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Abbreviations 

 

Amp  Ampicillin 

Asp  Aspartic acid 

Cma  Chymase 

CTL  Cytotoxic T-lymphocyte 

CTMC  Connective tissue mast cell 

Ctsg  Cathepsin G 

EBNA  Epstein-Barr nuclear antigen 

EK  Enterokinase 

Gzm  Granzyme 

His  Histidine 

HEK  Human Embryonic Kidney (cell) 

HC  Human chymase 

IFN   Interferon gamma 

IgE  Immunoglobulin E 

Il-3  Interleukin-3 

Ile  Isoleucine 

IMAC  Immobilized metal ion affinity chromatography 

IPTG  Isopropyl -D-1-thiogalactopyranoside 

k/o  Knockout 

LA  Luria Agar 

LB  Luria Broth  

Leu  Leucine 

MC  Mast cell 

Mcpt  Mouse cell protease 

MMC  Mucosal mast cell 

mMCP-1 Mouse mast cell protease-1 

Ni-NTA Nickel-nitrilotriacetic acid 

NK  Natural killer (cell) 

OG  Opossum granzyme 

PBS  Phosphate buffer saline 

PG  Platypus granzyme 

Phe  Phenylalanine 

pNA  Paranitroanilide 

Pro  Proline 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SP-D  Serine protease-D 

Suc  Succinate 

Trx  Thioredoxin 

Tyr  Tyrosine 

Val  Valine 

 

 



 5

Summary 

 

Mast cells (MC) are immune cells, which have been implicated in a number of 

conditions. However they are most well known for their potential role in allergy 

responses. Allergic symptoms occur when MC release their stored mediators from 

granules, including serine proteases (chymase and tryptase). A number of these serine 

proteases are encoded from one locus, the MC chymase locus, which is the focus here. 

 To gain insight in to the function of several of these enzymes, I have determined 

the primary cleavage specificity (using chromogenic substrates) of three serine proteases 

encoded from the MC chymase locus of a few different species. Two of them are 

previously unknown including the short-tailed gray opossum (Monodelphis domestica) 

grathepsodenase and platypus (Ornithorhynchus anatinus) granzyme.  The opossum 

chymase was used as a control. 

 The opossum grathepsodenase hydrolysed aspartic acid substrates, hence termed 

an aspartase. This is typical of granzyme B like activity, the major granzyme in cytotoxic 

T cells. The platypus granzyme indicated tryptase activity and not granzyme activity 

from its associated name.  

 In order to characterize these proteases further, substrate phage display can be 

used to determine other preferred amino acids surrounding the cleaved peptide bond. This 

would provide a greater understanding of divergence of similar modern genes from these 

ancestral ones. Important in vivo targets can be highlighted with this technique, which 

may provide a true understanding of the function of these abundant proteases. 
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1.0 Introduction 

 
1.1 Serine proteases 

 

Serine proteases contribute to approximately one third of all proteases in mammals.  As 

implied by their name, all serine proteases share a common catalytic serine residue 

(Carter and Wells, 1988).  Two other critical amino acids involved in their catalytic 

mechanism are histidine (his) and aspartic acid (asp) residues.  Serine proteases, like all 

proteases, cleave peptide bonds (only within, hence endopeptidases) via hydrolysis, 

resulting in smaller peptides. Serine proteases have been show to play a vast number of 

biological roles, ranging from food digestion (e.g. pancreatic enzymes such as trypsin), 

blood clotting (e.g. thrombin and proteolytic cleavage of fibrinogen to fibrin) and 

immune responses (e.g. granzyme B stored in cytotoxic T-lymphocytes or CTL's, that 

induces apoptosis in virus infected cells for example). 

 

1.2 Mast cell chymase locus 

 

Here, the interest lies with a select number of serine proteases found in immune cells. 

Serine proteases are major mediators of MC, neutrophils, T-cells and natural killer (NK) 

cells. One group of phylogenetically related serine proteases are the MC chymases, 

neutrophil cathepsin G and granzyme (gzm) B and H, which are found in T-cell and NK 

cells. These immune cell proteases are clustered at the MC chymase locus (see 7.0 

Appendix for phylogenetic tree) on chromosome 14, both in mice and humans.  The 

cluster is unique in the sense that all proteases here lack a cysteine191- cysteine220 bridge.   

 

1.3 Mast cells  

 

1.3.1 Development 

 

MC are generated from hemapoietic stem cells, which develop under the influence of 

several cytokines. Interleukin (IL)-3 and granulocyte macrophage colony-stimulating 

factor (GM-CSF) induce differentiation into the myeloid lineage of cells, which then 

further diverges to the respective differentiated cell populations. IL-3 and stem cell factor 

(SCF) are necessary for MC differentiation.  Two MC populations exist, the connective 

tissue MC (CTMC), which develop under the influence of SCF, and the mucosal MC 

(MMC) that develop in the presence of IL-9 and transforming growth factor-beta (TGF-

ß). 

 

1.3.2 MC mediators 

 

As implied by their names, MC reside in connective tissue and mucosal surfaces.  MC 

have two broad categories of mediators. Pre-stored mediators include proteases, 

histamine and proteoglycans whereas de novo synthesized mediators include cytokines, 

prostaglandins and leukotrienes.  These mediators are produced and released upon 

stimulation of the cell, provoking an immune reaction mainly involved in allergic 

responses. Effects such as increased vascular permeability, bronchoconstriction, 
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increased production of mucous and inflammation are seen. 

 

1.3.3 MC subtypes 

 

The previously mentioned rodent CTMC and MMC subtypes are found not only in 

different areas of the body, they also contain different mediators in their granules 

(Enerback, 1966). Thus, CTMC express tryptase, chymase, heparin and carboxypeptidase 

A, whereas MMC’s express only chymase (not tryptase) and chondroitin sulphate.  

  In humans, the CTMC-like cells are named MCTC because they contain both 

tryptase and chymase, whilst MMC-like cells, or MCT, contain only tryptase. Unlike 

rodent MC, which are found in different sites (hence their name), human MC are found in 

similar tissues but at varying levels. For example, MCTC concentrate in the skin and 

connective tissue and MCT form the majority of MC in the lung mucosa and intestinal 

region. 

