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Abstract 
 
Mast cell is the key effector cell in allergic reactions. Several very potent 
physiologically acting mediators are released from mast cells upon activation by IgE 
crosslinking. Serine proteases belong to one such category of pre-stored mediators of 
mast cells. Almost all of these proteases are related in structure to pancreatic 
chymotrypsin and these proteases are stored in their active form in large amounts in 
the granules of the mast cells. In this report, eleven such serine proteases were studied 
by phage display technology to determine their full extended substrate recognition 
profile. The preferred cleavage sequence involving nine amino acids surrounding the 
actual cleavage site was determined for three mast cell chymases. They were all found 
to have chymotrypsin-like primary specificity, and the human and macaque chymase 
revealed a prominent preference for acidic amino acid in P2’position downstream of 
the cleavage site. The third enzyme studied, the dog chymase, showed a less 
pronounced preference for acid amino acids in the P2’ position and also a preference 
for basic amino acids in the P2 position just upstream of the cleavage site not seen in 
the human and macaque chymases. The extended cleavage specificity of human and 
macaque mast cell chymases was found to be almost identical. Thus, indicating that 
the macaque can serve as an excellent model to study in vivo functions of the human 
chymase and thereby also serve as a good model to evaluate protease inhibitors for 
use as anti-inflammatory drugs in human beings. 
 
1. Introduction 
 
1.1 General overview 
 
We need an immune system to resist infections by various microorganisms, including 
bacteria, fungi and viruses. One mechanism of protection is termed innate immunity, 
which is composed of physical barriers (i.e. skin, mucosal membranes), phagocytes 
and pattern recognition molecules e.g. lysozyme, interferon, complement. In addition 
to innate immunity, jawed vertebrates also have adaptive immunity, which is more 
specific and possesses memory. However, adaptive responses are slow to initiate and 
need time to develop. My study is emphasized on one of the important effector cells 
in the innate immune system: mast cells, which contributes to the onset of 
inflammation and regulation of adaptive immune responses [1]. Mast cells are 
well-known for their role in atopic allergies. Clinical manifestation of the type I 
hypersensitivity is attributed to the physiological activity of pharmacologic agents 
stored in mast cells. The active mediators are released during the mast cell 
degranulation, subsequently distribute and act on local tissues and secondary effector 
cells, resulting in systemic anaphylaxis or localized hypersensitivity reactions. Upon 
degranulation, active serine proteases stored in the granules are released to participate 
in connective tissue degradation during the inflammatory response[2]. The aim of my 
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degree project is to study the cleavage profile of mast cell chymases from a number of 
different species. These chymases are members of the large family of 
chymotrypsin-like serine proteases. 
 
1.2 Mast cells 
 
1.2.1 Origin, migration and maturation of mast cells 
 
Mast cells are approximately 20 μm in diameter, ovoid cells distributed in a wide 
variety of vascularized tissues e.g. the skin and mucosal membrane surface[3]. Paul 
Ehrlich first described mast cell in his thesis where he noted their staining 
characteristics and strikingly large granules. The resident mast cells are concentrated 
in epithelial tissue of respiratory, genitourinary and digestive tracts [4-6]. The presence 
of proteases in mast cells differs with anatomic sites. Human mast cells are classified 
into different subtypes primarily depending on their tissue location. Mast cells with 
expression of tryptase (MCT cells) are prominently localized within the mucosa of the 
airway and gastrointestinal tracts, and they are recruited upon mucosal 
inflammation[3]. Another subtype is found in connective tissues, and this mast cell 
subtype contains both tryptase and chymase, and is therefore named MCTC cells.  
 
Previous studies have shown that mast cells are derived from multipotent 
hematopoietic progenitors [7]. The precursors of mast cells are generated in the bone 
marrow but no mature mast cells are found either in this tissue or in the circulation. 
Their final mature form is first seen when they come to the peripheral tissues. 
Generally, mature mast cells are anatomically located close to the blood and 
lymphatic vessels and nerves. During differentiation and proliferation, immature 
progenitors are stimulated and activated by various growth and differentiation factors. 
Stem cell factor (SCF) expressed on the surface of fibroblasts is one such vital growth 
factor for the development of human mast cells [3]. Through interaction with its 
receptor, the Kit receptor, intracellular signals are generated that stimulates 
proliferation, facilitates differentiation and sustains survival of mast cell[8]. Mast cells 
are difficult to purify from human tissues in larger numbers. Mast cells used for 
biological studies are therefore often derived from hematopoietic progenitor cells in 
cord blood or peripheral blood, e.g. CD34+/CD13+/c-kit and LUVA[9, 10]. 
 
1.2.2 Mast cell activation 
 
The major mechanism of mast cell activation in allergic reaction is based on the 
interaction between antigen specific IgE, bound to the high affinity IgE receptor 
FcεRI, and an allergen. FcεRI is a tetramer consisting of one α chain, one β chain and 
two γ chains, forming αβγ2 complex[11]. The primary function of the α chain is to 
interact with the IgE Fc region. The β chain contributes to the generation of a 
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signaling complex with disulfide-linked γ chains. Ultimately extracellular signals 
trigger rapid tyrosine phosphorylation and initiate mast-cell degranulation. Both β and 
γ chain possess conserved sequences in immunoreceptor tyrosine-based activation 
motif (ITAM) which links to tyrosine kinases in order to transmit transient signals[12]. 
However, activation and degranulation of mast cells are also observed without 
crosslinking of IgE and FcεRI. In some cases, the allergen and IgE are not the 
exclusive inducer to mast-cell activation. Chemicals and a strengthen calcium flow 
enables degranulation of mast cells as well[13, 14].  
 
