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ABSTRACT
The N-formyl peptide receptor (FPR) present on neutrophils is of importance in
providing the host with a detection mechanism of broad specificity for invading
microorganisms and damaged tissue. The aim of this project was to develop an
accurate physiological model for the study of FPR.

Since neutrophils isolated from blood leukocytes are heteroger^us, short lived and
terminally differentiated they do not make good models for the study of FPR. Hence,
the need for in vitro model systems. The current model used, the human leukaemic
cell line (HL-60), does not produce fully mature neutrophils. In contrast, the murine
pluripotent stem cell line (FDCP), can be fully differentiated to mature neutrophils.
This cell line was therefore chosen for the characterization and development of a
model system for the FPR.

A detailed study of cytokine-mediated differentiation was undertaken. Differentiated
FDCP cells, expressed FPR and showed cell adhesion and degranulation in
response to N-formyl peptides. The kinetics of the expressed murine FPR and the
efficacy of a number of synthetic N-formyl peptides was established. The peptide
formyl-Norleu-Leu-Phe-Norleu-Tyr-Lys bound with high and low affinity dissociation
constants of 3.7 and 22.6 nM, respectively. The number of receptors was estimated
to be 79 000 per cell with 25% being of high affinity. The differentiated FDCP cells,
neutrophils had low affinity binding for the peptide fMet-Leu-Phe as compared to
human and rabbit neutrophils. Attempts were first made to clone the human and
then the murine FPR gene. However, the putative genes were cloned by another
group before completion of this work. The muFPRgene, which was transcribed and
expressed in murine FDCP cells differentiated to neutrophils, was identified from six
putative genes by reverse transcriptase PCR. The time course of transcription was
consistent with the appearance of functional FPR during differentiation.
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General Introduction

1.1 Introduction

Neutrophils constitute the primary defense mechanism of the immune system. They
contain specific cell surface receptors for chemoattractants such as N-formyl
peptides (Williams et ai, 1977). When these receptors are stimulated, a biological
response is induced via a G protein coupled mechanism. This includes chemotaxis,
lysosomal enzyme release, and superoxide anion production (Perez at a i, 1992).

Chemoattractant receptors, of which the N-formyl peptide receptor (FPR) is one,
provide a means for the immune system to detect damaged tissue and microbial
infections. Neutrophils have chemoattractant receptors for a variety of ligands
including lipid derivatives, polypeptides and peptides. There are two classes of
chemoattractants: the classical chemoattractants and the chemoattractant cytokines
(chemokines). The classical chemoattractants are C5a, LTB and PAP, as well as
4

FPR (Probst at a i, 1992). The chemokines include interleukin

- 8

(IL- ), 'regulated
8

on activation, normal T-cell expressed and secreted' (RANTES) and monocyte
chemotactic proteins 1,

2

and 3 (MCP-1, - , and 3).
2

Following tissue damage, FPR binds N-formyl peptides derived from either invading
microorganisms or from mitochondrial debrkresulting from tissue damage. FPR is
a 350 amino acids glycosylated membrane protein expressed by cells of myeloid
origin such as neutrophils, monocytes, macrophages and eosinophils (Boulay at ai,
1990a; Owen, Jr. at ai, 1991 ; Koo at ai, 1982). It is coupled to intracellular effectors
through guanine nucleotide regulatory proteins (G proteins) (Jacobs at ai, 1995).
These G protein coupled receptors (GPCR) are modelled topologically to consist of
seven putative transmembrane spanning helices. This modelling is based not only
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on their hydropathy profiles, but also on their similarity to bacteriorhodopsin.
Bacteriorhodopsin was the first GPCR to be crystallized and its tertiary structure
elucidated (Engelman et al., 1980). The mammalian chemoattractant receptors
belong to a subgroup within the GPCR family. Chemoattractant receptors have low
overall amino acid homologies (25-35%) but mediate similar responses within
leukocytes namely chemotaxis, release of lysosomal enzymes, and oxidant
production.