 

1.3.4 Involvement in allergy 

 

MC play a vital role in a number of conditions. The main relationship has been shown 

with hypersensitivity reactions including allergy and asthma. Allergies affect a large 

proportion of the population in the Western world.  There is a sensitization step towards 

common antigens (including pollen, food and drugs), whereby B-lymphocytes produce 

immunoglobulin E (IgE). This IgE binds with high affinity to the Fc receptor for IgE  

(Fc RI), located on the MC surface.   Upon another encounter with the allergen, the 

allergen specific IgE on the Fc RI binds to the allergen and the MC becomes active, de-

granulating and releasing its mediators: 

 

 

 
 

Figure 1. Mast cell degranulation. Left: Before MC stimulation and degranulation. Right: Granule release 

after activation (Abbas and Lichtman, 2007). 
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Figure 2. Sensitization and effect of allergen exposure to mast cells. (Text adapted from Abbas and 

Lichtman, 2007).  

 

1.4 Cleavage specificity 

 

The mast cell chymase locus encodes several members of a larger family of 

chymotrypsin related serine proteases. Grouped within the chymotrypsin family are three 

types of proteases based on their substrate interaction at the S1 site (figure 3).  They 

include trypsin-like, elastase-like and chymotrypsin- like. The three families are named 

after their cleavage specificity in the S1 pocket (based on nomenclature from Schechter 

and Berger, 1967). 

Allergen exposure 

TH2 cell activation and B 

cell IgE class switching 

IgE production 

IgE binds Fc RI on mast cells 

Further antigen exposure 

Mast cell activation resulting 

in mediator release 
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Figure 3. The enzyme and substrate interaction. At the N-terminal (of the cleaved bond) of the substrate, 

the amino acids are designated P1, P2, P3 etc. At the C-terminal of the cleaved bond, the amino acids are 

designated P1’, P2’, P3’ etc. Thus cleavage occurs between the P1 and P1’ residues. The interaction with 

the enzyme has similar nomenclature, denoted S1 or S1’ (image from Andersson, 2008) 

 

The pancreatic enzymes cleave after varying amino acids: chymotrypsin after large 

hydrophobic residues such as phenylalanine, tryptophan and methionine.  Trypsin cleaves 

after positively charged amino acids such as arginine or lysine, finally elastase, which 

prefers small amino acids such as valine or alanine. Hence 

‘trypsin/chymotrypsin/elastase-like’ are named based on this nomenclature.    

 

1.5 Chymase 

 

1.5.1 In vitro targets 

 

A number of substrates have been identified for MC chymases. Whilst trying to link their 

in vivo effects, a range of different substrates have shown promise. To mention a few, 

notably angiotensin I (Asp-Asp-Val-Tyr-Ile-His-Pro-Phe-His-Leu) and its conversion to 

angiotensin II (Asp-Asp-Val-Tyr-Ile-His-Pro-Phe), a potent vasoconstrictor (Urata et al, 

1990) potentially resulting in high blood pressure. 

 CTMC have been logically implicated in involvement of regulating extracellular 

matrix (ECM).  One of the components of the ECM is a chymase substrate, fibronectin. 

The mouse mast cell protease type 4, mMCP-4, a chymase found in mouse CTMC, has 

been studied in a knockout mouse (k/o) strain deficient in the mMCP-4 gene. A role for 

chymase in ECM remodeling has been suggested based on the k/o mice accumulation of 

fibronectin (Tchougounova et al, 2003).  

 Chymase has also been implicated having inflammatory roles. For example, pro 

Il-18 can be cleaved by human chymase at phenylalanine residue-56, to release an active 

Il-18 (Omoto et al, 2006). Il-18 is a pro-inflammatory cytokine (produced by 

macrophages for example), which stimulates production of interferon gamma (IFN ) 

from NK and CTL’s, leading to further activation of macrophages (Abbas et al, 2007). 

 

1.5.2 In vivo targets 

 

A number of different attempts have been made to confirm in vitro function. For 

example, purified protease has been injected into animals. The pioneer study involved 

purified recombinant human chymase injection into guinea pigs, where (sustained) 

microvascular leakage occurred (He and Walls, 1998). 
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 Recent developments in the protease field are k/o mice of specific proteases. One 

such example is the above mentioned mMCP-4 k/o mouse.  There are also mMCP-1 and 

mMCP-5 k/o's. mMCP-1, is the major mucosal MC protease in mice. The mMCP-1 k/o 

showed slower clearance of Trichinella spiralis, a nematode parasite, maturing in the 

intestine of its host (Knight et al, 2000). A k/o of mMCP-5 (a second chymase in mice) 

showed protection against ischemia reperfusion, where inflammation and oxidative 

damage occurs following an ischemic event. This suggests a cytotoxic influence of 

mMCP-5 (Abonia et al, 2005).   

 There are general MC k/o mice such as the c-kit (the receptor for SCF, the mast 

cell growth factor) deficient strain (KitW/W
-V

).  This strain showed a 20-fold less 

clearance of Klebsiella pneumoniae than wild type strains (Malaviya et al, 1996). 

Another MC k/o are the Kit W
-sh

/W
-sh

 mice, which have an inverse mutation of the 

upstream regulatory elements for c-kit (Grimbaldeston et al, 2005). This strain showed 

poor clearance and a greater burdance once infected with Mycoplasma pneumonia (Xu et 

al, 2005). This highlights the important roles of MC against bacterial and parasitic 

infection.  

 

1.6 Granzyme 

 

Humans possess two granzymes (gzm) encoded from the MC chymase locus; gzm B and 

H. Gzm B is expressed in CTL and NK cell granules and gzm H only in NK cells. 

Interestingly, the two have varying cleavage specificity, where gzm B cleaves after 

negatively charged aspartic acid residues and gzm H shows chymotryptic activity, against 

large hydrophobic amino acids. Gzm B has been extensively studied and has been shown 

to target the zymogen or inactive form of caspases, in turn cleaving and activating them. 

Once proteolytically active, caspases undergo a cascade of events, cleaving downstream 

caspases. These enzymes target nucleases and nuclear envelope proteins, which cause 

DNA fragmentation and nuclear destruction, i.e. undergo apoptosis (Abbas and 

Lichtman, 2007).  