1.2.3 Mast cell granule and mediator 
 
Granules of mast cells stain metachromaticaly due to negatively charged 
proteoglycans, including heparin and chondroitin sulphate [3]. Other primary 
inflammatory mediators stored in granules are serine proteases, histamine and 
serotonin (in rodents). Once mast cells are activated by crosslinking to IgE, they 
degranulate and become amorphous and fragile. Along with degranulation, the 
granular contents are released into the milieu surrounding the mast cell which initiates 
inflammation. There are two kinds of mediators secreted by mast cells. One type is 
the pre-formed mediators, which are stored in the granules of mast cells. Their 
inflammatory potency can be instantly apparent during an allergic response. The other 
types of mediators are the de novo synthesized mediators which are produced or 
assembled with mast cell activation or degranulation. Details concerning pre-formed 
and de novo mediators are listed in Table.1 
 

Pre-formed 
Mediator 

Effects 

Histamine, heparin 
Increase vascular permeability 
Smooth muscle contraction 

Serotonin (rodents) 
Increase vascular permeability 
Smooth muscle contraction 

Eosinophil chemotactic factor Eosinophil chemotaxis 
Neutrophil chemotactic factor Neutrophil chemotaxis 

Proteases 

Bronchial mucus secretion 
Activation of fibroblasts 
Promote accumulation of effect cells 
Generation of complement split products 

de novo 
Mediator 

Platelet-activating factor 
Platelet aggregation and degranulation 
Contraction of pulmonary smooth muscles 

Leukotrienes 
Increase vascular permeability 
Contraction of pulmonary smooth muscles 
Attract eosinophils 

Prostaglandins 
Vasodilation 
Contraction of pulmonary smooth muscles 
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Platelet aggregation 

Bradykinin 
Increase vascular permeability 
Smooth muscle contraction 

IL-1, IL-6 
 

Systemic anaphylaxis 
upregulate expression of venular endothelial 
cells 

TNF-α 
 

activate neutrophils 
increase chemokine synthesis 
recruit effect cells 

IL-4,IL-5 and IL-13 
 

increase IgE production 
Promote TH2 differentiation 

IL-3 
Eosinophil development and survival 
Augment macrophage cytotoxicity and 
adhesion 

Transforming growth factor 
(TGF-β) 

Regulate differentiation, migration and 
proliferation of smooth muscle cells 

Table.1 Mediators released from mast cells during activation. The presence of pre-formed and 
de novo mediator is somewhat tissue-related. Mediators shown in table above are 
predominantly observed after mast cell activation. [3, 15-18].   
 
1.3  Mast cell chymase 
 
1.3.1 Recognition site in substrate 
 
Chymase is one of the major preformed mediators stored in mast cell granules. It is an 
endopeptidase that selectively digests bonds within peptide chains. The amino acid 
which is N terminal of the scissile bond is designated as P1. In the direction to the C 
terminus, the rest of the amino acids of the extended cleavage site are defined as P1’, 
P2’, P3’ etc. In the opposite direction, amino acids towards the N terminus are 
denoted in order: P2, P3, P4 etc. The corresponding interaction pocket in enzyme is 
thereby called S4, S3, S2, S1, S1’, S2’ etc. 
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Fig.1 Schematic representation of the positions of amino acids in substrate and enzyme. It 
highlights the enzymatic cavity and the interactions between amino acids of the substrate and 
the enzyme.   
 
1.3.2 Cleavage specificity of mast cell chymases 
 
There are three subfamilies of serine proteases, which are classified based on cleavage 
specificity: trypsin-like, chymotrypsin-like and elastase-like proteases. The 
susceptible amino acid to cleavage in substrate varies in these three subclasses. 
Aromatic amino acids are vulnerable to digestion by chymotrypsin-like proteases. 
Trypsin-like proteases prefer to hydrolyze peptide bonds after positively charged 
amino acids, whereas small aliphatic amino acids such as Ala and Val are recognized 
by the catalytic pocket of elastase-like proteases. Several granular proteases have been 
shown to be chymotrypsin-like serine proteases, for example, human chymase and 
mouse connective tissue mast cell protease-4 (mMCP-4), a mouse mast cell β 
chymase [19]. In general only aromatic amino acids are accepted in P1 position in 
chymotrypsin-like chymases and they tend to prefer Phe and Tyr over Trp[20]. 
Interestingly, substrate recognition specificity is not exclusively determined by the P1 
position. The extended recognition sites of chymase have been explored through 
alignment after using phage display technology. For the human chymase, acidic 
amino acids in P2’ are found to be structurally important. Arg143 and Lys192 in 
interaction pocket of the human chymase have been shown to interact with negatively 
charged amino acids in P2’ position of substrates[21]. Likewise, the opossum chymase 
has a similar preference for negatively charged residues in the P2’position of 
substrates and also has Arg and Lys in the positions 143 and 192 of the enzyme, 
respectively [22].  
 
1.3.3 Phylogenetic analysis of serine proteases 
 
During phylogenetic analyses mammalian chymases separate into two distinct 
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subfamilies: α chymases and β chymases [23]. Previous works have shown that in 
placental mammals only one single α chymase normally is present. Rodents also have 
a second set of chymases which have been named β chymases. These proteases which 
are found within the same locus have sometimes different substrate recognition 
profiles from the proteases in non-rodent species. For example the rat mast cell 
proteases-4 (rMCP4) that belong to the β chymases, also prefers aromatic amino acids 
also in the P1 and P2 position of substrates[24].  
 