During the course of this work the FPR gene has been cloned from human (Boulay
et al., 1990a), rabbit (Ye et al., 1993) and murine (Gao and Murphy, 1993) cells.
Using the prototype N-formyl peptide fMLF as ligand, a comparison of FPR affinities
revealed two classes of receptors: high and low affinity (Gao and Murphy, 1993).
The human and rabbit FPRs belong to the high affinity class while the murine FPR
and human FPRL1 (a homologue of human FPR) belong to the low affinity class.

Neutrophils are primarily responsible for defense against invading microorganisms.
They are also the main cellular elements in acute inflammation, especially during the
early stages. When a chemoattractant receptor binds its ligand, it causes the cell to
migrate along the chemotactic gradient until it reaches the point of highest
chemoattractant concentration. The neutrophil produces and releases oxidant and
cytotoxic compounds (defensins) from intracellular granules (Lehrer et a!., 1993).
Neutrophils also release digestive enzymes which can remove tissue debrif as well
as kill microorganisms. Defensins are peptides of 29-35 amino acid residues that
include six invariant cysteines which cyclize via their intramolecular bonds to form
a stable triple-stranded p-sheet configuration (Lehrer et al., 1993). Defensins
constitute 5% of total cellular protein in human and rabbit neutrophils but are not

22
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found in murine neutrophils (Matsuoka etal., 1993). They have a wide spectrum of
antimicrobial activity.

Neutrophils remain in the bone marrow for five days after fully maturing. From there
they circulate through out the body for approximately ten hours before entering the
tissues at sites of inflammation. This means that any neutrophils isolated from blood
are terminally differentiated and short lived. Circulating neutrophils are also
heteroger^us in density, cell surface antigens, and functional properties (surface
adherence, response to chemoattractants, aggregation and phagocytosis). This
heterogeneity may originate from distinct stem cells or reflect functional maturational
differences from a common stem cell line. Thus, blood neutrophils are not a good
model for the study of neutrophils or FPR. Therefore, this points to the need for in
vitro model systems (Polakis etal., 1988).

The human promyelocytic leukaemia cell line (HL-60) has been used as a model for
the study of FPR and other chemoattractant receptors (Perez eta!., 1992; Boulay
eta!., 1990a; Sham eta!., 1995). HL-60 cells can be differentiated to neutrophils by
a variety of non-physiological agents (Polakis et a/., 1988; Lubbert at a/., 1991;
Collins, 1987) such as DMSO and dibutyryl cAMP (dbcAMP). This induces
production of neutrophil-like cells expressing FPR as well as other chemotactic
receptors (Chaplinski and Niedel, 1982; Perez eta!., 1992). These neutrophil-like
cells

have

impaired

functional

characteristics,

such

as

a

deficient

myeloperoxidase/peroxide/halide system (Pullen and Hosking, 1985; Sham eta!.,
1995).
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A murine pluripotent stem cell line (FDCP) has been established (Spooncer et al.,
1986) and shown to be capable of differentiation into different leukocytes. In
contrast to HL-60 cells, FDCP cells have a normal karyotype, are nonleukaemic, and
grow continuously in the presence of interleukin-3 (IL-3) (Crompton, 1991). IL-3 also
supports the development of lineage restricted myeloid progenitor cells such as
megakaryocytic, neutrophil/macrophage, erythroid, eosinophil and mast cells.
Granulocyte macrophage colony-stimulating factor (GM-CSF) and granulocyte-CSF
(G-CSF) support the further development of these cells into neutrophils, which is
analogous to the differentiation and development of neutrophils in vivo (Heyworth
at ai., 1990a; Heyworth ef a/., 1990b).

Towards the understanding of the role of FPRs in neutrophil action, I will give a
description of chemoattractants and their receptors, the kinetics of ligand binding,
signal transduction, leukocyte migration, anti-microbial activity of neutrophils, and
the HL-60 and the FDCP cell lines.

