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1. ABBREVIATIONS

Amp ampicillin
Ang angiotensin
ATP deoxyadenosine 5’ triphosphate
BSA bovine serum albumin
CTMC connective tissue mast cell
ddw double distilled water
E. coli Escherichia coli
FcεRI high affinity immunoglobulin E receptor
SCF stem cell factor
IL interleukin
Ig immunoglobulin
FBS fetal bovine serum
GST glutathione s-transferase
HEK human embryonic kidney cells
IPTG isopropyl-1-thio-β-D-galactopyranoside
LB Luria Bertani
MC mast cell
MCS multi-cloning site
MMC mucosal mast cell
mMCP mouse mast cell protease
MMP matrix metalloprotease
pac puromycin resistance gene
PBS phosphate-buffered saline
PCR polymerase chain reaction
REB restriction enzyme buffer
rMCP rat mast cell protease
SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis
TGF-β transforming growth factor β
TLR toll-like receptor
trx thioredoxin
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2. ABSTRACT

Mast cells are potent cells of our immune system with important effector and

immunoregulatory functions. Inflammatory mediators, stored within secretory granules, are
released upon activation of the mast cell. Among others, these mediators include histamine,

caboxypeptidase A, and serine proteases. Chymases are mast cell serine proteases that cleave

peptide substrates on the carbonyl side of the aromatic amino acids phenylalanine (Phe),
tyrosine (Tyr), and tryptophan (Trp), but have also been shown to cleave after leucine (Leu)

and methionine (Met). In this study, recombinant, biologically active α-chymases from

human and dog (cma1) were expressed in human embryonic kidney cells (HEK 293) and their

extended substrate specificity was analyzed using phage display substrate analysis. A library
of 50 million random peptide sequences attached to capsid proteins on T7 phages was

screened for susceptibility to digestion with the recombinant α-chymases. After sequencing,

the variable regions from the selected phages were hypothetically aligned from positions P4
to P3’, with the general sequence being Pn … P4, P3, P2, P1, P1’, P2’, P3’, P4’ … Pn’, and

cleavage occurring after the P1 residue. Based on this alignment, the dog chymase cleaved

substrates with residues Phe or Tyr in the P1 position rather than Leu or Trp. The human
chymase cleaved most of the sequenced peptides after either a Tyr or a Leu residue, but also

after Phe and Trp. Both chymases preferred hydrophobic amino acids in the P4-P2 positions.
In addition, charged amino acids occurred to a certain extent in the prime positions.

With the aim of finding a more efficient expression system for native recombinant proteases,
the pET 21a expression vector from the pET expression system (Novagen, EMD Biosciences,

Darmstadt, Germany) was modified to include thioredoxin as a fusion partner to inserted

proteases. This modified vector is to be used with the Escherichia coli Rosetta-gami bacterial
strain, which has been modified to be more suitable for expression of mammalian proteins

than other bacteria. Anti-sera against the human chymase already exists, and can be used to
analyze for example localization and expression level of the chymase. In order to also be able

to study the dog chymase in similar ways, it was produced as a fusion protein with

Glutathione S-Transferase, and used to immunize female Sprague Dawley rats, thus
producing antibodies against the chymase.
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3. INTRODUCTION

3.1. Mast cells
Mast cells, located in skin and mucosal layers, are one of the first cell types of the immune
system to come in contact with microbes and other invaders that get past physical barriers and

enter our body. They are important in the initiation as well as in maintenance of the

inflammatory process that aims to clear the body of the potentially harmful intruders (1).
Originating from hematopoietic stem cells in the bone marrow, mast cell progenitors circulate

in the bloodstream until they reach peripheral tissues where they develop into mature mast
cells in response to stem cell factor (SCF), and in rodents, interleukin-3 (IL-3) (2). SCF is the

ligand for c-kit, a membrane associated tyrosine kinase receptor on the surface of mast cells.

Upon activation, mast cells release a number of presynthesized proinflammatory mediators
that are stored in intracellular granula. Among others, these mediators include histamine,

various cytokines, neutral proteases, and proteoglycans. Activation of the mast cell also
triggers synthesis of additional mediators, including prostaglandins, leukotrienes, other

cytokines, and chemokines (3), which are released minutes to hours post activation. Release

of these potent mediators triggers an inflammatory and immunoregulatory process that may
include increased vascular permeability and gastrointestinal motility, bronchoconstriction,

changes in blood-vessel tone, and recruitment and activation of leukocytes (4).

In allergic disease and defence against certain parasites, mast cells are effector cells of

immunoglobulin E (IgE) associated immune responses. B lymphocytes produce
allergen/antigen specific IgE molecules during a sensitization process that occurs the first

time an allergen enters the body. These specific IgE molecules bind to high affinity

immunoglobulin E receptors (FcεRI) on the mast cell surface, and when the polyvalent

antigen enters the body a second time, it binds to the cell surface associated IgE molecules
and cross-links them. Thus, a signalling cascade puts the mast cell in to its effector phase (5),

leading to degranulation. Mast cells are often thought of as the villains of the immune system
because of their involvement in various pathological conditions, including asthma and other

allergic reactions, rheumatoid arthritis, sclerodrema, Crohn’s disease, and intestinal cystitis

(2). However, since mast cells are found in evolutionary old animal species, it seems strange
that they have been maintained in evolution all the way to mammals if they do not have a

beneficial function. Indeed, mast cells do have a valuable role in host defence against both
parasites and bacteria (4). Studies done with mast cell deficient mice, usually with mutations
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in c-kit, have shown that these mice are less efficient at clearing various bacterial infections

since they are less capable of generating an appropriate innate immune response to these

infections. Therefore, this deficiency greatly decreases the survival rate of these mice (2).
Moreover, mast cells can be activated through IgE and FcεRI independent pathways, such as

through direct pattern recognition of microbe-antigens or microbe products by toll-like

receptors (TLRs) on the mast cell surface (3). Bacteria that have been opsonized by for

example complement components can bind to complement receptors on the mast cell
membrane, and thereby activate the mast cell. Receptors for IgG are also present on the mast

cell surface, and through binding IgG-opsonized bacteria, these receptors contribute to
phagocytosis of bacteria (2). Depending on the stimuli, mast cells can be triggered to release

different amounts and types of mediators, giving the mast cell a unique functional plasticity

(1).

3.2. Serine proteases
Mammalian serine proteases, found in various cells and tissues, have been shown to be

involved in a number of processes including protein turnover, chemotaxis, endo- and

exocytosis, tumorgenesis, and fertilization (6). These enzymes cleave protein substrates
within the peptide chain, and are therefore classified as endopeptidases. The catalytic

mechanism of serine proteases involves a catalytic triad consisting of an aspartic residue, a
histidine residue, and a highly reactive serine residue, which is why they are called serine

proteases. During enzyme catalysis, the catalytic triad enables a proton transfer between the

reactive serine residue and the C-terminal substrate leaving group, thus cleaving the substrate
(5). Most serine proteases are approximately 230 residues long, and consist of two domains,

each with a six-stranded β-barrel and one or two α-helices. Apart from the conserved strands

and helices, serine proteases have exposed loop segments that vary among the members of the

family. The active site is found in the cleft between the two domains (7). In a theoretical
substrate, represented in figure 1, with amino acids in the following positions (P): Pn … P4,

P3, P2, P1, P1’, P2’, P3’, P4’ … Pn’ (N-terminal to C-terminal), the cleavage site is located
between the P1 and P1’ residues. Substrate binding and hydrolysis can be dependent on

interactions both N- and C-terminal to the cleavage site itself (8), and many serine proteases

have an extremely stringent substrate specificity to ensure accuracy in the biological
processes in which they are involved (5).
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Figure 1. Protein substrate. A schematic representation of a protein substrate susceptible to cleavage with a
serine protease. Amino acids in positions P4 to P3’are shown. Cleavage with occurs on the carbonyl side of the
P1 residue, as indicated by the scissor symbol.