Close phylogenetic relationships often also indicate functional similarity. From Fig.2, 
we can see that the human, macaque and to some extent the dog chymases are 
evolutionarily closely related. In contrast, the hamster chymases (HAM1 and HAM2) 
are apparently relatively distantly related in sequence. Although the function often 
correlates with similarity in sequence, sometimes the function can be quite different in 
two proximately located sequences in a phylogenetic tree.  

 
 
Fig.2 Phylogenetic analysis of mammalian serine proteases. The figure comes from Jukka 
Kervinen, using percentage identity to represent the average distance[25]. 
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2. Materials and methods: 
 
2.1 Source of chymases, neutrophil elastase, cathepsin G and human proteinase 3 
 
Chymases used in my project are primarily from the Johnson & Johnson research 
group. These proteases are produced in baculovirus-infected insect cells (High FiveTM) 
(Invitrogen, Carlsbad, CA). The responding accession numbers of chymase sequences 
in SwissProt/TrEMBL are P23946 (human), P56435 (macaque), P85201 (dog), P79204 
(sheep MCP-2), O46683 (sheep MCP-3), P85201 (guinea pig), O08732 (HAM1), 
O70164 (HAM2), respectively. Three additional serine proteases were also studied.  
The human neutrophil elastase (BioCentrum Ltd.), human cathepsin G (BioCentrum 
Ltd.) and human proteinase 3 (Athens Research & Technology).  
 
2.2 Determination of cleavage recognition profile by phage display 
 
2.2.1 Basic principle of phage display selection 
 
A library of T7 phage with random nonameric peptides was used to determine the 
cleavage recognition profile. In the library, capsid protein 10 was assembled to include 
nine random amino acids followed by a His6-tag at the C terminus. The general 
sequence of this region was PGG(X)9HHHHHH, where (X)9 is the nonameric peptide 
section. Since the six histidines confer high affinity to the Ni-NTA beads, T7 phages 
with His6-tag were easily immobilized to Ni-NTA matrix and His-free phages were 
removed by extensive washing. Immobilized phages with cleavage susceptible (X)9 
sequences were released when the protease was added. Those phages were amplified by 
infection of a new bacterial culture (Escherichia coli BLT5615) and then they entered a 
new selection round. By repeating the selection rounds (bio-panning), the phages of 
interest were strongly enriched. Normally, five rounds are enough to obtain sufficiently 
good enrichment of susceptible phages to get high quality information concerning the 
extended cleavage specificity. 
 
2.2.2 Biopanning procedures and establishment of phage sub-library 
 
In the first round, 300 μl phage library (around 109 pfu) was mixed with 100 μl 5 M 
NaCl, 600 μl PBS and 100 μl Ni-NTA agarose beads in a 1.5 ml eppendorf tube. The 
phage-bead mix was then incubated at 4 oC rotating for 1 h. Free phages were removed 
by ten washes with 1 ml washing buffer (1 M NaCl, 0.1% Tween-20 in PBS, pH7.2) 
followed by two 1 ml PBS washes to prepare for the enzyme cleavage reaction. The 
Ni-NTA beads were then resuspended in 500 μl PBS (pH 7.2). Concentrated protease 
was diluted to 0.068 μg/μl and 7 μl active protease was added in each reaction. To 
compare with an enzyme-containing buffer, PBS buffer free of enzyme was used as a 
control. Five μl with a concentration of 0.1 μg/μl of the three serine proteases 
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(cathepsin G, neutrophil elastase and human proteinase 3) was used in each reaction. 
For all the enzymatic reactions, the final amount of protease in 500 μl system was 
approximately 0.5 μg.  
 
After 2 h at 37 oC with gentle rotation the protease digestion was stopped. The beads 
were then spun down in a table top centrifuge. Thirty μl of the supernatant was taken 
to dilution series for determining the titer of detached phages in each biopanning. The 
rest of supernatant was recovered to collect the released phages in 1.5 ml eppendorf 
containing 15 μl fresh Ni-NTA beads and 100 μl PBS. Released phages without 
cleavage sites (undesirable phages) in this step were removed. Immobilized phages 
were eluted by adding 100 μl 100 mM imidazole and diluted 107 times to calculate the 
number of phages still bound to the Ni-NTA matrix. Eight Luria Agar ampicillin (LA 
amp) plates (50 μg/ml) were pre-warmed at 37 oC for phage calculation. One hundred 
microliter diluted phages were mixed with 100 μl 100 mM isopropyl 
β-D-1-thiogalactopyranoside (IPTG), 300 μl E.coli BLT5615 (optical density OD600 

up to 0.5) and 60 oC 0.6 % agar, which were spread on the LA amp plates. Four plates 
were used for the enzyme treated reaction and the control at different dilutions, of 
which three plates were prepared for the reaction supernatant and one plate was 
prepared for the Ni-NTA bead elution. After 2.5 hours at 37 oC incubation the number 
of phages on the plates was counted and the difference between the respective enzyme 
and control (PBS) was calculated.  
   
Ten ml E.coli BLT5615 were grown at 37 oC for 30 minutes before adding 100 μl 100 
mM IPTG. This addition results in the induction of the production of the T7 phage 
capsid protein, necessary for phage growth. The retrieved phages were then added to 
the induced BLT5615 culture and after an additional 75 minutes’ incubation at 37 oC 
bacterial lysis usually occurred. One and half ml of this lysate was centrifuged at 
10,000 x g for 3 minutes at room temperature. Eight hundred μl Supernatant was 
mixed with 100 μl 5 M NaCl and 100 μl PBS, forming 1 ml phage sub-library for the 
subsequent biopanning.  
 
In the following rounds, selection was continued by mixing 1 ml of the phage 
sub-library with 100 μl Ni-NTA beads. The washes of Ni-NTA beads were increased 
to 15 times to avoid increasing background phages remaining as the density of free 
phages increased as selection went on.  
 