1.2 Chemoattractants

A variety of chemotactic peptides and their receptors orchestrate the directed
migration of leukocytes to sites of inflammation. All chemoattractants are potent
stimuli for chemotaxis, induction of inflammation, activation of microbicidal
degranulation, and oxidant production of neutrophils (Oppenheim at a/., 1991;
Hwang, 1990).
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Leukocyte accumulation is vital for wound healing and other immunologically
mediated functions. The analysis of the migration of leukocytes was not quantifiable
in vitro until the development of the Boyden chamber (Boyden, Jr., 1962). This is
a chemical gradient established across a microporous filter through which
leukocytes can migrate. The Boyden chamber also enabled the in vitro
characterization

of a

number of chemoattractants.

Factors that act as

chemoattractants include lipid derivatives (Leukotreine B , LTB, and Platelet
4

activating factor, RAF), polypeptides (activated fifth component of complement, C5a
and interleukin- , IL- ), and peptides (N-formyl peptides). The activation of a
8

8

chemoattractant receptor by its ligand leads to cell accumulation at the site of injury
arid production of cytotoxic products and chemoattractants such as IL

- 8

(Cassatella

etal., 1992).

Chemoattractants are divided into the classical chemoattractants and the
chemoattractant cytokines (chemokines).

1

.

2 . 1

Classical Chemoattractants

Classical chemoattractants include the N-formyl peptides, C5a, LTB4, and RAF.

1

. .
2

1 . 1

N-formvl Peptides

In 1967 leukocytes were shown to chemotax towards products derived form bacteria
(Keller and Sorkin, 1967). Synthesised N-formyl peptides were also shown to have
this effect (Schiffmann et al., 1975). This led to the identification of a number of
peptides which were active at concentrations of approximately 0.1 nM (Showell etal.,
1976). The formyl group was shown to be essential to the activity of N-formyl
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peptides. In addition, the presence of methionine in the first position resulted in the
most potent peptides. This is thought to be due to its effect on peptide conformation
and to specific receptor interactions (Prossnitz etal., 1995).

Prokaryotic proteins contain formylmethionine at their N-terminus. Eukaryotic
organisms have N-formylmethionine proteins only in their mitochondria which are
thought to have evolved from prokaryotic symbionts. The N-formyl group provides
a ready marker for the immune system to recognise prokaryotic infections or the
trauma-induced lysis of its own cells. Either event will release N-formyl peptides
which cause the chemotaxis of neutrophils and the activation of the immune
response.

The receptor on human polymorphonuclear phagocytes shows dissociation
constants of 0.53 and 24.4 nM (Koo etal., 1982). For other cell types and species,
differing values were obtained (see Table 1.1).

1

. .
2

1 . 2

Activated fifth component of complement-C5a

The activated fifth component of complement (C5a) is a 74 amino acid glycoprotein
cleaved from the fifth component of complement (C5) during complement activation
(Quehenberger et al., 1992; Gerard and Gerard, 1994). The receptor was first
demonstrated on neutrophil cells by Chenoweth and co-workers (Chenoweth and
Hugli, 1978). Neutrophils were shown to have approximately 3x10® receptors per
cell with a dissociation constant of 2nM (Huey and Hugli, 1985).
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1.2.1.3 Platelet-Activating Factor
Platelets

produce

a

group

of

acetyl-alkylglycerol

ether

analogs

of

phosphotidylcholine (1 -0-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine) called RAF.
This is a phospholipid chemoattractant and anaphylatoxin (Hwang, 1990).

1.2.1.4 Leukotriene
LTB is a chemotactic lipid similar to RAF, and mainly acts on neutrophils. It is
4

produced by activated mast cells via the lipoxygenase pathway of arachidonic acid
metabolism. The receptor kinetics of LTB, resemble those of RAFR (Schepers etal.,
1992). Its receptor has yet to be cloned.

1

.