3.3. Mast cell serine proteases
Mast cell serine proteases, together with other neutral proteases, make up the most abundant

part of the secretory components stored in mast cell granula. Based on their substrate

specificity, mast cell serine proteases are divided into chymases, which have chymotrypsin-
like substrate specificity, tryptases, which have trypsin like substrate specificity, and a third

group found in rats, including rat mast cell protease-8 (rMCP-8), rMCP-9, and rMCP-10. This
group is more related to granzyme B from T cells than to the mast cell chymases. The

substrate specificities of these enzymes are yet unknown. Due to their high degree of tissue

specificity, serine proteases have been used to characterize and identify mast cells. Based on
serine protease content, human mast cells can be divided into two subpopulations; mast cells

containing both tryptase and chymase (MCTC), corresponding to connective tissue mast cells
(CTMC) in rodents, and mast cells that only contain tryptase (MCT), corresponding to the

mucosal mast cells (MMC) of rodents (9, 10). Mast cell serine proteases are released from the

granula as active enzymes. Storage of mature proteases is possible without degradation of
granula proteins since the pH of the granula is low, and mast cell serine proteases require a

neutral pH to catalyze substrate hydrolysis. The positive charge of serine protease allows

them to be effectively stored bound to negatively charged serglycine proteoglycan side
chains, such as heparin (5).

3.4. Chymases
Chymases are mast cell serine proteases with chymotrypsin-like substrate specificity,

meaning that they cleave protein substrates on the carbonyl side of the aromatic residues,
phenylalanine, tyrosine, and tryptophan. However, they have also been shown to cleave after

leucine and methionine (6). Exocytosed chymases have a number of proposed functions,
including degradation of extracellular matrix proteins, activation of matrix

metalloproteinases, inactivation of inflammatory neuropeptides, catabolism of lipoproteins,

NH3
+

COO-P4
P3

P2 P1
P1’

P2’
P3’
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and controlling complement mediated inflammation. Chymase functions can thus be both

inflammatory and anti-inflammatory (11).

Based on phylogenetic analyses of cDNA sequences, and gene and protein structural

differences, mast cell chymases are separated into two isoenzyme groups: α- and β-chymases,

as shown in figure 2 below. All mammalian species so far investigated contain a single α-

chymase, whereas β-chymases can vary in number according to species (11-13). β-chymases

have so far only been found in rodents, including rat, mouse, hamster, and gerbil (5).

Phylogenetic trees point to that the gene duplication that gave rise to α- and β-chymases

occurred before mammalian species branched off from a common ancestor, indicating that the
β-chymase genes have been inactivated or lost in most lineages other than rodents (12).

Originally, the main functional property of α- chymases was thought to be the ability to

generate the vasoconstrictor angiotensin II (Ang II) through hydrolysis of angiotensin I  (Ang
I) at the Phe8-His9 bond. β-chymases on the other hand, were thought to cleave at the Tyr4-Ile5

bond in Ang I, resulting in prevention of Ang II formation as well as destruction of any Ang

II already formed (12, 14). However, the Ang II generating ability has been shown for both
human and dog α-chymases, but also for the β-chymases mouse mast cell protease 1 (mMCP-

1) and rat vascular chymase (15-17). Moreover, mMCP-4 and hamster chymase-1 have been

shown to have both the ability to generate and destroy Ang II (12, 18). Thus, generation and

destruction of Ang II cannot be thought of as general qualities of α- and β-chymases

respectively. The rat α-chymase rMCP-5 does not generate Ang II, and it has been proposed

that the reason for rodents having β-chymases might be that they have taken over this

property. On the other hand, the ability of certain β-chymases to generate Ang II might have

allowed the α-chymase to take on new functions (15). As far as structural characteristics go,

most α-chymases have an unpaired cystein in the catalytic domain, while β-chymases do not,

but neither does the dog α-chymase. Most or all α-chymases are N-glycosylated and have a

strong net positive charge, but this is also true for some β-chymases. Even across mammalian

species, α-chymases show more similarity to one another than to β-chymases. For example,

the dog and human α-chymase have a high degree of homology, even when considering

introns and flanking regions (11), with the sequence identity between the catalytic domains

being 83% (19).
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Figure 2. The phylogenetic relationship between chymases as it was known 2003, based on alignment of
amino acid sequences of mature proteases using Clustal W. (Adopted from: Ulrika Karlsson. Cutting Edge-
Cleavage Specificity and Biochemical Characterization of Mast Cell Serine Proteases. Acta Universitatis
Upsaliensis. Uppsala 2003.)

3.5. Expression of recombinant human and dog α-chymases
Expression constructs have previously been designed in order to produce recombinant human

and dog α-chymase (cma1). They contain an N-terminal histidine tag, consisting of six

histidine residues, and an enterokinase site, consisting of the amino acids Asp-Asp-Asp-Asp-

Lys, which were introduced by the upstream PCR primers. See figure 3A and B below for a
schematic diagram. The histidine tag makes it possible to purify the recombinant chymases

after expression in cell cultures by passing the culture medium through a column of nickel-
agarose beads to which the histidine tag binds. The enterokinase site is used to activate the

expressed and purified chymases through digestion with enterokinase, which removes the

amino acid sequence upstream to the actual chymase, including the histidine tag, thus
rendering the recombinant chymase active (20). The upstream and downstream PCR primers

also contain restriction enzyme sites that can be used to insert the expression constructs into
different expression vectors. The restriction enzyme sites chosen for the expression construct

primers correspond to sites found in the multi-cloning sites of the vectors, but not in the

coding region of the sequence to be inserted.
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In order to produce biologically active forms of the recombinant proteins, a mammalian cell

expression system is often used. The pCEP-Pu2 vector, a modified version of the pCEP4

vector (Invitrogen, Carlsbad, CA, USA), is an expression vector that can be used to express
recombinant proteins by transfection into a mammalian cell line. A puromycin resistance gene

(pac) in the vector is used to select for transfected cells by adding puromycin to the culture
medium, which will kill any cells that have not taken in the vector. Other modifications

include addition of the signal sequence of the BM40 protein, and alterations in restriction

enzyme sites, including sites within the multi-cloning site (20), see figure 3C for a schematic
diagram of the pCEP-Pu2 expression vector.

Recombinant proteins can also be produced in Escherichia coli (E. coli) bacteria. However,
due to differences in codon usage and translation initiation signals between E. coli and

mammals, it is sometimes difficult to get bacterial ribosomes to efficiently translate
mammalian messenger RNA. Producing proteins with the right physical characteristics can

also be a problem in bacterial systems. In order to be stable and soluble, many proteins

require glycosylation and disulfide cross-linking, which is not possible in the bacterial
cytoplasm. Many proteins will therefore be produced as insoluble “inclusion bodies”. A

common way to get around at least some of these problems is to produce the protein in
question as a fusion protein by attaching a second gene, which is well expressed in E. coli, to

the gene of interest (21). The expression vector pGEX-5T carries the gene for Glutathione S-

Transferase (GST), and by inserting the expression construct for the protein in question
downstream of the GST-gene, the protein will be expressed as a fusion with GST. Since the

vector also contains an ampicillin resistance gene, selection for those bacteria that have
successfully taken in the vector after transfection is possible by culturing the bacteria in

medium containing ampicillin. The main features of the pGEX-5T expression vector are

illustrated in figure 3D below. The GST-fusion protein can be utilized when producing
antibodies against the protein in question through immunization of animals, since the protein

does not need to be in its native form for this purpose.

There are however E. coli strains that have been modified to be better at expressing

mammalian proteins in their native forms, such as E. coli Rosetta-gami, included in the pET
expression system (Novagen, EMD Biosciences, Darmstadt, Germany). The Rosetta-gami

strain includes tRNAs for six codons rarely used by E. coli itself but commonly used in

mammalian protein production, as well as an intracellular milieu that facilitates disulfide bond
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formation (22). Using an expression vector that includes thioredoxin as a fusion partner

provides further advantages for expression of mammalian proteins. First of all, even when

over-expressed from plasmid vectors to 40% of the total cellular protein, thioredoxin remains
in soluble form. It is also small, which means that it will take up a modest portion of a fusion

protein. Further thioredoxin is well suited for purification since it is thermally stable and can
be released from the cell by freeze/thaw or osmotic shock treatments (21).
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A

B

C                  D

Figure 3. Schematic representation of expression constructs and vectors. A. The human α-chymase
construct. The construct has a 5’ primer with a site for the restriction enzyme EcoRI, as well as a histidine tag
and an enterokinase site for purification and activation purposes. The coding region for the human α-chymase
follows, with the double slanted lines (//) marking a part of the fragment not represented in the figure. The 3’
primer contains a site for the restriction enzyme XhoI. B. The dog α-chymase construct. The construct has the
same sites as for the human chymase with the addition of a site for the restriction enzyme BamHI, which is used
during expression of the dog α-chymase as a fusion protein with Glutathione S-Transferase (GST). C. The
pCEP-Pu2 expression vector used for expression of recombinant proteins in mammalian cells. The vector is
9590 bp, and contains the signal sequence of the BM40 protein downstream of the multi-cloning site (MCS),
where the coding region of proteins to be expressed is inserted. For purification purposes, the vector contains
resistance genes for ampicillin (Ampr) and puromycin (Pac). D. The pGEX-5T expression vector, 4999 bp, used
for expression in E. coli bacteria. Upstream to the MCS, the vector contains the gene for Glutathione S-
Transferase (GST). Protein genes inserted into the MCS will be expressed as fusions with GST. For purification
purposes, the vector contains Ampr.