 

1.7 Divergence of the MC locus 

 

The granule associated serine proteases in this project lack the cysteine191- cysteine220 

bridge found in other chymotrypsin-like serine proteases.  There is also divergence within 

the locus.  For example, the human gzm H is a chymase that preferentially cleaves after 

hydrophobic amino acids such as tryptophan and phenylalanine. This is stark contrast to 

gzm B, an aspartase that cleaves after negatively charged aspartic acid. By examining 

gene homologues in the mouse chymase locus we can see a large divergence, where the 

mouse has six granzymes that are not present in humans (see figure 4). Also, the mouse 

chymase locus is some three times larger than the human chymase locus and contains 

three times as many functional genes.  

 



 11

 
 
Figure 4. Gene organisation of the chymase locus in humans and mice. Colour similarity indicates related 

genes, with distances in kb between the genes shown (image from Reimer, 2006) 

 

1.7.1 Mechanism of divergence 

 

There are a number of potential ways new genes could be acquired. Gene duplications 

could provide new closely related genes. Each gene is duplicated around every 100 

million years (Lynch and Conery, 2000), however despite this potential, most are deleted 

or silenced. Gene duplications can occur when unequal crossing over occurs during 

meiosis. If there are not multiple gene copies for a demand of various gene products, then 

one gene may undergo alternative splicing. If a gene is successfully duplicated, the 

second version may have different fates, for example, may maintain original function, 

undergo random mutation to change function or become non-functional, i.e. a pseudo 

gene. 

 To gain the potential to diverge, whole genome duplications could result in 

sudden increase in gene number.  A logical mechanism is errors during meiosis leading to 

diploid (containing full set of chromosomes) gametes (instead of haploid, containing only 

half).  If two diploid gametes fuse the result is tetraploid (form of polyploid), containing 

four copies of each chromosome, giving scope for mutational change as the original set 

of chromosomes can carry out their original function. 

 

1.8 Proteases of interest 

 

As animal genomes continue to become more characterized, there are more possibilities 

to use molecular techniques such as gene cloning to investigate previously 

uncharacterized genes.  Of significant interest are two serine proteases: one from the 

American opossum (Monodelphis domestica) and a second from platypus 

(Ornithorhynchus anatinus).  Both these mammals are of interest for a number of 

reasons.  The opossum has two genes encoded from the MC chymase locus, one defined 

as a chymase and the other termed grathepsodenase, with unknown cleavage specificity. 

The platypus has an apparent granzyme, a single gene encoded from its chymase locus.   

The opossum belongs to the marsupials, which is an early branch of mammals. The 

opossum diverged some 185 million years ago from the lineage leading to placental 

mammals, where humans and rodents are found. The platypus belongs to monotremes, 

which diverged some 215 million years ago from the placental mammal lineage. As 

humans have four genes encoded from the MC chymase locus, it is interesting to observe 
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if these original genes in opossum and platypus have maintained their cleavage 

specificity inferring their function.  If we compare the human MC chymase locus to these 

early diverging mammalian loci, we can potentially hypothesise where gene duplications 

have occured. 

 Here, I will investigate the primary cleavage specificity of a zebrafish (Danio 

rerio) serine protease-D (SP-D). Interestingly there are no known homologues of 

mammalian serine proteases found in fish species. To gain some insight in to the protease 

function of this zebrafish SP-D may provide details of the conserved cleavage patterns, 

dating back 450 million years when the fish sub group diverged. 

 

1.9 Aim 

 

To characterize the serine proteases selected in this study by cloning and subsequently 

expressing them.  Furthermore, the recombinant proteins will be purified and activated in 

order to determine primary cleavage specificity, using a number of chromogenic 

substrates. We hope to use substrate phage display to enhance this cleavage specificity 

knowledge in order to obtain their extended specificities.   

 

1.10 Expression systems 

 

An effective way to obtain the proteases of interest is to produce them in vitro using gene 

expression systems, each offering advantages and disadvantages. The general concept 

behind expression, involves isolating the gene (encoding the protease from cDNA) of 

interest and introducing it into a vector, which is subsequently inserted into either 

prokaryotic or eukaryotic cells. Once inside the host cell, the plasmid insert is transcribed 

and translated as a ‘normal’ cell process, resulting in production of the desirable 

recombinant protein. A common feature of all expression systems is the use of a strong 

promoter and a selection marker to allow identification of the inserted plasmid (Ruggiero 

and Koch, 2008). Once enough recombinant protein has been produced by the cells, it 

can be purified for downstream experiments. 

 

1.10.1 Prokaryotic expression systems 

 

Bacterial systems are time and cost efficient, with the potential to produce 

milligrams/grams of recombinant protein in a matter of days. However, with this high 

production capacity, it brings issues with inclusion body formation or aggregates of 

inactive protein (Vallejo and Rinas, 2004). This occurs when natural chaperones within 

the bacterial cells are unable to fold the protein as it is being produced and exported from 

the cytoplasm.  Bacterial cells can lack the high order post translational modifications 

(such as glycosylation) necessary for some proteins to fold and be processed into their 

native, hence active state. 

 

1.10.2 Eukaryotic expression systems 

 

Mammalian expression systems offer significant advantages with the ability to refold 

complex proteins, using the cells natural cell processes, especially post translational 
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modification (Ruggiero and Koch, 2008). However, recombinant yields are lower than 

bacterial systems and the cost of maintaining the cells is greater, in terms of medium, 

time, special incubation and storage conditions. 

Other eukaryotic systems include yeast and insect cells. Yeast (namely Pichia 

pastoris) offer a viable alternative to bacteria, with similar yields attained (Ruggiero and 

Koch, 2008). Similarly, insect cells possess greater capabilities to fold complex protein 

than bacteria, however lack some of the post-translational abilities found in mammalian 

cells. 

In this study, two different expression systems are used. A prokaryotic system 

using E.coli:  Rosetta gami competent cells have been adapted for codon bias in E.coli, 

allowing the use of rare codons. Also, the promoter is under the control of a Lac repressor 

(constitutively expressed by an upstream gene, LacI), where IPTG (mimicking 

allolactose, the natural substrate for the lac operon) can be used to de-repress the 

promoter.  This occurs when IPTG binds the Lac repressor, stopping its DNA binding (to 

the operator), hence repressive, ability (Lewis, 2005). The strains are hosts of lysogens of 

DE3, a lambda phage derivative. They contain a copy of the T7 polymerase gene, the lacI 

gene and lacUV5 promoter. Thus, once IPTG is present (binding the repressor) the E.coli 

polymerase binds the lacUV5 promoter, transcribing the T7 polymerase. This in turn 

binds the T7 promoter, leading to transcription of the target gene (pET system manual at 

www.emdbiosciences.com). 