2 . 2

Chemoattractant Cvtokines (Chemokines)

Since 1986 a superfamily of closely related and conserved cytokines have been
identified^cloned and sequenced. The chemokine superfamily consists of small ( 8

lOkDa), inducible, proinflammatory proteins that have a 20 - 50% homology at the
amino acid level (Oppenheim etal., 1991). They are divided into two groups: the a chemokines and the P-chemokines (Kelvin etal., 1993; Baggiolini etal., 1994). This
division is based on the conserved cysteine residues, with the a-chemokines having
an intervening amino acid between the first and second of the four conserved
cysteines (C-X-C) and the p-chemokines having no intervening amino acid (C-C).
Fourteen distinct a-chemokines and twelve p-chemokines have been identified at
either the protein or at the cDNA level. Members of the a-chemokine subfamily
include interleukin

8

(IL- ), y-interferon-induced peptide (Ip8

1

0

), epithelium-derived

neutrophil attractant 78 (ENA-78), macrophage inflammatory protein ap (MIR- ap).
2

The p-chemokine subfamily includes macrophage inflammatory protein l a (MIR1a), macrophage inflammatory protein 1p (MIR-1 p), 'regulated on activation, normal
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T-cell expressed and secreted' (RANTES) and monocyte chemotactic proteins
2

1

,

, 3 (MCP-1, - , -3) (Murphy, 1994).
2

1,3 Chemoattractant Receptors

The analysis of leukocyte chemoattractant receptors began with the use of
radiolabelled N-formyl peptides which were shown to bind specifically to cell surface
receptors (Williams etal., 1977). The sequences of the chemoattractant receptors
were established through the use of cloning strategies employing expression and
homology hybridization. Many receptor sequences have been established in this
way (Boulay etal., 1990b; Honda etal., 1991; Gerard and Gerard, 1991; Boulay et
al., 1991; Holmes etal., 1991; Murphy and Tiffany, 1991; Gao etal., 1993; Ye etal.,
1992).

Chemoattractant receptor genes have an unusual structural organization. They lack
introns within the open reading frame (ORF) but have at least one large intron
between the points of transcription and translation (Gao etal., 1993; Murphy etal.,
1993; Gerard etal., 1993; Mutoh etal., 1993). The IL

- 8

and C5a receptor genes are

on human chromosome 2 (Ahuja et al., 1992; Gerard et al., 1993), while the Nformyl peptide receptor genes are on chromosome 19 (Gerard etal., 1993).

1.3.1 Predicted Structure of Chemoattractant Receptors
Hydropathy analysis of chemoattractant receptors shows that they contain seven
putative hydrophobic transmembrane domains (STR). These are conserved among
most members of this superfamily (Probst etal., 1992; Savarese and Fraser, 1992;
Baggiolini et al., 1994). A structural model of STRs has been proposed from
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statistical analyses of sequences in the hydrophobic domains and the known
structure of bacteriorhodopsin and rhodopsin (Savarese and Fraser, 1992; Baldwin,
1993). These include an extracellular amino-terminus (N-terminus); an intracellular
carboxy terminus (C-terminus); seven a-helical transmembrane-domains (TMD)
perpendicular to the plasma membrane and kinked in TMD II, IV, V, VI and VII by
intrahelical prolines; three intracellular and extracellular connecting loops composed
of hydrophilic amino acids; and a disulphide bond linking cysteine residues in the
extracellular loops 1 and 2. Figure 1.1 shows the predicted structure of FPR.
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NH

Extracellular
Space

Cytoplasm

Figure 1.1 Structural mode! of the human formyl peptide receptor (huFPR).
Black circles represent sites of multiple serine and threonine residues for
potential phosphorylation. Blue and green circles represent conserved prolines
and cysteines, respectively. Red circles with branched structures represent
potential N-linked glycosylation sites.
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.3.2 Features of Chemoattractant Receptors

There are no common motifs or residues that can be used to distinguish
chemoattractant receptors from other types of STRs. However, five consensus
features have been identified. These are as follows: the receptors are all
approximately 350 amino acids in length, which is among the shortest of the STRs;
they have approximately

2

0

% overall amino acid identity to each other; their

intracellular loops are rich in basic amino acids and can be modelled to form cationic
a-helices (Savarese and Fraser, 1992; Murphy et a/., 1992); their N-termini are
unusually acidic (Probst etal., 1992; Ahuja and Murphy, 1993) and their RNAs are
expressed in leukocytes. As in other members of the STR family, the N-terminus
contains sites for asparagine-linked glycosylation. The C-terminus contains many
serine and threonine residues which could be phosphorylated (Savarese and Fraser,
1992).