GST

Ampr

Ampr

Pac

P SV40

Ori P

SV40 pA

SV40 pAP CMV

Col E1
EBNA-1

P lac

pBR322 ori
lac Iq

MCS + BM40
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3.6. Phage display substrate analysis
In 1985, Smith developed a technique to display polypeptides on the surface of filamentous

bacteriophages by expressing them as fusions with phage coat proteins. By cloning gene
libraries, extensive phage libraries with individual members presenting different polypeptides,

can be created. These libraries can then be used for a number of applications including
selection for affinity, stability, folding, and enzymatic activity (23). As is illustrated in figure

4, the phages are first immobilized by binding the histidine tag to a nickel-agarose matrix.

After unbound phages have been washed away, the protease is added and allowed to cleave
susceptible peptide substrates, thus releasing the phages carrying the wanted peptides from

the matrix. Cleaved phages are then collected and amplified through infecting an E. coli

culture. The amplified phages, with newly produced peptide sequences and histidine tags, are

then bound to nickel-agarose again, starting another round of selection. After an adequate

number of selection rounds, the variable sequences of the individual phages are sequenced
and analyzed to determine the substrate specificity of the protease. Through using the phage

display substrate analysis technique, millions of possible peptide substrates can be efficiently
screened at once (5, 24).

Figure 4.  Phage display substrate analysis.  Protease substrate specificity is screened in a library of T7 phages
with random peptide sequences attached to their capsid protein. The phages are first immobilized on a nickel-
agarose matrix and then cleaved with the protease in question. Cleaved phages are collected and amplified,
followed by another round of selection. After approximately six rounds of selection, the random peptides are
sequenced. (Adopted from: Ulrika Karlsson. Cutting Edge- Cleavage Specificity and Biochemical
Characterization of Mast Cell Serine Proteases. Acta Universitatis Upsaliensis. Uppsala 2003.)
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3.7. Aim of study
In order to get a better understanding of the mast cell and the various biological processes in

which it is involved, it is essential to broaden the knowledge of its granula stored proteases,
which carry out many of the biological effects discussed above. The aim of this study was

therefore to investigate two such proteases, the human and dog α-chymases, in regard to their

extended substrate specificity, through phage display substrate analysis. In order to do this,
recombinant, active forms of both chymases needed to be produced, here with the use of

human embryonic kidney cells (HEK 293). With the aim of finding a more efficient

expression system, producing native mammalian proteins in E. coli Rosetta-gami bacteria was
also investigated. To be able to study the dog α-chymase further, with for example

immunohistochemistry, another aim of this study was to produce the α-chymase from dog in

E. coli DK1 as a fusion with GST, and use this fusion protein to immunize Sprague Dawley

rats, for production of high titer anti-sera.
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4. MATERIALS AND METHODS

Accession numbers for the human and dog α-chymases are NM_001836 (GenBank) and

ENSCAFT00000019746 (Ensembl 2.0) respectively, see appendix I for sequence details.

4.1. Expression of recombinant human and dog α-chymases in mammalian cells
Cultures of E. coli DK1 bacteria previously transformed with pCEP-Pu2 vectors, containing

inserts of the dog or human α-chymase respectively, were prepared by inoculating 5 ml Luria

Bertani (LB) medium (10 g/l bacto-tryptone, 5 g/l bacto-yeast extract and 0.17 M NaCl in
deionized water, pH 7.0), containing 100 µg/ml ampicillin, with the bacteria and letting the

culture grow over night in 37°C, on a shaker. The vector and fragment DNA was then purified

using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany).

4.1.1. Transfection
Human Embryonic Kidney (HEK) cells, 293-EBNA (Invitrogen, Carlsbad, CA, USA),

cultured in Dulbecco’s modified Eagle’s medium (D-MEM, GIBCO, Paisley, UK) with 10%
fetal bovine serum (FBS) (GIBCO, Paisley, UK) and 50 µg/ml gentamicin, were grown in

9cm2 wells to a confluence of 70%. The DNA was sterile precipitated for transfection by first

diluting 15 µg of the DNA to a final volume of 100 µl and adding 250 µl ethanol and 10 µl

3 M NaAc. The mixture was kept at -20°C for 15 minutes and then centrifuged at 17 000 g for

10 minutes at 4°C. In a sterile hood, the supernatant was removed and the pellet was left to

dry before it was resuspended in 50 µl sterile TE (10 mM Tris, 1 mM EDTA in double

distilled water (ddw), pH 7.5). Just before transfection, 80 µg lipofectamin and 800 µl serum

free D-MEM was added to the sterile precipitated DNA, which was then vortexed and

incubated in room temperature for 45 minutes. D-MEM was then added to a final volume of 6

ml. The cells were washed twice in sterile phosphate-buffered saline (PBS) (according to
recipe in Sambrook Fritsch and Maniatis, Molecular Cloning – A Laboratory Manual, Second

Edition, table B.7, page B.12) and twice in serum free D-MEM before the DNA was added to
the wells. The cell cultures were then incubated at 37°C for 12-16 hours after which FBS was

added to a final concentration of 10%.  Selection for the transfected cells was started the next

day by adding new culture medium containing 1.5 µg/ml puromycin. In order to remove dead,

untransfected cells that are not resistant to puromycin, the culture medium was changed every

day until the selection was complete and only transfected cells remained. Selected, living cells
adhere to the culture bottle while dead, untransfected cells come loose from the plastic and are
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thus removed when the culture medium is exchanged. At this time the puromycin

concentration was decreased to 0.5 µg/ml, the FBS concentration was lowered to 5%, and

heparin was added to the culture medium at a concentration of 5 µg/ml to ensure good protein

yield.

4.1.2. Purification of recombinant α-chymases
Cell culture medium from the transfected cells was collected every 3 to 4 days and

centrifuged at 2000 g for 10 minutes at 4°C to remove cell debris. The produced protein was

collected by adding 0.5 µl Ni-NTA beads (Qiagen, Hilden, Germany) per ml medium and

rotating the medium and beads in 50 ml Falcon tubes for 3 hours at 4°C.  After centrifugation

at 200 g for 5 minutes, the beads were collected from the bottom of the Falcon tubes using a
Pasteur pipette and transferred to a 10 ml PolyPrep Chromatography column (Bio-Rad,

Hercules, CA, USA). The beads were then washed with 2 x10 ml Ni-NTA wash buffer

containing 1 M NaCl and 0.1% Tween 20 in PBS, pH 7. The protein was eluted from the
beads with an elution buffer containing 100 mM imidazol and 0.2% Triton X-100 in PBS.

Several eluted fractions were pooled and concentrated using a Microcon YM-10 column

(Millipore, Bedford, MA, USA), which was centrifuged at 14 000 g.

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE), according to
Sambrook Fritsch and Maniatis, Molecular Cloning – A Laboratory Manual, Second Edition,
pages 18.47 – 18.55, was used to determine the concentration and purity of the produced

proteins. The gels were stained with GelCode Blue Stain Reagent (Pierce, Rockford, IL,

USA) by first washing the gels 3 x 5 minutes with deionized water, and thereafter incubating

the gels with GelCode Blue Stain Reagent for 1 hour on a shaker in room temperature. To

increase clarity, the gels were then washed again 3 x 5 minutes with deionized water. RPN756

Rainbow marker (Amersham Biosciences, GE Healthcare, Buckinghamshire, UK) was used
as a size marker with 2 µg of each protein.