2.2.3 Lysis and preservation of selected phages 
 
After five biopannings, the phages were plated and 100 individual colonies were 
picked from these LA amp plates. Colonies were extracted and placed in phage 
extraction buffer (100 μl 100 mM Ethylenediaminetetraacetic acid (EDTA) pH 8.0). 
Phage lysis proceeded at 65 oC for 10 minutes. After cooling down to room 
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temperature, phage lysates were centrifuged at 14,000 x g for 3 minutes and 
transferred to 4 oC. 
 
2.2.4 PCR amplification of sequence encoding nonapeptides 
 
The extracted phage DNA obtained from the individual plaques was used as a 
template to amplify the region of the phage encoding the nonameric random region. 
The following components were combined in a sterile 0.5 ml PCR tubes: 
 
2 μl   Phage lysate 
5 μl  10X Taq Buffer E (100 mM Tris pH9.0, 500 mM KCl, 15 mM MgCl2, 1% 

Trion X-100) 

1 μl   50 pmol/μl T7 select Up Primer (5’-GTTAAGCTGCGTGACTTGGCT-3’) 
1 μl   50 pmol/μl T7 select Down Primer (5’-TTGATACCGGAGGTTCACCGA-3’) 
1 μl   10 mM dNTP mix 
0.5 μl  5U Taq DNA polymerase  
39.5 μl  deionized water 
 
The PCR was programmed to have three stages. Stage 1 proceeded at 94 oC for 5min. 
Stage 2 consisted of 35 repeats of thermal cycles: denaturation at 94 oC for 50 seconds, 
annealing at 50 oC for 1 minute, elongation at 72 oC for 1 minute. Stage 3 was the 
final extension at 72 oC for 6 minutes.  
 
Amplified genes were checked on 2 % agarose gel with 0.1 μl/ml ethidium bromide. 
Phages giving a positive PCR band were stored at 4 oC until sequenced. 
 
2.3 Generation of cleavage profile by manual alignment of insert sequence 
 
Amplified phage DNA samples were sent to GATC Biotech Company in 96-well 
plates for sequencing. The resulting sequences were translated into amino acid 
sequences. The sequences were sorted into different categories. Background 
sequences were excluded in sequence alignment. Repeated sequences were only 
counted one time in the statistic analysis. Cleavable sequences with only one amino 
acid were first grouped to alignment and analysis. The sequences with multiple 
possible cleavage sites, were aligned according to the pattern obtain from sequences 
with only one potential site. According to previous studies and results from analysis 
with synthetic substrates, aromatic amino acids were assumed in the P1 position. 
Sequences with only one aromatic amino acid were first aligned to obtain the general 
cleavage pattern. Based on the information from the typical cleavage preference, 
sequences with more than one aromatic amino acid were adjusted to the P1 position 
and aligned by hand. Nine amino acids were analyzed to the delineate cleavage profile 
from P5 to P4’ position. However, occasionally, some of them were part of native 
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phage capsid protein. Amino acids shown in the alignment were classified with 
characteristic colors to indicate their properties. Aromatic amino acid were shown in 
green; negatively charged amino acids in red, positively charged amino acid in yellow; 
small aliphatic amino acid in dark blue and larger aliphatic amino acid in light blue.  
 
3. Results: 

 
3.1 Performance of phage screening 
 
In my study on the extended cleavage specificity of various hematopoietic serine 
proteases, ten serine proteases were included. The phage display system was used in 
defining the cleavage profile of all of these proteases. Since the insert nonamer region 
was expressed on the surface of the phage capsid, they were easily recognized by the 
protease, releasing from the immobilized Ni-NTA matrix if the sequence was 
preferred. The specific sub-library of phage was thereby established and as selection 
continued, nonapeptides susceptible to proteases cleavage were amplified and 
increased in numbers. Theoretically, the larger difference in titer between the enzyme 
and PBS control group, the better selection was obtained.  
 
Generally, five biopannings are needed for the screening by phage display to get a 
good estimate of the extended specificity. However, for the human chymase and the 
macaque chymase, more than five rounds, up to seven rounds were needed (Fig.3A, 
3B). Only a small difference between background and susceptible nonamers was 
obtained after five rounds of selection. As long as the cleaved/control phage ratio was 
over 30 or even exceeded 50, the background nonamers were kept to a minimum, the 
protease cleaved phages could then be sequenced. Therefore, selection was increased 
to 6 or 7 biopannings. When a high ration between control and enzyme was obtained, 
100 plaques were picked from the plates. The region of the phage covering the 
random nonamer was then amplified from each plaque by PCR and its DNA sequence 
was determined. 
 
The charts below demonstrated cleaved/control phage rate against number of selection 
rounds illustrates the tendency in the selection (Fig.3). After 7 biopannings, the 
human chymase had a 38 times higher number of released phages compared to PBS 
control and identical ratio was obtained by dog chymase (Fig. 3A, 3K). Macaque 
chymase performed much better than human chymase in 7 selections, resulting in 168 
fold higher number of cleaved phages compared to PBS control (Fig. 3B). The two 
sheep chymases also had high cleaved/control phage ratios. Sheep chymase MCP-2 
had 124 times the number of PBS control phages and the sheep chymase MCP-3 had 
207 times (Fig. 3C, 3D).  
 