The eukaryotic system used here involves human embryonic kidney (HEK) 293 

Epstein-Barr nuclear antigen (EBNA) cells. The cell line originated by transformation 

with a sheared adenovirus Ad5 fragment (Graham et al, 1977) containing the early region 

1 (E1) (Shaw et al, 2002). 

HEK 293 EBNA cells constitutively express the Epstein-Barr virus nuclear 

antigen (Meissner et al, 2000), enabling the up taken plasmids to remain in a non 

integrated, episome state (Snudden et al, 1994). All the inserts in the plasmid contain a 

signal sequence, a histidine (his) tag and an enterokinase (EK) site (Asp-Asp-Asp-Asp-

Lys) (see figure 5). The inclusion of a signal sequence enables recombinant protein to be 

released into the cells medium, where it can be collected, purified and activated.  The his 

tag facilitates this purification. Removal of the EK site (thus the his tag) activates the 

protease, which can then be used in downstream experiments. 

 

 
 

Figure 5. Plasmid construct design. Included in the construct are four major elements. The signal sequence 

enables secretion of the recombinant product. The histidine (his) tag facilitates purification on nickel-

nitriloacetic acid (Ni-NTA) beads. The enterokinase site allows cleavage of the previous sites with the 

addition of enterokinase, resulting in an active protease.  
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1.11 Experimental summary 

 

Using both prokaryotic and eukaryotic expression systems, we will clone and express a 

number of recombinant proteins. This includes the opossum chymase, the opossum 

grathepsodenase, the platypus granzyme and zebrafish SP-D. In order to determine the 

primary cleavage specificity, the active protease (activated by EK site removal) will be 

used against a number of chromogenic substrates. The opossum chymase will be used as 

a positive control as this protease has been previously characterized (Reimer et al, 2008). 

Furthermore, we wish to use substrate phage display in order to obtain their extended 

specificities.  
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2.0 Material and Methods   

 

2.1 Bacterial expression system 

 

2.1.1 Plasmid preparation and cleavage for cloning 

 

Plasmid mini-preps were made (E.Z.N.A. kit from Omega Bio-Tek, Doraville, USA and 

according to manufacturers protocol) on a zebrafish SP-D clone and platypus granzyme 

clone (inserted gene originally in the mammalian expression vector pCEP-PU2). The 

resulting mini-preps were cleaved with EcoRI and XhoI restriction enzymes and 

subsequently purified by 2% gel electrophoresis (a triple digest was used to clarify the 

platypus granzyme (with EcoRI, XhoI and KpnI)).  The zebrafish and platypus fragments 

were extracted from the gel (EZNA kit) and ligated in to the expression vector pET21-trx 

(Novagen). The recombinant plasmids pET21-trx containing the zebrafish SP-D and 

platypus granzyme inserts were transformed into competent DK1 E.coli.  

 

2.1.2 Colony PCR 

 

To determine positive transformed E.coli, cells were plated on luria agar-ampicillin (LA-

amp) plates and grown overnight at 37°C. Colony PCR was performed on 10 colonies 

using forward primer GGGTGCACTGTCTAAAGGTCA and reverse primer 

GGGCTTTGTTAGCAGCCGGA. The PCR reaction was run accordingly: 5 mins at 

94°C, followed by 40 cycles of: 30 secs 94°C, 30 secs 57°C, 60 secs 72°C and then 10 

mins at 72°C final extension. The PCR products were purified on a 1.2% agarose gel.  

Two positive colonies were grown overnight by shaking, each in 6 ml LB + amp (50 

g/ml total concentration), at 37°C.   

 

2.1.3 Bacterial expression of recombinant protein 

 

Plasmid mini-preps were made from the overnight cultures (E.Z.N.A. kit from Omega 

Bio-Tek, Doraville, USA and according to manufacturers protocol) and restriction 

enzyme digestion was performed to confirm correct inserts (as above).  The recombinant 

pET21-Trx plasmids were transformed into competent Rosetta gami E.coli (Novagen). 

Cells were plated on LA-amp plates and incubated at 37°C overnight. One colony was 

picked and grown overnight in 10 ml LB + amp, at 37°C and shaking. The 10 ml 

overnight culture was added to a further 90 ml LB + amp and 0.1% glucose. Bacteria 

were grown at 37°C and shaking for approximately 1.25 hrs until OD600 value of 0.5 was 

reached. IPTG (100 mM) was added to induce protein expression for 3 hours at 37°C. 

The cells were harvested by centrifugation for 10 mins at 6,000 rpm and 4°C. The cell 

pellet, recovered after IPTG induction, was resuspended in 25 ml PBS and 0.05% tween 

and subsequently spun down for 10 mins, at 6,000 rpm and 4°C.  The supernatant was 

removed and pellet resuspended in PBS (1/50
th

 of starting volume, here 2 ml). Cells were 

lysed by 6 x 30 sec intervals of sonication (30 sec sonication followed on ice for 30 sec 

and so on). The cells were centrifuged for 10 mins at 10,000 rpm and 4°C with 2 washing 

steps after. The supernatant was removed (kept) and 0.5 ml PBS and tween 0.05% was 

added. The tube was sonicated in short blasts (1 or 2 sec) to resuspend the pellet. Finally, 
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the resuspended cell pellet was centrifugation at 10,000 rpm for 5 mins at 4°C and the 

supernatant was removed. 

 

2.1.4 Temperature effect on expressed protein solubility 

 

IPTG induction was carried out at 3 different temperatures to check the solubility of the 

expressed protein. The following incubations were used:  37°C for 3 hours, room 

temperature (~22°C for 24 hours) and cold room (~8°C for 72 hours). Subsequently, cells 

were harvested by centrifugation for 10 mins at 6,000 rpm and 4°C. 