4.1.3. Activation of recombinant α-chymases
Since the constructs contain an enterokinase site N-terminal to the actual α-chymase

fragment, the chymases could be activated by cleaving with enterokinase EKMax

(Invitrogen, Carlsbad, CA, USA). The purified chymases were diluted 1:2 to lower the
imidazol concentration, since imidazol can interfere with enterokinase activity, and then

cleaved 5 hours at 37°C with 1 µl EKMax per 10 µg chymase. After activation, the
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chymases were purified on 300 µl heparin-agarose (Sigma, Steinheim, Germany) in separate

10 ml PolyPrep Chromatography columns, which were first washed with 2 x 10 ml PBS. The

samples were added to the columns a total of five times to ensure adequate binding to the

heparin on the agarose beads. The columns were then washed again, first with 2 x 500 µl

PBS, then with 2 x 500 µl 0.3 M NaCl in PBS, before the chymases were eluted in three

fractions (300 µl, 500 µl and 300 µl) with 1 M NaCl in PBS. Results from purification and

activation steps were evaluated on an SDS-PAGE gel according to procedure above. The gel
included samples of the inactive chymases, the activated chymases, the flow through collected

after the samples were added to the heparin-agarose columns, the washes, and the elution

fractions.

4.1.4. Activity measurement
The activity of the activated and purified chymases toward the chromogenic substrate S-2586
(MeO-Suc-Arg-Ala-Tyr-pNA) (Chromogenix, Mölndal, Sweden) was measured. In a 96-well

microtiter plate, 20 µl of the substrate was mixed with 10 or 20 µl of the different elution

fractions and diluted with ddw to a final volume of 200 µl. A control well included only the

substrate and ddw. Hydrolysis of the substrate was measured spectrophotometrically at
different time points in a VERSAmax microplate reader (Molecular Devices, Sunnyvale, CA,

USA) at a wavelength of 405 nm.

4.2. Phage display substrate analysis
The substrate specificity of the activated recombinant α-chymase from human and dog was

analyzed using phage display (T7 Select system, Novagen, EMD Biosciences, Darmstadt,

Germany). A previously produced T7 phage library with approximately 50 million variants of
randomized nine amino acid long, his-tagged, sequences inserted to the phage capsid protein

in the T7Select 1-1 vector arms was used. Amplification in E. coli BLT 5615 is necessary to

express the his-tagged inserts, produced in numbers of only 0.1-1 inserts per phage due to a
partial deletion of the capsid protein promoter region of the T7Select 1-1 vector. When

induced with isopropyl-1-thio-β-D-galactopyranoside (IPTG), BLT 5615 bacteria express the

capsid protein (24).

First the condition of the library was checked. A 300 µl sample of the library was bound to

130 µl Ni-NTA agarose beads in PBS with 0.5M NaCl, final volume 1 ml, by rotating slowly
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in a horizontally mounted Eppendorf tube at 4°C for 1 hour. Using a tabletop centrifuge, the

beads were spun down briefly and the supernatant was removed using a cotton plugged

Pasteur pipette, in order to avoid phage contamination. To remove unbound phages, the beads

were resuspended in approximately 1.5 ml Ni-NTA wash buffer with 1M NaCl and 0.1%
Tween 20 in PBS. After being spun down again, the supernatant was removed and the

washing process was repeated ten times with Ni-NTA wash buffer and twice with PBS. A

small aliquot of the last wash was saved, titrated in LB-Amp to 10-2 and 10-3, and later spread
as a control on LA-Amp plates according to procedure below. The bound phages were eluted

from the beads with 100 µl 100mM imidazol. The elution was diluted in LB-Amp to 10-8 and

10-9 and spread on LA-Amp plates by pouring a solution of 100 µl of the dilution, 100 µl 100

mM IPTG, 100 µl E . coli BLT 5615 bacteria (OD 0.5-0.6), and 2.5 ml top agarose (0.6 %

agarose in LB) on to an LA-Amp plate.  After incubation at 37°C for 2 hours the number of

phage plaques on each plate were counted.

For each chymase and control, an aliquot of the library representing approximately 1010

phages was bound to Ni-NTA beads as described above and washed 20 times with Ni-NTA
wash buffer, containing 1% Tween 20 instead of 0.1%, and twice with PBS. A little of the last

wash was saved for plating according to procedure above. The beads were then resuspended

in PBS and volumes of the activated human or dog α-chymase varying from 20-200 µl and 5-

20 µl respectively, depending on the activity of the enzyme toward the chromogenic substrate,

adding up to a final volume of 1 ml PBS and enzyme. The control was resuspended in 1 ml
PBS only. While rotating gently over night in room temperature, the activated proteases were

allowed to cleave susceptible substrates. The beads were then pelleted by centrifugation in a

tabletop centrifuge, and cleaved phages were collected by transferring the supernatant to a
new Eppendorf tube. To make sure that as many cleaved phages as possible were collected,

the beads were resuspended in 100 µl PBS, which was also transferred to the new tube after

the beads had been pelleted. As a control of how many phages that had originally bound to the
Ni-NTA beads, they were eluted with 100 µl 100 mM imidazol and a 10-7 dilution of the

elution was plated according to procedure above. In order to remove any phages with

histidine tags that had ended up in the collected supernatant along with the cleaved, histidine

free phages, 15 µl Ni-NTA beads were added and allowed to bind histidine tags for 5 minutes

in room temperature. After pelleting the new Ni-NTA beads, 30 µl of the supernatant was

taken out to be used for titration and plating to determine the amount of cleaved phages
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against the control. Appropriate dilutions between 10-3 and 10-6 were plated according to

procedure mentioned above. The rest of the supernatant was used for amplification of the

cleaved phages by adding it to 10 ml of a BLT 5615 culture, OD 0.5-0.6, which had been
induced with 100 µl 100 mM IPTG 30 minutes earlier. The amplification process was allowed

to continue in 37°C on a shaker until lysis of the bacteria was visible. After lysis had

occurred, the bacteria were removed by centrifugation at 2 000 g for 10 minutes in room

temperature.

The second selection round was started by binding 2 x 800 µl of the amplified phages in two

new Eppendorf tubes as above, one to be cleaved with the same amount of activated chymase

as above, and one control. Several rounds of selection were completed for each chymase, after
which individual phage plaques were isolated from the plates with a Pasteur pipette and

placed in 100 µl phage extraction buffer containing 100 mM NaCl, 6 mM MgSO4 and 20 mM

Tris, pH 8. The phage-coated agar plugs in extraction buffer were shaken vigorously for 30

minutes to release the phages into the buffer.

The DNA sequences from the extracted phages, encoding the nine amino acid random

peptides, were then amplified using polymerase chain reactions (PCR). Each individual PCR
reaction included 2 µl template, 5 pmol 5’ primer (oligo 924, se table 1), 5 pmol 3’ primer

(oligo 925, se table 1), 1x PCR buffer (10 mM Tris-HCl pH 8.8, 50 mM KCl, 0.08% Nonidet

P40, 0.1 mg/ml acetylated bovine serum albumin (BSA)), 0.25mM dNTPs (each nucleotide),
3.75 mM MgCl, 2.5 units Taq polymerase and ddw up to a final volume of 50 µl. The

following PCR program was used on a Programmable Thermal Controller, PTC-100 (MJ

Research, Inc., Watertown, MA, USA): The block was first set to 94°C for 5 minutes, then 35

cycles of 94°C for 30 seconds, 60°C for 30 seconds and 72°C for 45 seconds, followed by

72°C for 6 minutes, after which the block temperature was held at 4°C.

The PCR products were run on a 3% low melt agarose gel (Sea Plaque Agarose, FMC

BioProducts, Rockland, ME, USA), using 0.7 µg λ-BstEII (MBI Fermentas, Burlington,

Canada) as a size marker, and the DNA was excised from the gel and extracted using

E.Z.N.A Gel Extraction Kit (Omega Bio-Tek, Doraville, GA, USA). DNA concentrations

were then determined using a NanoDrop (Saveen Werner, Malmö, Sweden), and 10 ng of
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each sample, mixed with 1.6 pmol T7 select primer (oligo 926, se table 1) per reaction, was

sequenced at Uppsala Genome Center, Rudbeck Laboratory.

4.3. Modifying the pET 21a expression vector
First a small sample of the expression vector pET 21a (Novagen, EMD Biosciences,

Darmstadt, Germany) was amplified by transformation into E. coli DK1. The vector was then

modified to include thioredoxin as a fusion partner to the recombinant proteases.

4.3.1. Preparation of competent (c’) E. coli DK1 bacteria
An over night culture was started by inoculating 10 ml LB medium with E. coli DK1 bacteria.

The following day, 500 µl of the over night culture was added to 50 ml LB medium with

0.1% glucose and allowed to grow at 37°C on a shaker to OD 0.5. The bacteria where then

swirled vigorously on ice for 3 minutes before being poured into a pre-chilled 50 ml Falcon

tube and pelleted by centrifugation at 2000 g for 15 minutes in 4°C. The supernatant was

discarded and the pellet was resuspended in 12.5 ml ice cold 0.1 M MgCl2 by flushing it with

a 10 ml pipette while kept on ice. The bacteria were then pelleted again, by centrifugation

under the same conditions as above, and the pellet was resuspended in 6 ml ice cold 0.1 M

CaCl2. The bacteria were then kept on ice for 20 minutes before use.