However, the guinea pig chymase was an exception. In the beginning, 7 μl of 0.068 
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μg/μl guinea pig chymase was added in enzymatic reaction, which is similar enzyme 
concentration to other proteases used in each round. Despite similar concentrations, 
the proteolytic activity of guinea pig chymase was much lower than other chymase. 
The number of cleaved phages compared to PBS control was even lower than the 
control after six or even seven rounds of selection. Attempts to increase the amount of 
guinea pig chymase from 0.5 μg to 2.5 μg in the 500 μl reaction system resulted in 
little improvement. By adding five times as much enzyme it significantly increased 
the cleaved phage against the control occurring in the fifth round (Fig. 3E). However, 
the ratio then dropped again in the sixth round (data not shown). The low ratio 
resulted in numerous repeated and background phages among the translated sequences. 
The results from the guinea pig chymase were not analyzed any further due to 
insufficient quality of the data. 
 
The two hamster chymases displayed a major difference in protease to control phage 
ratios. Hamster chymase 1 (HAM1) exhibited a 103-fold increase against PBS. In 
contrast, hamster chymase 2 (HAM2) showed only a ratio between protease and 
control phages of 18 (Fig. 3F, 3G).  
 
The three neutrophil proteases N-elastase proteinase 3 and cathepsin G were also 
analysed by phage display in order to be able to compare their cleavage specificity to 
the mast cell chymases. These three proteases underwent five biopannings, and after 
the fifth panning cathepsin G reached a 23-fold enrichment over the PBS control (Fig. 
3H). With neutrophil elastase we obtained a 149-fold enrichment (Fig. 3I), and with 
human proteinase 3 the ratio was approximately 107 folds (Fig. 3J).  

 
A. human chymase                                  B. macaque chymase 
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C. sheep chymase MCP-2            D. sheep chymase MCP-3 

 
E. guinea pig chyamse               F. hamster chymase HAM1 

 
G. hamster chymase HAM2             H. cathepsin G 



 

14 
 

 
I. neutrophil elastase                                  J. human proteinase 3 

 
K. dog chymase 

Fig.3 Ratio of cleaved T7 phages after proteolytic digestion compared to a PBS control. 
Random nonapeptides expressed in a fusion capsid protein were screened by phage display 
technology to select sequences suceptible to serine proteases shown above. Points in curves 
indicate the cleaved/control ratio of released phages in each biopanning.  
 
3.2 Sequence analysis 
 
After the fifth or sixth biopanning, 100 plaques were picked randomly from the LA 
amp plates and used as templates for polymerase chain reactions, amplifying a region 
covering the nine amino acid random region of the phage for DNA sequence analysis 
(gel picture not shown). Therein, 79 sequences susceptible to the human chymase 
were analyzed. Seventy-five individual sequences preferred by dog chymase and 46 
susceptible sequences to sheep chymase MCP-2 were obtained. For sheep chymase 3 
(MCP-3) 61 sequences were obtained. The analysis of the human proteinase 3, 
N-elastase and cathepsin G, resulted in 37, 91 and 95 sequences, respectively. For the 
hamster chymases HAM1and HAM2 we obtained 88 and 92 sequences respectively.  
The low ratio for the guinea pig chymase in the fifth selection round resulted in 
analysis of 24 clones encoding strange sequences with simple repeats and known 
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background phages. It was apparently not possible to obtain reliable data from this 
protease. Hence, no more sequences were analyzed for the guinea pig chymase.  
 
Half of the plaques from the macaque chymase biopannings encoded no His6 tag. To 
enrich for full length clones, new primer were synthesized for PCR, including genes 
encoding His6 tag (5’-CGAGTGCGGCCGCAAGCTTTAGTGATGGTG-3’) in C 
terminus. Forty-one sequences were obtained using this new strategy. The macaque 
chymase sequences were manually aligned since its cleavage profile was almost 
identical to the human chymase.  
 
3.3 Manual alignment of nonapeptides 
 
It is very time consuming to align all the sequences obtained from the phage display 
analysis and to do it correctly. This is why we concentrated our efforts on the human 
chymase, the macaque chymase and the dog chymase as well as a summary on their 
extended cleavage specificity. Therefore, the figures and alignments concerning these 
three chymases are the ones shown here and the following analysis and discussion are 
also mainly focused on these three chymases. 
 
After 7 biopannings of the human chymase, 100 isolated colonies were selected 
randomly for PCR amplification and sequencing. Only 79 of these sequences were 
readable, albeit some sequence didn’t possess complete His6 tag or were without His6 
tag altogether. Incomplete nonamers were also included, such as 
Val-Arg-Ala-Thr-Try-Ser-Asp, Gly-Val-Pro-Phe -Leu-Val-Glu-Pro. Four background 
nonamers were excluded in the alignment. One of the sequences, 
Trp-Cys-Gln-Val-Gln-Ser-Val-Cys-Ala, had two repeats, while two other background 
phages lacked aromatic amino acid primarily considered in P1 position 
(Thr-Leu-Met-Val-Pro-Arg-Thr-Gly-Ser and Glu-Val-Val-Leu-Leu-Met-Glu-Leu-Ala). 
Four repetitive sequences were duplicated from same clone and only counted once in 
the alignment (Leu-Val-Glu-Pro-Trp-Ser-Met-Val-Val). In the end, 63 nonamers were 
aligned and used in the analysis. The alignment showed a high preference for 
negatively charged amino acids in the P2’ position (Fig. 4A). 
 
The analysis of the macaque chymase panning resulted in 41 sequences, of which 6 
background sequence were eliminated and 4 repeats (Gly-Val-Glu-Leu-Tyr-Leu-Asp 
-Ile-Pro, Ile-Met-Phe-Ser-Asp-Leu-Ile-Arg-Gly, Gly-Val-Thr-Tyr-Phe-Glu-Val-Ser 
-Ala and Tyr-Phe-Val-Trp-Ser-Glu-Thr-Ile-Ala) were counted only once in the 
alignment. The remaining 31 clones were aligned. Interestingly, a similar preference 
to the negatively charged amino acids was found in the P2’ position for the human 
chymase was seen (Fig. 4B). 
 