 

2.1.5 Refolding of expressed protein 

 

The expressed protein (in the pellet) was resuspended in 0.5 ml denaturing solution (6 M 

guanidine hydrochloride, 40 mM DTT, 1 mM EDTA and 0.1 M Tris-HCl) (pH adjusted 

to 8.0 with concentrated HCl) and incubated for 1 hour in a 37°C water bath, then 

centrifuged  for 5 mins at 14,000 rpm at room temperature. The resulting supernatant was 

removed and added to 20 ml refolding solution (1 M L-arginine, 150 mM guanidine 

hydrochloride, 5 mM oxidized L-glutathione and 0.1M Tris-HCl) (pH adjusted to 8.0 

using concentrated HCl), vortexed immediately and left at room temperature overnight. 

Five hundred milliliters from the overnight solution was diluted in 2 steps to promote 

gradual accurate folding. Thus initially 2 ml PBS was added, the tube vortexed and left 

for 1 hour. A further 7.5 ml PBS was added, the tube vortexed and left for 1 hour. The 

resulting solution was centrifuged for 5 mins at 15,000 rpm and 4°C.  

 

2.1.6 Purification of expressed protein 

 

To purify the protein, 5 ml of this solution was added to 100 l nickel-nitrilotriacetic acid 

(Ni-NTA) agarose (Qiagen, Gmbh, Hilden, Germany) (roughly 50 l beads) and were left 

to rotate at room temperature for 1 hour. Following centrifugation for 5 mins at 3,000 

rpm and 4°C, the supernatant was removed and the beads transferred to an Eppendorf 

tube. The beads were washed 4 times accordingly. One milliliter PBS tween 0.05% was 

added and the tube was inverted to mix. Next the beads were briefly centrifuged for 20 

secs to allow removal of the supernatant. This was repeated 3 times. Finally, to elute 

protein from the beads, 50 l IMAC/imidazol solution was added (IMAC: 50 mM 

NaH2PO4, 300 mM NaCl, 250 mM imidazol, together with 300 l of 1 M imidazol to 

give an approximate total concentration of 500 mM imidazol) for 5 mins, followed by a 

brief centrifugation. The supernatant containing the eluted protein was recovered and the 

beads washed again in a further 50 l IMAC/imidazol solution. The supernatant was 

recovered and analyzed on 10% SDS-polyacrylamide gel (pre-cast from Invitrogen, 

Carlsbad, California, USA). The gel was stained with coomassie blue to visualize the 

protein bands. 
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2.2 Mammalian expression system 

 

2.2.1 Cloning and expression of selected serine proteases 

 

The coding regions for the serine proteases were originally obtained from a cDNA 

template using PCR and inserted in to a number of vectors.  These previously cloned 

protease inserts (in various plasmids) were transferred into the mammalian expression 

vector pCEP-Pu2. EcoRI and XhoI restriction enzymes were used to cut out the protease 

insert, which was then ligated into the new vector.  The pCEP-Pu2 vector containing the 

insert of choice was transformed into competent DK1 E.coli and selected for on a LA-

amp plate and cultured overnight at 37°C. Positive colonies were selected and subsequent 

overnight cultures (in LB + amp) were made. Plasmid min-preps were made (E.Z.N.A. 

kit from Omega Bio-Tek, Doraville, USA and according to manufacturers protocol) that 

were consequently cleaved with EcoRI and XhoI restriction enzymes for 2 hrs at 37°C. 

The vector and inserts were purified by 2 % gel electrophoresis (using 0.5 x TEB running 

buffer at 200 V) and bands visualized under UV light. Triple cleavages were also used to 

clarify correct insert.  

 

2.2.2 Transfection into HEK 293 cells 

 

Before transfection, the isolated plasmid DNA was sterilized. One tenth of the total 

volume of 3 M NaAc was added to the DNA solution, followed by the addition of two 

volumes of 99 % ethanol. The mixture was placed in a -20°C freezer for 30 mins, then 

centrifuged at 16 rpm for 10 mins. The supernatant was removed and 500 l 70 % 

ethanol was added. A further centrifuge step and supernatant removal was followed by a 

brief Speedvac spin to ensure that all the ethanol was removed. The DNA was 

resuspended in one third of the original volume in sterile TE (10 mM Tris, pH 7.5, 1 mM 

EDTA in distilled water).  HEK 293 cells were grown to approximately 70 % confluency, 

first washed with neutral PBS and Dulbecco’s Modified Eagle Medium (DMEM), then 

transfected with a solution containing 25 l sterile DNA (15 g), 25 l sterile TE, 40 l 

lipofectamine and 710 l DMEM, supplemented with 50 g/ml gentamicin and 2 mM L-

glutathione. The medium was supplemented the following day with fetal bovine serum 

(FBS) to a final concentration of 10 %.  After 24 hrs, the cells were expanded in larger 

flasks, with DMEM containing 5 % FBS, 50 g/ml gentamicin and 2 mM L-glutathione. 

Forty eight hours later, selection medium was added (DMEM supplemented with 

additional 0.5 g/ml puromycin and 5 g/ml heparin). To collect the secreted 

recombinant protein, conditioned medium was collected every 3-4 days, depending on 

cell growth. To remove cell debris from the conditioned medium, it was centrifuged at 

1400 rpm for 15 mins at 4°C and the supernatant was saved. This was stored at -20°C, 

until the subsequent purification steps. 

 

2.2.3 Recombinant protein purification 

 

The stored medium was centrifuged at 10,000 rpm for 15 mins, at 4ºC. Thirty five 

microliters of Ni-NTA agarose beads were added for every 50 ml centrifuged medium. 

After 1 hr incubation at 4ºC with agitation, the beads were collected by centrifugation 
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(3,000 rpm at 4ºC for 10 mins) and transferred to a column comprised of a 2 ml syringe 

from Terumo (Terumo Europe, Leuven, Belgium) filled with a glass filter (Whatman, 

England). The beads were washed in three fractions, firstly 1 ml, then 2 ml and a final 2 

ml fraction with PBS tween 0.05 % and 1 M NaCl. Bound protein was eluted in fractions 

(100 l, 200 l, 200 l, 200 l and 200 l respectively) with PBS tween 0.5 % containing 

100 mM imidazol. A small aliquot of the eluted protein was mixed with sample buffer 

and ß-mercaptoethanol and then heated for 5 mins at 95ºC. Protein purity and 

concentration was estimated by separating the protein on 4-16% SDS-PAGE gels (MES 

running buffers). The gels were stained with coomassie blue overnight. 