4.3.2. Transformation
The pET 21a expression vector was transformed into c’ E. coli DK1 bacteria by mixing 60 ng

of the vector with 500 µl c’ bacteria by vortexing and then storing on ice for 30 minutes. The

suspension was then heat shocked in a 42°C water bath for 90 seconds, and chilled on ice,

after which 500 µl LB-medium was added. After mixing by vortex, the mixture was incubated

in a 37°C water bath for 45 minutes. As a control of the degree of competence of the bacteria,

10 ng of the plasmid pBR322 was transformed into c’ E. coli DK1 according to the same

procedure. Two LA plates with ampicillin were spread per ligation, one with 100 µl ligation-

bacteria mixture, and one with 900 µl. The plates were incubated over night at 37°C. Over

night cultures were started from four individual colonies of E. coli DK with the pET 21a

vector and the vector DNA was extracted using the QIAprep Spin Miniprep Kit.

Concentrations were determined on a BioPhotometer 6131 (Eppendorf, Hamburg, Germany).

4.3.3. Preparation of thioredoxin
Thioredoxin, pTrxFus from the ThioFusion Expression System (Invitrogen, Carlsbad, CA,

USA), was amplified using PCR. The PCR reaction included 0.5 µg pTrxFus, 0.6 µg 3’
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primer (oligo 1106, se table 1 below), 0.6 µg 5’ primer (oligo 1107, se table 1 below), 1x PCR

buffer (10 mM Tris-HCl pH 8.8, 50 mM KCl, 0.08% Nonidet P40, 0.1 mg/ml acetylated

BSA), 0.2 mM dNTPs (each nucleotide), 1.5 mM MgCl, 2.5 units Taq polymerase and ddw

up to a final volume of 50 µl. The following PCR program was used on a Mastercycler

gradient (Eppendorf, Hamburg, Germany): The block was first set to 95°C for 2 minutes, then

50 cycles of 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 1 minute, followed by

72°C for 10 minutes, after which the block temperature was held at 4°C. The PCR products

were run on a 1% agarose gel (SeaKem GTG agarose, BioWhittaker Molecular

Applications, Rockland, ME, USA), using 0.7 µg λ-BstEII as a marker, and the DNA was

excised from the gel using E.Z.N.A Gel Extraction Kit.

4.3.4. Restriction enzyme digestion
The thioredoxin fragment and the pET 21a vector were both digested with the restriction

enzymes EcoRI and NdeI before the thioredoxin fragment could be inserted into the vector.

Two reaction mixes were made in 1 x Restriction Enzyme Buffer (REB) including 150 mM

NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol, pH 7.8, and diluted with ddw to

a final volume of 100 µl. In the first reaction 5 µg of the pET 21 a vector was cleaved with 50

units of EcoRI and 50 units of NdeI, and in the second reaction 0.35 µg of the thioredoxin

fragment was cleaved with 10 units of EcoRI and 10 units of NdeI. The restriction enzymes

were allowed to digest the DNA samples for 3 hours in a 37°C water bath.

4.3.5. Purification
The thioredoxin fragment was then run on a 1% agarose gel (SeaKem GTG agarose,

BioWhittaker Molecular Applications), and the DNA was excised from the gel using

E.Z.N.A Gel Extraction Kit (Omega Bio-Tek). The vector DNA was purified on 2 ml

SepharoseCL-6B (Amersham Biosciences, GE Healthcare, Buckinghamshire, UK) packed

in a 2 ml syringe. The sample was prepared by adding 300 µl phenol extraction buffer (0.1 M

NaCl, 0.5% SDS in TE) and 200 µl neutral phenol/chloroform (neutralized phenol/chloroform

50:50, 0.1% β-hydroxyquinoline) directly to the restriction enzyme reaction mix with the

cleaved vector DNA, mixing by vortex, and centrifugating at 24 000 g for 2 minutes. The

supernatant was then transferred to a new Eppendorf tube and chloroform was added to a final

volume of 1.5 ml. The sample was vortexed and centrifuged under the same conditions as

above. Just before addition of the sample to the CL-6B column, the column was centrifuged at

800 g for 2 minutes, and 200 µl phenol extraction buffer was added. The sample was then
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added and the column was centrifuged at 800 g for 5 minutes. The flow through was collected

in a new Eppendorf tube, and 1/10 volume of 3 M NaAc, pH 7, and 2 volumes of 95% ethanol

were added, mixed by vortex, and incubated in -20°C for 15 minutes. The sample was then

centrifuged at 24 000 g for 15 minutes at 4°C, the supernatant was discarded and salt was

removed from the pellet by adding 1 ml 70% ethanol. After an additional centrifugation at

24 000 g for 2 minutes, the supernatant was first removed by pipetting and the last of it was

evaporated in a Speed Vac Concentrator (Savant, Hicksville, NY, USA). The pellet was

resuspended in 20 µl ddw and the vector concentration was determined on a NanoDrop.

4.3.6. Ligation
The thioredoxin fragment was then ligated with the vector using T4 DNA Ligase (USB,

Cleveland, OH, USA) in a ligation mix that included 118 ng of the vector, 29 ng of the

thioredoxin fragment, 10 units T4 DNA Ligase, 1 µg BSA (MBI Fermentas, Burlington,

Canada), in 1x Ligase buffer (66 mM Tris-HCl, 6.6 mM MgCl2, 10 mM DTT, 66 µM

DeoxyAdenosine 5’ TriPhosphate (ATP), pH 7.6) (USB, Cleveland, OH, USA) with an extra

addition of ATP to a final concentration of 1mM. The mix was diluted with ddw to a final

volume of 20 µl and incubated at room temperature for 2 hours and 15 minutes, after which

the T4 Ligase was inactivated by incubation at 65°C for 10 minutes.

4.3.7. Transformation and colony PCR
The entire inactivated ligation mix was transformed into E. coli DK1 according to the

protocol above. After transformation, colony PCR was performed on 25 colonies. Bacteria

from 25 single colonies were transferred to separate PCR-tubes (Treff Lab, Degersheim,

Switzerland) using sterile toothpicks. To each tube, 10 µl of a PCR reaction mix was added,

consisting of 30 ng 5’ primer (oligo 1046, se table 1 below), 30 ng 3’ primer (oligo 1107, se

table below), 0.25 mM dNTPs (each nucleotide), and 2 mM MgCl2 in 1 x PCR buffer (10 mM

Tris-HCl pH 8.8, 50 mM KCl, 0.08% Nonidet P40, 0.1 mg/ml acetylated BSA) and ddw. The

following PCR program was used on a Programmable Thermal Controller, PTC-100: First the

block was set to 94°C for 5 minutes, then 40 cycles of 94°C for 30 seconds, 57°C for 30

seconds and 72°C for 1 minute, followed by 72°C for 10 minutes, after which the block

temperature was held at 4°C. The PCR products were mixed with 1.67 µl Ficoll sample

buffer per 10 µl PCR product and run on a 1% agarose gel (SeaKem GTG agarose) to

screen for colonies that were positive for the pET 21a vector with the thioredoxin insert.
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In order to produce recombinant proteases in the future, protease fragments will be inserted

into the modified pET 21a vector, which will be transformed into E. coli Rosetta-gami

bacteria.

4.4. Creating anti-sera against α-chymase from dog
4.4.1. Expression of recombinant α-chymase from dog as a fusion protein with Glutathione S-
Transferase (GST)
The recombinant dog α-chymase had previously been inserted into the pGEX-5T expression

vector and transformed into E. coli DK1 bacteria. Stocks were made, consisting of 50%

bacterial culture and 50% freeze medium (1:1 LB:Glycerol), and kept at -70°C. An overnight

culture was set by inoculating 50 ml LB medium, containing 100 µg/µl ampicillin, with the

transformed bacteria and letting it grow at 37°C on a shaker. The following day the culture

was diluted ten times in LB-ampicillin medium and allowed to grow at 37°C on a shaker to

OD 0.5, after which it was induced with IPTG (final concentration 1 mM), and allowed to

grow for an additional 3 hours. The bacteria were then pelleted by centrifugation at 7500 g for
20 minutes at 4°C. The pellet was washed by resuspension in PBS and centrifuged again

under the same conditions as above. The supernatant was removed and the pellet was

resuspended in 10 ml PBS, after which the bacterial cell walls were broken by sonication on

ice, 3 x 20 seconds, using a Soniprep 150 (MSE Scientific Instruments, Crawley, UK). After
sonication, the bacteria were pelleted by centrifugation at 16 500 g for 10 minutes at 4°C and

the pellet was washed with 5 x 25 ml PBS and centrifuged again at 16 500 g for 10 minutes at
4°C. The pellet was then resuspended in 8 M urea, 0.5% SDS, and 5 mM β-mercaptoethanol

in PBS.

