrates and subsequent identification of the 
cleavage products (e.g. mass spectrometry). However, with some optimizations, it 
should be feasible to integrate in our system a more “direct” MS-based 
identification of the exact cleavage site. One possible approach would be to 
extract the intracellular protein content of isolated clones expressing functional 
substrate-protease combinations and thereafter specifically capture the 
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corresponding cleaved reporter peptides before subjecting them to MS (or MS-
MS) analysis for revealing the scissile bond.  

Depending on the nature of the protease investigation that our platform is applied 
for, different randomly mutated protease or substrate peptide libraries will most 
likely often be analyzed. Even though the presence of stop codons in protease 
mutant libraries does not aggravate the isolation of desired protease variants, it is 
detrimental in substrate sequence libraries since some of the reporter peptides will 
lack the degradation tag and thereby lead to false positive library members, which 
complicates the analysis. One way to avoid this problem is by using trinucleotide 
phosphoramidites chemistry (trimer codons) upon construction of mutated 
substrate libraries [111]. Another plausible strategy would be to use an N-terminal 
degradation tag in the reporter constructs instead of the C-terminal ssrA that 
presently is used. In such a case, a stop codon within the substrate peptide region 
will off course again result in a pre-mature stop, but now without any harmful 
effect. This is because the reporter protein in this instance will not be expressed at 
all, and, consequently, the clone is then negative. 

A prerequisite for the successful utilization of our platform is that the target 
protease and substrate are functional within the bacterial cytoplasm. For that 
reason, proteases that require posttranslational modifications not offered in E. coli 
for conversion into its active form, would be problematic to employ in our 
system. However, recent studies have shown that the ClpXP degradation 
machinery can be stably integrated into the genome of Saccharomyces cerevisiae, and 
there confer to yeast the ability to degrade ssrA-tagged GFP with high efficiency 
[112]. Thus, adapting our assays into ClpXP-engineered yeast host strains, or 
perhaps even human cell lines (e.g., HEK293), would be a significant 
improvement and expand their application for a wider range of proteases. 
Nevertheless, proteases attacking proteins critical for the viability of the 
expression hosts will still be challenging to investigate.  

Considering what has been presented in this thesis, our platform presents a new 
path forward for high-throughput substrate profiling of proteases, engineering of 
novel protease variants and identification of protease inhibitors, which all are 
areas of great biological, biotechnical and medical interest.  
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Abbreviations 

aa  amino acid 
ACE  Angiotensin-Converting Enzyme 
APC  Activated Protein C 
BODIPY boron-dipyromethene 
CAT  Chloramphenicol AcetylTransferase 
CLiPS  Cellular Libraries of Peptide Substrates 
Cml  Chloramphenicol 
COFRADIC Combined Fractional Diagonal Chromatography 
CPX  Circular Permutated protein X 
DDP  DipeptiDyl Peptidase 
DNA   Deoxyribonucleic Acid 
FRET  Förster Resonance Energy Transfer 
GFP  Green Fluorescent Protein 
IPTG  IsoPropyl β-D-1-ThioGalactopyranoside 
LB  Luria Bertani 
MMP  Matrix MetalloProteinase 
MS  Mass Spectrometry 
OD  Optical Density 
Omp  Outer Membrane Protein 
PCR  Polymerase Chain Reaction 
PDB  Protein Data Bank 
PNA  Protein-Nucleic Acid 
PS-SCL  Positional Scanning Synthetic Combinatorial Libraries 
RNA  Ribonucleic Acid 
TAILS  Terminal Amine Isotopic Labeling of Substrates 
TEV  Tobacco Etch Virus 
TMR  TetraMethylRhodamine 
TNK-tPA TNK-tissue Plasminogen Activator 
X-gal  bromo-chloro-indolyl-galactopyranoside 
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