 

2.2.4 Activation of recombinant proteases 

 

Selected proteases were incubated for 5 hrs at 37ºC with 1 l EK (Invitrogen, Carlsbad, 

California, USA) per 10 g recombinant protein (Invitrogen). The subsequent active 

proteases were analyzed on SDS-PAGE gels, as above. 

 

2.2.5 Determining proteolytic activity using chromogenic substrates 

 

Active recombinant proteases were tested for proteolytic activity against a number of 

chromogenic substrates including S-2288 (H-D-Ile-Pro-Arg-pNA.2HCl), S2586 (MeO-

Suc-Arg-Pro-Tyr-pNA.HCl) (Chromogenix, Sweden), L-1400 (Suc-Ala-Ala-Pro-Phe-

pNA), L-1790 (Suc-Ala-Ala-Pro-Ile-pNA) (Bachem, Bubendorf, Switzerland) and two 

other substrates (Ac-Tyr-Val-Ala-Asp-pNA and Ac-Ile-Glu-Pro-Asp-pNA). Analysis was 

performed in a 96 well microtiter plate with a substrate concentration of 0.2 mM, using 

PBS buffer. The plate was incubated at 37ºC and hydrolysis of the various substrates was 

measured at 405 nm, in a Multiscan MCC/340 spectrophotometer (Labsystem, Helsinki, 

Finland). 
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3.0 Results 

 

3.1 Bacterial expression system 

 

3.1.1 Plasmid preparation and cleavage for cloning 

 

Serine protease inserts, here zebrafish SP-D and platypus granzyme, were successfully 

excised from their previous plasmids and religated into pET21 plasmid, for bacterial 

expression. To confirm correct inserts, novel sites were selected for control cleavage 

based on their nucleotide sequence. Within the zebrafish insert an EcoRV (GATATC) 

site was chosen, and a KpnI (GGTACC) site was selected for in the platypus granzyme 

insert. Star activity was apparent in the triple digest of the platypus granzyme (see figure 

6). 

 

A.   B.  

 
Figure 6. Plasmid DNA cleavage. A. Plasmids were cut with EcoRI and XhoI, yielding the larger vector 

band and a smaller insert. The pET21 vector and the zebrafish and platypus inserts were purified from the 

gel using EZNA gel extraction kit. B. Cleavage of pET21 vector with platypus granzyme insert. The 

restriction enzymes used are shown. The double digest shows the full length platypus granzyme insert. A 

rare KpnI site in the insert was chosen (see appendix for sequence) for a triple digest, to clarify that the 

platypus granzyme insert was present. 

 

3.1.2 Colony PCR 

 

Colony PCR revealed that the majority of clones contained the correct inserts (figure 7). 

From these, two clones containing the correct inserts were transformed in to Rosetta gami 

E.coli and subsequently expressed using IPTG. 
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A.   B.   

 
Figure 7. Colony PCR of positively transformed clones.  Ten colonies were isolated from LA-amp plates 

containing positively transformed clones. A. Zebrafish SP-D. Nine colonies (1-6, 8-10) contained the 

correct insert. B. Platypus granzyme. Eight colonies (2-6, 8-10) contained the correct insert.  Two clones 

from each were selected for recombinant protein expression. 

 

3.1.3 Bacterial expression of recombinants  

 

Bacterial expression resulted in a high amount of recombinant protein (figure 8A). 

However, almost all protein was found as inclusion bodies in the pellet. The non induced 

cells showed no increased protein levels (figure 8B). There appeared to be minimal levels 

of soluble recombinant protein in the supernatant and were comparable to non induced 

samples. To try to produce a higher amount of soluble protein, the temperature of 

induction was varied. Despite these attempts, the supernatant contained insufficient levels 

of recombinant protein. In order to use the produced protein from the bacterial pellets, a 

strong denaturing solution was added and then a refolding solution to facilitate correct 

refolding of the protein, which is necessary for proteolytic activity. 

        

A.  B.   

         
Figure 8. SDS-PAGE gel of platypus granzyme and zebrafish SP-D recombinants. A. After IPTG induction 

and cell sonication, the supernatant was collected to see the presence of soluble recombinant protein. The larger 

bands (expressed protein) are found only in the pellet, i.e. in inclusion bodies, for both the platypus and zebrafish 

clones. B. Left lane, rainbow marker. Right lane, non induced platypus granzyme.  
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3.1.4 Temperature effect on expressed protein solubility 

 

An effect on solubility by decreasing the induction temperature was seen (figure 9).  

Lower amounts of recombinant protein were obtained after cold room induction. 

 

 
 
Figure 9. SDS-PAGE of four recombinant proteins induced at room temperature (approximately 

22°C) versus cold room (4°C). Samples (from supernatant) are taken after expression and sonication of 

the cells. Key: PG-platypus granzyme, Z SP-D-zebrafish SP-D, HC-human chymase, OG-opossum 

grathepsodenase. Significant difference in produced protein is seen between the different inductions, with 

less protein in the cold room induction. 

 

3.1.5 Refolding of expressed protein 

 

It is evident that after refolding, there is a significant increase in soluble recombinant 

protein, i.e. from the supernatant (figure 10). However the refolding solution must be 

removed to obtain a relatively pure protein. After removal, the protein precipitated from 

the solution and the soluble fraction was lost (i.e. after dilution in PBS).  A second 

method to purify and remove contaminants was tested, which included dialysis (shown 

for the zebrafish SP-D). However the outcome was similar and precipitation also 

occurred here, rendering the protein insoluble hence inactive. 
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Figure 10. SDS-PAGE gel of platypus granzyme and zebrafish SP-D after denaturation and refolding. 

Indicated by S, supernatant, or P, pellet, refolded protein is apparent before removal of the refolded 

solution with PBS. Only protein from the recovered pellet bound the Ni-NTA beads. Attempts to purify by 

dialysis were futile, both when diluted in PBS to remove contaminants and separate dialysis, the protein 

precipitated from solution. Key: PG-platypus granzyme, Z SP-D- zebrafish serine protease-D. 