For the dog chymase, only one background phage was found and not included in the 
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alignment. No repetitive clones were observed among the dog chymase phages. After 
PCR amplification and sequencing, 74 nonapeptides were available for the alignment. 
 
During the manual alignment, aromatic amino acids were assigned to the P1 position. 
Sequences with only one aromatic amino acid were analyzed first and this pattern was 
used during the alignment to sequences with multiple aromatic amino acids.  
 
A high preference for Phe and Tyr over Trp was observed in P1 position among these 
three chymases (Fig.4). Both the macaque and human chymase showed strong 
preferences for negatively charged amino acid (Glu or Asp) in the P2’ position (Fig. 
4A, 4B). The dog chymase displayed a similar preference for negatively charge amino 
acids in P2’ position also more broadly distributed among positions P2’, P3’ and P4’. 
In addition, another difference from the human and macaque chymases, a basic amino 
acid, Arg, was often observed in nonamers cleaved by dog chymase in the P2 position 
(Fig. 4C). It is also interesting to see a slightly higher occurrence of Leu in the P1’ 
position of phage displayed nonamers in the dog chymase. Additional statistics of 
amino acid distribution will be presented in the next section. 
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Fig.4 Nonapeptides susceptible to chymase digestion from phage display selection. Sequences 
were arranged from P5 to P4’ where the scissile bond exists between P1 and P1’. The 
chymases alignments were based on previous studies using synthetic substrates. The results 
showed that chymases possess a chymotrypsin-like proteolytic activity that cleaves primarily 
after aromatic amino acids. Hence, aromatic amino acids were selected in the P1 position. 
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3.4 Amino acid distribution in positions P5 to P4’  
 
Through manual alignment, the cleavage pattern of the three chymases was performed. 
The result shows that these three proteases have an almost identical primary 
specificity and they also showed a preference in P2’ for acidic amino acids although 
much weaker for the dog chymase. Aliphatic amino acids were highly abundant 
N-terminal of the cleavage site. However, differences in the extended cleavage 
specificity were observed. Statistics were used to illustrate the distribution of amino 
acids in positions P5 to P4’ in order to easily compare the human, macaque and dog 
chymase. 
 
In the recombinant phage capsid protein, the nonamer was fused with the phage 
capsid protein in the form of a PGG(X)9HHHHHH sequence. In theory, alignment is 
done taking only the 9 amino acids of the insert sequence into account. However, 
some of the aligned sequences stretch into the end of the capsid protein sequence. 
Consequently, a high occurrence of Gly was shown the preference for P5 among the 
three chymases. Similarly, His was frequently found in P4’ position due to the 
engagement of His6 tag in the alignment.  
 
The P4 and P3 positions were dominated by the aliphatic amino acids, particularly 
Gly, Val and Ala (Fig 3). For the human and macaque chymases, Val was preferred in 
P4, whereas Gly was preferred in this position in the dog chymase. Val and Ala were 
often seen in the P3 position for the human chymase, whereas Gly, Val and Ala were 
dominant in the P3 position for the macaque and dog sequences.  
 
Although aliphatic amino acids were preferred in the P2 position for the human and 
macaque chymases, the dog chymase exhibited a strong preference for the positively 
charged amino acid Arg in this position. Hydrophilic amino acids like Thr and Ser 
were also found in the P2 position in the macaque sequences.  
 
In the P1 position, all three chymases preferred Phe and Tyr over Trp. Apparently, a 
strong cleavage preference for Phe was demonstrated in the human chymase; Phe and 
Tyr were equally popular in susceptibility in the macaque chymase. Despite a higher 
preference for Trp in the dog chymase, Phe was still the dominant amino acid in 
substrates for the dog chymase.  
 
A difference in the amino acid preference was found in the P1’ position. More 
hydrophilic amino acids like Ser were observed in the P1’ position for the human and 
macaque chymase substrates, compared to a preference for aliphatic Leu in the dog 
chymase.  
 
Negatively charged Glu and Asp were dominating in the P2’ position for the human 
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and macaque chymase. Albeit less frequently found in the P2’ for dog chymase, it still 
showed a preference for acidic amino acids C-terminally of the cleavage site in 
positions P2’, P3’ and P4’.  
 
No marked preference for any particular amino acid was shown in the P4’ position. In 
the P3’ position a weak preference for aliphatic amino acids and acidic amino acids 
was observed among the three chymases.  
 
Consensus sequences were obtained from the manual alignment and residue 
distribution. For the human chymase, consensus sequence from P5 to P4’ was 
Val/(Gly) - Val - Ala/Val – Val/Leu/Ala - Phe>Tyr>Trp - Ala/Ser - Asp/Glu - 
Val/Glu/Ala - Val/Arg/(His). The consensus sequence for the macaque chymase was 
Ala/ (Gly) - Val - Gly/ Val/Ala - Val/Ser/Thr/Leu - Tyr>Phe>Trp - Ser/Ala - Glu/Asp - 
Gly/Ala/Val/(His) – Gly/(His). The dog chymase preferred Pro/(Gly) - Gly/Val - 
Val/Gly – Arg - Phe>Trp>Tyr – Leu - Leu/Glu/Gly - Glu/Val/(His) - Leu/Val/(His). 
Gly in P5 were most likely from capsid protein rather than the inserted nonamers. 
Likewise, an unreasonable high occurrence of His in the P3’ or P4’ position may 
result from adoption of partial His6-tag in alignment. Due to limited time, analysis of 
recombinant substrate to verify the consensus sequences obtained by phage display 
remained to be done.  
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Fig.5 Occurrence of amino acids in position P5 to P4’ of phage displayed sequences 
susceptible to human, macaque and dog chymase respectively. The grouping of amino acids 
was according to their characteristics: aromatic amino acids, aliphatic amino acids, 
hydrophilic amino acids, positively charged amino acids and negatively charged amino acids. 
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4. Discussion 
 