4.4.2. Purification of the fusion protein
The fusion protein was purified on 3 ml Ni-NTA agarose beads in a 10 ml PolyPrep

Chromatography column which had first been washed with 2 x 7 ml 8 M urea, 0.5% SDS in
PBS, pH 7.5. The sample volume was applied to the column twice to ensure adequate

binding, and the column was then washed again with 3 x 7 ml 8 M urea, 0.5% SDS in PBS,
pH 7.5. The fusion protein was then eluted with 3 x 3 ml 8 M urea, 0.5% SDS in PBS, pH 6.

Protein content in the elution fractions was determined using SDS-PAGE according to

Sambrook Fritsch and Maniatis, Molecular Cloning – A Laboratory Manual, Second Edition,
pages 18.47 – 18.55. The gel was stained with GelCode Blue Stain Reagent according to

above. After pooling, the elution fractions were further purified with dialysis in cellulose

membrane dialysis tubing (Sigma). The dialysis tubing was first boiled in PBS for 5 minutes
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in a microwave oven before the sample was pipetted into the tubing, which was then sealed

by double knots. Dialysis was carried out against 2 L PBS for 1 hour while stirring with a

magnet, then another 2 hours with new PBS, and finally over night having changed the PBS
again. Solutions with different concentrations of BSA (0.01, 0.02, 0.04, and 0.08 µg/µl) were

made and run on an SDS-PAGE gel together with different quantities of the fusion protein (1,

3 and 10 µl) in order to determine the concentration of the fusion protein.

4.4.3. Immunization
A volume representing 300 µg of the dog α-chymase-GST fusion protein was mixed with an

equal volume of Freunds Complete Adjuvans in a 1 ml syringe until it turned into a thick,

white emulsion. Female Sprague Dawley rats were then given subcutaneous injections in the
groin. A booster injection will be given after several weeks. Blood will be collected after

additional weeks in order to retain antibodies produced against the fusion protein.

Table 1. Primer data.
Oligo number/Primer name Sequence (5’ to 3’)
924 T7Select 5’ GTTAAG CTG CGT GAC TTG  GCT
925 T7Select 3’ TTG ATA CCG GAG GTT CAC CGA
926 T7Seq-primer 5’ TAT CGC TAA GTA CGC AAT GGG
1046 T7 5’ TAA TAC GAC TCA CTA TAG GG
1106 Trx 5’ NdeI CGA CAT ATG AGC GAT AAA ATT ATT

CAC CTG ACT G
1107 Trx 3’ EcoRI AGC GAA TTC GCT ACC AGA ACC AGA

ACC GGC CAG
Primers used in experiments described above. Oligo number 924 and 925 were used to amplify the random
sequences on the phages selected during phage display. Oligo number 926 was used to sequence the amplified
random sequences. Oligo number 1046 and 1107 were used for colony PCR after transformation of the pET 21a
+ trx expression vector into E. coli DK1 bacteria. Oligo number 1106 and 1107 were used to amplify the
thioredoxin fragment by PCR, before it could be inserted into the pET 21a expression vector.
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5. RESULTS

5.1. Expression of recombinant α-chymase from human and dog in mammalian cells
In order to produce properly folded, native forms of recombinant human and dog α-chymases

that could later be used as active enzymes to analyze substrate specificity, they were

expressed in HEK 293-EBNA cells. Due to differences between mammalian cells and
bacteria, as discussed in the introduction, mammalian cells are better suited to express

mammalian proteins in their native form. Thus this expression method was chosen, even
though this process takes longer time and is considerably more costly than expression in

bacteria. HEK 293 cells were transfected with pCEP-Pu2 expression vectors containing

inserts with the human or dog α-chymase expression construct. The cells were cultured in D-

MEM supplemented with FBS to provide the cells with essential nutrients, and gentamicin to
prevent infections. Transfected cells were selected for using puromycin since the vector

contains a puromycin resistance gene. Initially SDS-PAGE gel electrophoresis revealed little
or no expression. To overcome this problem, heparin, a negatively charged

glycosaminoglycan, was added to the culture medium since it is important for storage of the

positively charged mast cell proteases and has been proven to be necessary for the formation
of active forms of certain mast cell proteases (25). With heparin in the culture medium, the

cells expressed approximately 50-100 µg dog α-chymase per liter culture medium, see figure

5 below. The human α-chymase was expressed in considerably lower amounts that were just

barely visible on the gel, therefore no gel picture of the human α-chymase is presented here.
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      1           2           3           4           5
Figure 5.  SDS-PAGE analysis, expression of recombinant α-chymase from dog in mammalian cells.
Culture medium from Human Embryonic Kidney cells (HEK 293) transfected with pCEP-Pu2 expression
vectors containing an insert with the coding region for dog α-chymase was purified on nickel-agarose beads. The
chymase was eluted from the beads with imidazol in five fractions corresponding to one bead volume per elution
fraction, and a small aliquot of each fraction was run on an SDS-PAGE gel, with fractions 1-5 in lanes marked 1-
5 respectively. The chymase can be seen in lanes 1-3, slightly larger than 30K due to glycosylation.

5.2. Activation of recombinant α-chymases
Since the expressed α-chymases include an enterokinase site, replacing the natural activation

peptide, the purified chymases could be activated through digestion with enterokinase. The
activated chymases were then purified on heparin-agarose. Because chymase binds to heparin

linked to the agarose beads, while for example enterokinase does not, this purification step
separates the activated chymase from unwanted contaminants. The chymase was then eluted

from the beads with an elution buffer containing NaCl, and run on an SDS-PAGE gel

according to figure 6 below. Both chymases were treated the same way. However, due to the
small amount of the human chymase, only the dog chymase gel is presented in figure 6.

30K
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           1       2       3       4       5       6       7       8       9       10
Figure 6. Activated recombinant α-chymase from dog. Inactive α-chymase is found in lane 1, marked with an
arrow. In its inactive state, the protein still contains the enterokinase site and the his-tag from the expression
construct, and is therefore slightly larger than the activated chymase found in lane 2, also marked with an arrow.
Lane 3 contains the flow through after the sample had been added to a column of heparin-agarose several times.
There is no visible band corresponding to the activated chymase in the flow through, indicating that it was bound
to the heparin-agarose beads after this step. The column was first washed with PBS, and then with PBS with
0.3M NaCl, corresponding to lane 4 and 5 on the gel. No chymase ended up in either wash. Lanes 6-8 represent a
smaller pre-elution volume, the elution volume and the post-elution volume, respectively, all eluted with 1 M
NaCl. Lane 9 represents an extra elution volume with 1.5M NaCl. The activated, and now purified, chymase can
be seen in the elution volume in lane 7, marked with an arrow. RPN756 Rainbow marker is found in lane 10,
with corresponding protein sizes to the right.

5.3. Activity analysis of recombinant α-chymases against a chromogenic substrate
Since chymases cleave peptide substrates at the C-terminal side of aromatic amino acid
residues, the chromogenic chymotrypsin substrate S-2586 (Chromogenix), with the amino

acid sequence MeO-Suc-Arg-Ala-Tyr-pNA, could be used to test the activity of the

expressed, activated and purified recombinant chymases. Hydrolysis of the substrate can be
visualised as a yellow color, the intensity of which can be measured spectrophotometrically.

Both chymases were able to digest S-2586. For the dog chymase, the highest activity was

seen in the elution volume, but the active human chymase ended up in the first wash.