 

3.1.6 Purification of expressed protein 

 

Further attempts to purify recombinant protein and obtain soluble protein were 

unsuccessful (figure 11).  After expression and refolding of the recombinant protein, the 

contaminants (the denaturing and refolded solutions) were removed by adding PBS. The 

remaining protein was purified on Ni-NTA beads and run on SDS-PAGE gel. However, 

very low quantities of soluble protein were obtained. This system was therefore 

discontinued and a mammalian system was implemented. 
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Figure 11. SDS-PAGE gel of purified recombinant protein. Further attempts to obtain soluble protein 

were unsuccessful. Shown is the eluted supernatant from the Ni-NTA beads, containing a minimal amount 

of soluble protein.  

 

3.2 Mammalian expression system  

 

3.2.1 Cloning and expression of selected serine proteases 

 

Once the mammalian expression system was used, increased levels of recombinant 

protein were obtained.  Recombinant protein was successfully purified on Ni-NTA beads 

and eluted with 100mM imidazol (figure 12). 

 

A.      B.  
Figure 12. Purification of selected serine proteases. The opossum granzyme (A) and the opossum 

chymase (B) were eluted in a number of fractions with 100mM imidazol (in PBS). Fractions 2 and 3 (from 

A and B) were pooled and cleaved with EK, to activate the protease. In addition conditioned medium was 

collected for a number of proteases (shown in A). Cow duodenases and platypus granzyme were not 

apparent here, whilst the opossum chymase and notably clone 6 from the zebrafish SP-D produced high 
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levels of recombinant protein.   

   

3.2.2 Activation of recombinant protein 

 

After purification on Ni-NTA beads, the platypus granzyme, the opossum chymase and 

the grathepsodenase were activated by EK cleavage, removing both the his tag and EK 

site. An example shown here is the opossum chymase (figure 13). These active proteases 

were then used to analyze primary cleavage specificity by the use of chromogenic 

substrates. 

 

 
Figure 13. Activation of opossum chymase using EK. EK was added to purified opossum chymase. The 

addition of EK results in a shorter band due to his-tag removal. 

 

3.2.3 Chromogenic substrates 

 

The opossum chymase (positive control) showed chymase activity (figure 14), cleaving 

after large hydrophobic amino acids, which is consistent with previous findings (Reimer 

et al, 2006).  The opossum grathepsodenase, which is equally placed between a number 

of proteases in the phylogenetic tree, cleaved after aspartic acid residues (figure 15), 

indicating granzyme B like activity. The platypus granzyme showed potential cleavage 

after positively charged arginine (figure 16), indicating tryptase activity. 
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Figure 14. Opossum chymase shows chymase activity. A number of chromogenic substrates were added 

to active (EK cleaved) chymase.  Both the chymase substrates were cleaved, preferentially the first 

chymase substrate, which hydrolyzed all the substrate in approximately one hour. Controls (shown in grey) 

were set up similarly to the tested substrates, however they lacked the active protease. 
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Figure 15. Opossum grathepsodenase shows aspartase activity. A number of chromogenic substrates 

were added to active (EK cleaved) grathepsodenase.  Both the aspartic acid substrates were cleaved. 

Controls (shown in grey) were set up similarly to the tested substrates, however they lacked the active 

protease. 
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Figure 16. Platypus granzyme shows weak tryptase activity. A number of chromogenic substrates were 

added to active (EK cleaved) granzyme.  Despite designated a granzyme, no aspartase activity was seen. 

Controls (shown in grey) were set up similarly to the tested substrates, however they lacked the active 

protease.  



 28

4.0 Discussion 

 

In this study, we have cloned, expressed and gained insight in to the primary specificity 

of the opossum chymase, opossum grathepsodenase and platypus granzyme. The 

significance of which offers not only an evolutionary perspective of the mast cell locus, 

but increased characterization of notably the opossum grathepsodenase and evidence of 

proteolytic activity of the platypus granzyme.  

 Whilst the efficiency of the bacterial system to produce recombinant protein is 

unquestionable, the ability to produce soluble, correctly folded protein is problematic.  In 

order to produce functionally active protein, the bacterial cells sometimes utilize 

chaperones, which aid the folding of the nascent polypeptide chain as its being translated. 

However, due to the high production of protein (hence the inclusion body formation) the 

chaperones become overwhelmed, leading to misfolded protein. By varying (i.e. 

lowering) the temperature to slow bacterial activity, this could have allowed a slower 

protein production.  This would enable chaperones to facilitate correct folding in order to 

produce higher yields of soluble, native protein.  However for these proteases this was 

seemingly unsuccessful.   

 A standard protocol for protein denaturing (soluble yet non functional) and 

refolding (to find its native, hence functional state), is nigh on impossible to find and 

implement. The decision to switch to a mammalian system is justified by these problems.  

 Thus by using a eukaryotic system based on HEK 293 EBNA cells, I have 

produced a number of recombinant serine proteases. This included the opossum chymase, 

the opossum grathepsodenase and the platypus granzyme. However due to time 

constraints, the zebrafish SP-D originally used in the bacterial system was stopped and 

the focus remained on the opossum and platypus genes.  

 While efforts to enhance protein production by controlling external (cell) factors 

such as medium supplements, incubation temperature and other culturing conditions were 

in place, the effects of the produced protein inside the cell are an unknown. For example 

why the cow duodenases are not produced under the same conditions as, for example, the 

abundant opossum chymase may remain a mystery. The overall charge has been 

considered a factor, where the highly positive net charge of the proteins may influence its 

mobility within the flask, i.e. stick to the plastic. Heparin was added to the cultures in the 

hope of antagonising this potential problem, yet this appears redundant as no 

improvement in yield was seen. Each plasmid construct has a similar signal sequence, to 

transport the newly made protein outside the cell, which again doesn’t reason why some 

cells produce protein and others don’t. It could be hypothesised that (providing there are 

no transcriptional and translational problems) despite the signal sequence, the 

recombinant proteins are somehow blocking transport pathways in the cell, somehow 

then degrading the product.  If the protein becomes glycosylated there is potential 

interaction with lectins for example, which could stick and keep the protein bound within 

the cell. The recombinant proteins produced bare the EK site, rendering them inactive.  

Hence a toxic effect shouldn’t be seen as this would likely manifest itself by cell death, 

which was not the case.  There may be the possibility of ‘kicking out’ the plasmid insert 

if it confers no selective advantage. This would leave the plasmid inside the cell without 

the protease insert yielding the cells antibiotic resistance yet not producing the desired 

protein.  
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 An alternative strategy to this system is a baculoviral expression system, 

involving the use of insertion of the gene of interest under the control of a strong 

baculovirus promoter into insect cells (natural hosts of the virus). 