Phage display technology provides a novel approach to study enzyme cleavage 
specificity. Through repeated selections, nonameric peptides that are susceptible to 
cleavage by the protease accumulate for every selection round. Therefore, the ratio in 
phages released should steadily increase between the protease in comparison to the 
blank (Fig. 3J). However, in my results, for most of proteases we observed an 
unexpected drop in the ratio during cycles 4 and 5 that was then followed by a sharp 
rise in cycles 6 and 7. One possible explanation is difficulties in the dilutions giving 
aberrant and not actual values. Another potential reason may come from the 
degradation of the chymase during phage selection. The low cleavage activity of the 
guinea pig chymase, may for example be explained by autolysis at a Leu residue in an 
active loop where Phe appears in the same position of the human chymase[26]. In fact, 
guinea pig chymase cleaves preferably after Leu rather than Phe or other aromatic 
amino acids[26].  
 
Although some drops were seen in protease/control cleaved ration during biopanning, 
plague selection could be obtained with ratios over 30 for all proteases except the 
guinea pig chymase. When selection rate was too low, as with guinea pig chymase, 
background phages started to appear in large numbers. In comparison to other 
methods used to determine cleavage specificity, such as combinatorial substrate 
libraries, phage display technology is the most versatile and accurate method to 
determine the entire extended cleavage specificity including both N and C terminal of 
the cleavage site within amino acids. However, this method still has limitations. The 
cleavage sites are determined by manual alignment and the hypothesized cleavage 
pattern should therefore be validated by synthetic substrates. In spite of good ratios, 
background phages are sometimes seen in substantial numbers, this situation was seen 
during the analysis of the macaque chymase, where only one third of the clones were 
full length clones used in the alignment. Multiple potential cleavage sites also give 
rise to problems in determining the actual cleavage recognition profile. Aromatic 
amino acids are dominating the P1 position of the chymases. However, it is difficult to 
define the actual cleavage site for some other serine proteases that are not 
chymotrypsin-like, but rather elastase-like or with enzymes that have dual cleavage 
preferences. When multiple aromatic amino acids are found in the nonamer region of 
the phage sequence other methods have to be used to define the extra preference.  
 
Fortunately, the three chymases that we focus on in this report show very clear 
cleavage preferences. A similar preference for acidic amino acid was observed in the 
P2’ position for all three chymases. The human and macaque chymase are more 
closely related in evolution and also show more similar consensus sequences. The dog 
chymase is not closely related to the primate chymases in the phylogenetic tree, which 
is also consistent with a slight difference in the P2’ preference. Both Leu and acidic 
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amino acids (Glu and Asp) were favored in the P2’ position by the dog chymase. For 
the dog chymase, acidic residues were frequently found in P3’ position and 
remarkably Arg was also favored in the P2 position, indicating an evolutionary 
divergence in this chymase. 
 
Presently the other proteases are under analysis. Their remaining sequences are being 
compiled and some of them have revealed tendencies of dual or multiple cleavage 
specificities. One very interesting finding from these results is that sheep chymase 
MCP-3 seems to prefer two or sometimes three basic amino acids in a row and 
thereby is preferentially not chymase but instead a tryptase. Furthermore, it is reported 
that the hamster chymase HAM2 preferentially cleaves small aliphatic residues 
including Ala or Val[25]. Therefore, HAM2 should be classified as an elastase-like 
protease. Structural analysis of HAM2 reveals a narrow and shallow S1 pocket only 
allows binding to small aliphatic amino acids[25]. In contrast, the hamster chymase 
HAM1 is chymotrypsin-like enzyme, favoring bulky aromatic residues in the S1 
pocket similarly to the human chymase.  
 
Mast cells are important effector cells in allergic reactions and they also play roles in 
defence against bacterial and parasitic infection[27]. Serine pre-stored proteases in 
mast cell granules engage in various physiological and biological activities of 
immunological and pathological responses. To clarify the structure and function of 
these enzymes, it is helpful to determine their natural substrates. Such information is 
of major importance to study functional effects in vivo, to establish animal models, to 
evaluate drug candidates, to analyse effects of protease inhibitors and ways to 
modulate the effects of these proteases in allergic rhinitis, asthma, atopic dermatitis 
and food allergy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

23 
 

5. Acknowledgements 
 
At the beginning, I am really thankful to Prof. Lars Hellman to provide me 
opportunity to have degree project in his research group. His kindness and patience 
and instructive suggestion throughout my time in his lab have been valuable to 
resolve the problems encountered in my project work. Also, my sincere thank is to 
Mike who constantly offers instruction and guidance to operation of phage display 
and manual alignment. In addition, special thanks to Parvin for her guidance and 
instruction of everyday work.  
 
I also want to send many thanks to my dear friends, Christy, Xiao Fang and Jia Yu to 
share the good time in lab corridor, creating nice environment during my experimental 
practice.  
I also have to show my thanks to my parents and friends now in China. They offer 
direct and indirect supports and care to my studies in Sweden. 
 
Finally, guidance and help from members and teacher in IBG should not be forgotten 
for their generosity and understanding are highly appreciated.  
 