5.4. Screening for possible peptide substrates using phage display
Phage display substrate analysis was used to analyse the substrate specificity of the human

and dog α-chymase since it is an effective method that allows screening of millions of

possible peptide substrates in a single reaction. Susceptible substrates were selected by

allowing the activated chymases to cleave the random peptide sequences attached to the phage
capsid proteins. Cleavage releases the selected phages from a nickel-agarose matrix, enabling

them to be collected and amplified for another round of selection. The number of cleaved
phages was then compared to a background of phages, including those that came loose from

220K
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66K

45K

30K

20.1K

14.3K
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the matrix without enzymatic digestion as well as phages that were unbound but not washed

away prior to addition of enzyme, as portrayed in figure 7.
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Figure 7. Number of enzymatically cleaved phages compared to control. Phage display substrate analysis
was performed by letting activated recombinant α-chymase from human and dog cleave random peptide
sequences of nine amino acids attached to capsid protein 10 on T7 phages. For the dog α-chymase, the
relationship of enzymatically cleaved phages to control, determined by plating titrations in top agarose, was 4:1
after the first round of selection, 3:1 after the second round, 10:1 after the third round, 8:1 after the forth round,
and 9:1 after the fifth round. For the human α-chymase, the relationship was 13:1 after the first round and then
decreased to 2:1 after the second round. Due to the large decrease, no further rounds of selection were completed
for the human chymase at this time.

In order to optimize the procedure, several attempts at phage display were made for both

chymases, with the results from the final attempt presented in figure 7. Ideally, the number of
enzymatically released phages relative to the control should have increased after each

selection round to indicate an increasing number of susceptible substrates after each round.

This was not the case for either chymase; after an initial increase, differences tended to either
decrease or level out. Since the results for the dog α-chymase appeared more promising than

for the human α-chymase in the last attempt, five selection rounds were completed for the dog

chymase while only two rounds were completed for the human chymase.

Even though it appeared to level out, there was a considerable difference between the

enzymatically cleaved phages and the control after the fifth selection round for the dog

chymase. Therefore, 20 individual phage clones were picked and their random peptides were
sequenced. For the human chymase, the difference had decreased so extensively that it
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appeared to be better to sequence the results from the first selection round from a previous

attempt (not shown in figure 7) when the relationship of cleaved phages to control was 32:1.

However, since they came from only one round of selection, only ten phage clones were
picked and sequenced. Obtained sequences were hypothetically aligned from position P4 to

P3’, as presented in table 2. Alignment was carried out according to Powers et al. (6), which
states that the human chymase cleaves peptide substrates on the carbonyl side of

phenylalanine, tyrosine, leucine, methionine, and tryptophan, in that order of preference.

Percentages of different amino acids were then calculated for each position and presented in
figure 8.

Table 2.  Hypothetical alignment of sequences obtained from the selected phage clones.
P4 P3 P2 P1 P1’ P2’ P3’

Dog E C G R V A F S W H
Dog G R V S F L L T D
Dog P G G F P R R F T G W F
Dog G G V F A T F V N F S
Dog W G G Y F L Q S Q
Dog R M M K F F F Y L H
Dog M L V G L R F L L H
Dog A A V A W F L V E
Dog R G T P Y I A G G
Dog P G G Y R L Q G V G A S
Dog Q V F A V A Y L D H
Dog G F P Y L T R V R
Dog V W G V R Y A E W
Dog V G H R V R L A Y H H H
Dog G G T L M V P R T G S
Dog P G G W C Q V Q S V C A
Dog E W V R W C V W M

Hum G G Y F G A D L V G P
Hum P G G Y C G V A R T R S
Hum G G T Y G V L D T R L
Hum A V M G L R Y S H H
Hum D W E G L R C E A
Hum K G W C V V G L E H H
Hum G G V L L G E G V T M
Hum R G D W K A W W S
Hum P G G W D A G W W R W L
The randomized peptide regions of phages susceptible to cleavage with either the dog or human α-chymase were
sequenced with T7Select primers. PGGX9H6 being the general structure of the obtained sequences, X represents
amino acids in the variable region. With cleavage occurring after the P1 residue, the sequences were
hypothetically aligned for best fit from P4 to P3’, starting with sequences containing one possible P1 site and
then moving on to residues containing two or more possible P1 sites, considering P1 to be F > Y > L > M > W
according to Powers et al. (6). In the far left column, ”Dog” or ”Hum” indicates that the sequence comes from a
phage clone cleaved with the dog or human α-chymase respectively.
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Figure 8. Amino acids found in the P4-P3’ positions of peptides susceptible to cleavage with the dog and
human α-chymases. The diagrams represent percentage values of amino acids in the different positions, with
amino acids on the x-axis and percent on the y-axis. Values are based on the alignment found in table 2.

Hum P3’ Dog P4 Dog P3 Dog P2

Dog P1 Dog P1’ Dog P2’

Dog P3’ Hum P4

Hum P3 Hum P2 Hum P1

Hum P1’ Hum P2’ Hum P3’
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For the dog chymase, results in table 2 and figure 8 indicate a strong preference for glycine in

the P4 position. The largely predominant amino acids in the P3 position are glycine and

valine, both nonpolar hydrophobic. There is a preference for hydrophobic residues in the P2
position as well, with a few exceptions and a broader tolerance. In the P1 position,

phenylalanine and tyrosine are predominant over leucine and tryptophan. Residues in the P1’
position have a tendency to be hydrophobic, with a strong higher prevalence of leucine. In the

P2’ and P3’ positions however, there seems to be a broader tolerance, with a prevalence of

leucine in P2’. Regarding the human chymase, there is a strong preference for glycine in the
P4, P3, and P2 positions, with proline being the second candidate in the P4 position, both are

nonpolar hydrophobic. The dominating amino acids in the P1 position for the human chymase

in this alignment are tyrosine and leucine, but phenylalanine and tryptophan also occur.
Charged amino acids occur in both the P1’ and P3’ positions. In the P1’ position they are

either positive or negative, but in P3’ the charged residues are only negative. There is a
preference for alanine in the P2’ position.

5.5. Creating anti-sera against the dog α-chymase
In order to produce antibodies against the α-chymase from dog, it was produced as a fusion

protein with GST, and used to immunize female Sprague Dawley rats. The expression

construct for the dog α-chymase had previously been inserted into the pGEX-5T expression

vector, downstream of the coding region for GST, and vector plus insert had been transformed

into E. coli DK1 bacteria. Cultures of these bacteria were grown in the presence of ampicillin
in the culture medium, since the vector includes an ampicillin resistance gene. Previous SDS-

PAGE gels indicated that the fusion protein probably was located in inclusion bodies. The
bacteria were sonicated to break the bacterial cell walls, thereby releasing the inclusion

bodies, which were denaturated with urea, SDS, and β-mercaptoethanol. After initial

purification on a column of nickel-agarose beads, the fusion protein was further purified

through dialysis in order to remove urea and other substances that would be toxic to the rat
during immunization.  SDS-PAGE was used to determine protein concentration, as shown in

figure 9. Freunds complete adjuvans, used to trigger immune reactions, was mixed with the

purified GST-dog α-chymase fusion protein, after which the mixture was administered as

subcutaneous injection. Booster injections will be given at later times before blood is drawn
to extract the antibodies that can be used in for example immunohistochemistry stainings. For

the human chymase, similar anti-sera already exists, thus no GST-fusion was created.
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     1    2    3    4    5     6     7           14
Figure 9.  SDS-PAGE analysis of GST-dog α-chymase fusion protein concentration. Four different solutions
of bovine serum albumin (BSA) with 0.01, 0.02, 0.04, and 0.08 µg/µl were made and run on an SDS-PAGE gel
in quantities of 10 µl each. The purified Glutathione S-Transferase (GST)-dog α-chymase fusion protein was
added to lanes 5, 6, and 7 containing 1, 3, and 10 µl respectively. Band sizes were then compared and the
concentration of the fusion protein was determined to be approximately 0.8 µg/µl. RPN756 Rainbow marker is
found in lane 14, with corresponding protein sizes to the right.

5.6. Possible production of native forms of recombinant proteases in E. coli Rosetta-gami
When SDS-PAGE gels indicated that there was little or no expression of the recombinant

chymases from the mammalian cell cultures, before heparin was added to the culture medium,

the possibility of expressing native, biologically active, forms of recombinant proteases in
bacteria was investigated. As discussed in the introduction, the E. coli Rosetta-gami strain

from the pET expression system has many advantages when expressing mammalian proteins.

A small sample of the pET 21a vector, compatible with Rosetta-gami, was first amplified by
transformation into competent E. coli DK1, which were then grown over night before the

vector DNA could be extracted. The pET 21a vector was to be modified to include a
thioredoxin gene, since thioredoxin has proven to be a good fusion partner for mammalian

proteins, also discussed in the introduction. Thioredoxin fragments were therefore amplified

by PCR. To purify the samples, the PCR products were run on an agarose gel from which the
thioredoxin band was cut out and extracted. Thereafter, both vector and fragment were

digested with the restriction enzymes EcoRI and NdeI, and then, after additional purification,
ligated with T4 DNA Ligase, thus inserting the thioredoxin fragment into the pET 21a vector.