Hydrolysis of the chymase chromogenic substrates, cleaving after large 

hydrophobic amino acids, phenylalanine (in substrate 1) and tyrosine (substrate 6) was 

clearly evident with the opossum chymase. A previous study, analysing the primary and 

extended cleavage specificity, found the opossum chymase to have a more stringent 

preference for tryptophan over Phe and Tyr (Reimer et al, 2008), but nevertheless is a 

solid basis for use as a control when analyzing the other opossum and platypus proteases.  

The gray short-tailed opossum belongs to the marsupials, which is an early branch of 

mammals. The opossum diverged some 185 million years ago from the lineage leading to 

placental mammals, where humans and rodents are found. The extended cleavage 

specificity demonstrated by the opossum chymase indicates similar amino acid 

preferences as the human chymase and mMCP-4. This indicates a strong selection 

pressure to maintain the chymase specificity suggesting its role in vivo and in mast cells 

is important (Reimer et al, 2008).    

Phylogenetic analysis places the opossum grathepsodenase equally distant 

between granzymes, cathepsin G and ungulate (hooved) duodenases (all MC chymase 

locus), hence coined ‘grathepsodenase’. It appears this gene is a duplication of an 

ancestral chymase gene, which is supported by a single ‘granzyme’ gene found in the 

oldest divergent mammal, the platypus. 

 Here, we show that the opossum grathepsodenase has primary specificity for a 

negative amino acid, aspartic acid. This indicates granzyme B- like (aspartase) 

specificity, the most abundant granzyme in CTL’s.  

The single gene found at the MC chymase locus in the platypus is 

phylogenetically grouped among the chymase, cathepsin G and granzyme genes.  Here, 

the platypus granzyme showed potential activity towards the tryptase substrate, cleaving 

after positively charged arginine.  Only granzymes A/K found in mice (not humans) show 

tryptase activity. However, other proteases may show dual specificity, which may come 

from a common ancestor. By no means are the platypus and opossum genomes complete, 

which may in part explain why these genes are not found. Also, the opossum granzyme 

has likely undergone a chromosome rearrangement, as the distance between the opossum 

chymase and the granzyme is 44Mb, which again highlights the difficulty of finding 

related genes in incomplete genomes and/or ones which simply lye far apart from each 

other.  

 There is a clear indication of the primary specificity of the selected proteases 

using the chromogenic substrates. A necessary requirement for chromophore cleavage is 

the P1 position and its preference for the respective amino acid. This unequivocally 

indicates the cleavage recognition, i.e. showing chymase activity if cleaving after large 

hydrophobic amino acids, the case with the opossum chymase. What is limited by this 

approach is the relevance of the C terminal P1’ and P2’ positions. Likewise, to study the 

P2-P5 in this manner would require a very large scale production of chemically 

synthesised peptides, which isn’t feasible. 

 An important factor here is the setup of the chromogenic substrate assay. After 

EK digestion of the protease to form an active protease, the EK is still present in the 

solution. EK has a natural substrate, trypsinogen, which it cleaves to produce trypsin. 
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This cleavage specificity is similar to a tryptase, cleaving after basic amino acids. 

Therefore, the EK may cleave after the arginine residue in the tryptase substrate, 

releasing the chromophore, whose colour is then measured. An EK removal kit could be 

used to circumvent this problem.  

 A more informative approach is substrate phage display, where a phage library 

displaying randomly synthesised peptides on their surface is produced. Next to the 

peptide sequence is a his tag, which then is bound to a Ni-NTA bead. When the protease 

of interest interacts (i.e. by cleaving) with the peptide, the phage particle is released from 

the Ni-NTA bead.  The released phages are collected, amplified in E.coli then attached to 

Ni-NTA beads again. After several rounds of selection, individual phages are isolated and 

their peptide sequence determined.  This technique will be used to study the extended 

specificity of these proteases. 

 Currently I have a number of proteases that are being expressed in HEK 293 

EBNA cells. Although not abundant to purify, the initial results shows protein production 

of the zebrafish clones, which show evolutionary divergence, grouped just outside the 

mast cell chymase locus proteases. The cleavage specificity would be of interest here.  

Four more proteases have been recently transfected in to HEK 293 EBNA cells: catfish 

granzyme like I, II, III and cod granzyme like I. These proteases occupy distinct branches 

of the evolutionary tree (figure 17 in appendix). Analysis of these could provide insight 

in to their substrate specificity, especially as no specific homologues in fish of the 

chymase locus serine proteases are found (Wernersson et al, 2006) 

 

4.1 Conclusion 

  

Here I’ve highlighted the difficulties in producing a eukaryotic recombinant protein in a 

prokaryotic system, which lacks the post-translational modification needed for correct 

folding, resulting in insoluble, inclusion bodies. 

 Protein production was successful based upon a HEK 293 mammalian system.  

My results indicate the opossum grathepsodenase having aspartase activity, the same as 

granzyme B cleavage specificity. The platypus granzyme was produced at lower levels 

and suggested tryptase activity.   

 Identifying new specificities can always be challenged. However, the opossum 

chymase was used as a control, which showed high activity against both chymase 

substrates tested, as seen in a previous study (Reimer et al, 2006).  

 The system is still not perfect. There were problems producing seemingly even 

low levels of cow duodenase and the platypus granzymes production appeared to decline 

over time.  An alternative strategy here is to use a baculoviral expression system. This is 

based on infecting insect cells with a virus vector containing the protease of interest. The 

use of substrate phage display could provide details of the extended cleavage specificity. 

This is not only to see whether there is conservation in the extended specificity but also 

highlights potentially important in vivo substrates. Ultimately these substrates could 

provide details of the true function of these serine proteases. This also provides insight in 

to their evolution from the earliest mammals to modern day humans. This includes 

differences seen in human MC chymase genes and more mysterious serine proteases 

found in species such as fish.  
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7.0 Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 17. Phylogentic relationship between a number of serine proteases. The dark grey highlight show 

hemapoietic serine proteases lacking the Cys191- Cys220. Light grey indicates other hematopoietic serine 

proteases. The red vertical bar indicates serine proteases with a common five exon, four intron structure. 
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