 
6. Reference 
 
[1] Heib V, Becker M, Taube C, et al. 2008. Advances in the understanding of mast 
cell function. British Journal of Haematology 142: 683-694. 
[2] Taipale J, Lohi J, Saarinen J, et al. 1995. Human mast cell chymase and leukocyte 
elastase release latent transforming growth factor-pi from the extracellular matrix of 
cultured human epithelial and endothelial cells. The Journal of Biological Chemistry 
270: 4689-4696. 
[3] Stone K D, Prussin C, and Metcalfe D D. 2010. IgE, mast cells, basophils, and 
eosinophils. Journal of Allergy and Clinical Immunology 125: 73-80. 
[4] Brightling C E, Radding P B, Symon F A, et al. 2002. Mast-cell infiltration of 
airway smooth muscle in asthma. N EngI J Med 346: 1699-1705. 
[5] Rickard A, Portel C, and Lagunoff D. 2001. Effect of mast cell granules on urinary 
tract epithelial cells in culture. Urology 57: 114. 
[6] Gibson S, Mackeller A, Newlands G F J, et al. 1987. Phenotypic expression of 
mast cell granule proteinases. Distribution of mast cell proteinases I and II in the rat 
digestive system. Immunology 62: 621-627. 
[7] Kitamura Y, Yokoyama M, Matsuda H, et al. 1981. Spleen colony-forming cell as 
common precursor for tissue mast cells and granulocytes. Nature 291: 159-160. 
[8] Yoshimichi O and Toshiaki K. 2006. Development, Migration, and Survival of 
Mast Cells. Immunologic Research 34: 97-115. 
[9] Jamur M C, Grodzki A C, Berenstein E H, et al. 2005. Identification and 



 

24 
 

characterization of undifferentiated mast cells in mouse bone marrow. Blood 105: 
4282-4289. 
[10] Laidlaw T M, Steinke J W, Tiñana A M, et al. 2011. Characterization of a novel 
human mast cell line that responds to stem cell factor and expresses functional FcεRI. 
Journal of Allergy and Clinical Immunology 127: 815-822. 
[11] Siraganian R P, de Castro R O, Barbu E A, et al. 2010. Mast cell signaling: The 
role of protein tyrosine kinase Syk, its activation and screening methods for new 
pathway participants. FEBS Letters 4933-4940. 
[12] Benhamou M and Blank U. 2010. Stimulus-secretion coupling by high-affinity 
IgE receptor: New developments. FEBS Letters 4941-4948. 
[13] Tasaka K, Mio M, and Okamoto M. 1987. The role of intracellular Ca2+ in the 
degranulation of skinned mast cells. Agents and Action 20: 3-4. 
[14] Huang F, Zhang X, Zhang L, et al. 2010. Mast cell degranulation induced by 
chlorogenic acid. Acta Pharmacologica Sinica 31: 849-854. 
[15] Mach N, Lantz  C S, Galli S J, et al. 1998. Involvement of Interleukin-3 in 
Delayed-Type Hypersensitivity. Blood 91: 778-783. 
[16] Rao K N and Brown M A. 2008. Mast Cells. Annals of the New York Academy 
of Sciences 1143: 83-104. 
[17] Metcalfe D D, Peavy R D, and Gilfillan A M. 2009. Mechanisms of mast cell 
signaling in anaphylaxis. Journal of Allergy and Clinical Immunology 124: 639-646. 
[18] Doggrell S. 2004. Vascular chymase: pathophysiological role and therapeutic 
potential of inhibition. Cardiovascular Research 61: 653-662. 
[19] Andersson M K, Enoksson M, Gallwitz M, et al. 2008. The extended substrate 
specificity of the human mast cell chymase reveals a serine protease with well-defined 
substrate recognition profile. International Immunology 21: 95-104. 
[20] Andersson M K, Karlson U, and Hellman L. 2008. The extended cleavage 
specificity of the rodent β-chymases rMCP-1 and mMCP-4 reveal major functional 
similarities to the human mast cell chymase. Molecular Immunology 45: 766-775. 
[21] Andersson M K, Thorpe M, and Hellman L. 2010. Arg143 and Lys192 of the 
human mast cell chymase mediate the preference for acidic amino acids in position 
P2' of substrates. FEBS Journal 277: 2255-2267. 
[22] Reimer J M, Enoksson M, Samollow P B, et al. 2008. Extended substrate 
specificity of opossum chymase—Implications for the origin of mast cell chymases. 
Molecular Immunology 45: 2116-2125. 
[23] Naotaka S, Akiyoshi F, Hideki O, et al. 1998. Cloning of the gene and cDNA for 
hamster chymase 2, and expression of chymase 1, chymase 2 and 
angiotensin-converting enzyme in the terminal stage of cardiomyopathic hearts. 
Biochem.J 333: 417-424. 
[24] Karlson U. 2002. Rat mast cell protease 4 is a beta -chymase with unusually 
stringent substrate recognition profile. Journal of Biological Chemistry 277: 
18579-18585. 
[25] Kervinen J, Abad M, Crysler C, et al. 2007. Structural Basis for Elastolytic 



 

25 
 

Substrate Specificity in Rodent  α-Chymases. Journal of Biological Chemistry 283: 
427-436. 
[26] Caughey G H, Beauchamp J, Schlatter D, et al. 2008. Guinea pig chymase is 
leucine-specific: a novel example of functional plasticity in the chymase granzyme 
family of serine peptidases. Journal of Biological Chemistry 283: 13943-13951. 
[27] Frossi B. 2004. The mast cell: an antenna of the microenvironment that directs 
the immune response. Journal of Leukocyte Biology 75: 579-585. 
 
 
 