After transformation into E. coli DK1, 25 colonies were picked from agar plates and colony

PCR revealed that 3 colonies were positive for the modified vector (data not shown). A
schematic representation of the pET 21a + trx vector can be seen in figure 10 below. Protease

BSA (µg)
0.1  0.2  0.4  0.8

GST-
dog α-

chymase
fusion (µl)

1       3      10

220K
97K
66K

45K

30K

20.1K

14.3K
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fragments can now be inserted into the modified vector in order to express them as

thioredoxin fusions in E. coli Rosetta-gami.

Figure 10. Schematic diagram of the pET 21 a vector (Novagen) modified to include a thioredoxin
fragment. The vector carries an N-terminal T7-tag sequence and a C-terminal His-tag. A thioredoxin (trx)
fragment has been inserted in the multi-cloning site so that other inserts will be expressed as trx-fusion proteins.

MCS
trx

f1 origin

Ap

ori

lac I
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6. DISCUSSION

Mast cell chymases have been shown to be implicated in various biological processes,

through studies done in vitro and/or in vivo. They are involved in inflammation through
recruitment of various inflammatory cells, release of SCF from cell surfaces of producing

cells, and activation of pro-interleukin-1β and transforming growth factor-β (TGF-β). In

extracellular matrix remodelling, they are involved through degradation of fibronectin, as well

as activation of matrix metalloproteases (MMPs) and TGF-β (1). There are however

variations in catalytic and physiochemical properties between different mast cell chymases
(26), and it is therefore interesting to compare them across species. For example, between the

catalytic domain of the human α-chymase and α-rodent chymases, there is approximately 55-

62% sequence identity, but between the human and dog α-chymases on the other hand, there

is 83% identity (19). The close evolutionary relationship between humans and dogs,

compared to humans and rodents, make it interesting to compare the human and dog α-

chymases in the quest to unravel the secrets of the mast cell.

In this study, biologically active forms of recombinant α-chymase from human and dog have

been produced, and their substrate specificity analyzed using phage display substrate analysis.

Phage display has previously been proven to be a powerful tool in determining the substrate
specificity of proteases, such as the rat α-chymase rMCP-5, and one of the rat β-chymases,

rMCP-4 (15, 24). An extremely valuable advantage with phage display is the ability to

analyze the extended substrate specificity in a single reaction, taking not only the primary P1

specificity into consideration, but also residues both N-terminal and C-terminal to the
cleavage site. Positions other than P1 have been shown to be of importance for chymase target

recognition (15, 24), leading to enzymatic digestion of the substrate.

In a previous study by Powers et al. (6), the human chymase has been reported to cleave after

the aromatic residues phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp) in the P1
position, but also after leucine (Leu) and methionine (Met) with Phe > Tyr > Leu > Met > Trp

being the order of preference.  For the dog chymase, preference for Phe over Tyr in the P1
position has been shown in the same study, which also stated that both chymases prefer

hydrophobic residues in the P2 and P3 positions. The results from the phage display substrate

analysis presented in this study agree with above data in that cleavage occurs after aromatic
residues and leucine, with phenylalanine occurring more often than tyrosine in the P1 position
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of substrates cleaved by the dog chymase. These two amino acids are strongly predominant

over leucine and tryptophan. However, according to table 2, the human chymase has cleaved

the same number of peptides after leucine as after tyrosine. It has been shown that human α-

chymase activates progelatinase B through hydrolysis at a bond with the P1 amino acid being
leucine, and it has been proposed that the preference of the α-chymase for leucine over

aromatic amino acids in this case could in part be explained by a hydrophobic residue in the

P2 position, here valine, which increases the sensitivity of the P1 residue to the α-chymase (6,

27). All sequences in table 2 with leucine in the P1 position have other aliphatic, hydrophobic,

residues in the P2 position. In summary, there is a strong overall preference for hydrophobic
amino acids in the P3 and P2 positions for both chymases included in this study, in agreement

with Powers et al (6). The method used by Powers et al. does not consider the residues in the
prime positions when determining substrate specificity. The results in this study point to an

occurrence of negatively or positively charged amino acids in the prime positions for both

chymases, the tendency being the strongest for the human chymase substrates. In the P3’
position for the human chymase substrates, there are negatively charged amino acids, but no

positively charged.

When looking at hypothetical consensus sequences, shown in figure 11, generated from the

peptides cleaved with the dog or human α-chymase, the similarities in extended cleavage

specificity between the two α-chymases become even clearer. The residues N-terminal to the

cleavage site, which are all aliphatic, hydrophobic amino acids, are almost identical in the two
consensus sequences generated. The residues in positions C-terminal to the cleavage site

differ more between the two sequences, but both P1’ and P2’ positions are aliphatic,

hydrophobic residues as well. The consensus sequence cleaved by the human chymase
includes a negatively charged amino acid in the P3’ position, again indicating that this

tendency is greater for the human chymase than for the dog chymase.
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Figure 11. Hypothetic consensus sequences of peptides cleaved with dog or human α-chymase. The
consensus sequences above were generated from the most prevalent amino acids in positions P4 to P3’ of the
random peptides cleaved with the dog or human α-chymase, found in table 2. Cleavage occurs on the carbonyl
side of the P1 residue, indicated by the scissor-symbol.

It should be pointed out that if cleavage occurs in the far ends of the randomized peptides, the
residues N-terminal or C-terminal to the random sequence will have unusually high

prevalence in certain positions since these are the same for each sequence. The general

sequence is PGGX9H6, with X representing amino acids in the variable region. This means
that proline or glycine residues in the positions N-terminal to the cleavage site, and histidine

residues C-terminal to the cleavage site sometimes originate from the general sequence rather

than the random region. Their properties are still of importance though.

The results in this study give an indication of the extended cleavage specificity of the human
and dog α-chymases. To give the complete picture, a more thorough analysis of more possible

substrate sequences is needed. Regarding the human chymase, it should be taken into

consideration that the results in this study are based on random peptide sequences that have

only been subjected to one round of selection by phage display. In contrast to the ideal
situation when the difference between selected phages and control should have increased with

the number of selections, this difference tended to either level out or decrease for both
chymases, as can be seen in figure 7. Many attempts were made to get around this problem,

including washing the bound phages more times with a tougher wash buffer in order to make

sure that as many unbound phages as possible were removed before enzymatic digestion,
increasing the time of enzymatic digestion, increasing the amount of enzyme, and increasing
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the number of bacteria in the amplification step to make sure that there were enough bacteria

to amplify all selected phages.

Substrate specificity analysis of mast cell proteases requires that they are produced in

biologically active forms, which is traditionally done in a mammalian cell expression system.
This study has also investigated the possibility of expressing recombinant proteases in E. coli

Rosetta-gami bacteria, which are more suited for expression of mammalian proteins than

bacterial systems usually are, as previously discussed in the introduction. It would be
interesting to compare results from phage display substrate analysis performed on

recombinant proteases expressed in mammalian cells with those expressed in the Rosetta-

gami bacterial system. If the results turn out to be of equal quality, the Rosetta-gami system
provides a much more cost and time effective way of expressing recombinant proteins, which

will enable phage display substrate specificity analysis to be applied to more mast cell
proteases.

Eventually, extended substrate specificity studies of mast cell α-chymase from human and

dog can be used to find additional natural substrates, thus revealing more of the mechanisms
behind many of the biological processes that mast cell chymases have been shown to be

involved in, and also provide clues to other processes that mast cells may take part in. When
looking at substrate specificity in vivo, there are many aspects to consider, including the

availability of the substrate, as well as the expression level and localization of the chymase.

Antibodies against the dog α-chymase from the rats that were immunized with the GST-dog

α-chymase fusion protein produced in this study can be used in immunohistochemistry

studies to provide answers to some of the questions stated above. In the future, this
knowledge taken together will provide new insights into therapeutic alternatives for many of

the pathological conditions associated with mast cells.
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APPENDIX I

Amino acid and nucleotide sequence of the human α-chymase, GenBank accession number: NM_001836.
The residues that make up the catalytic triad are marked with a star (*). An arrow indicates the cleavage site for
the activation peptide.

Amino acid and nucleotide sequence of the dog α-chymase, Ensembl accession number:
ENSCAFT00000019476. The residues that make up the catalytic triad are marked with a star (*). An arrow
indicates the cleavage site for the activation peptide.