1.3.3 The N-Formvl Peptide Receptor Subfamilv (FPR)
Over the period of this work three human, one rabbit and six murine FPRs have
been cloned and sequenced. They have an overall homology, at the amino acid
level, of 50-75% (see Appendix 1).

1.3.3.1 Human FPR
In 1990 two cDNA clones (fMLP-R98 and fMLP-R26) were isolated from a cDNA
library. This was constructed from mRNA isolated from neutrophil-like cells (Boulay
etal., 1990a). The latter were obtained by differentiating a human cell line (HL-60).
COS cells were conferred with high affinity binding of N-formyl peptides when
transformed with these clones. The binding of ligand to the receptor caused
cytoskeletal reorganization and degranulation in heterologous cell types (Didsbury
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etal., 1992; Murphy and McDermott, 1991; Ali etal., 1993). This proved that these
cDNAs encoded

a receptor which mediates the migration and cytotoxic

responses in neutrophils in response to N-formyl peptides. In 1993 another cDNA
clone of huFPR was isolated from the human leukemic cell line, U937 cells,
differentiated to neutrophils. This was designated UF1 (Haviland etal., 1993).

fMLP-R26 differs from fMLP-R98 in the following respects: the 5' untranslated region
(UTR) of fMLP-R98 showed a 16bp deletion at position -1 to -17 as compared to
fMLP-R26; the sequence also diverged in the 3' UTR, at position 1175 and 12191220 (see Appendix ); 3' UTR of fMLP-R98 was extended by 661 bp as compared
2

to fMLP-R26. In the coding region there were two base substitutions C to G at
position 301, and C to A at position 1037, resulting in the replacement of VaP°^ and
Glu""® in fMLP-R26 by Leu'°' and Ala""® in fMLP-R98.

UF

1

had a combination of the variations found in fMLP-R98 and fMLP-R26. As

compared to fMLP-R98 and fMLP-R26, UF1 had an extra 16bp on the 5' UTR. UF

1

was identical to fMLP-R26 in the 5' UTR, the nucleotide 301 (non-silent variation),
and was polyadenylated at the same nucleotide position. UF1 was identical to fMLPR98 at the nucleotide position 1037 (non-silent variation) and at position 1175 (base
pair deletion).

All the cDNAs encoded for a 350 amino acid polypeptide. The differences between
fMLP-R26, fMLP-R98 and UF1 were attributed to allelic variations, | differing
polyadenylation of the primary transcript (the additional 3' UTR of fMLP-R98), and
the alternative splicing of exon

2

. This is because genomic and Southern mapping

data demonstrate a single-copy gene with no evidence for multiple coding exons.
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In 1992 De Nardin ef a /showed that there are no introns within the coding region of
the FPR gene (De Nardin etal., 1992). The variable splicing resulted in two mRNAs
species of 1.33 and 1.38 kb in HL-60 neutrophil-like cells and human monocytes
(Haviland etal., 1993; Murphy etal., 1993).

The gene symbol for FPR was designated FPR1 (Murphy etal., 1992) and the gene
product, huFPR. Figure 1.2 show the structural organization of the FPR1 gene. This
was found to be a single copy gene with no introns in the ORF. The structural
organization of the FPR1 gene was found to be approximately kb in length (Murphy
6

etal., 1993). The 5' UTR resides on three exons. The start sites for transcription and
translation are separated by approximately 5kb. FPR1 contains three Alu repeats,
one in each intron and a third in the 3' UTR. The promoter contains a non
consensus TATA box and an inverted CCAAT element. Dibutyryl cAMP can induce
the differentiation of HL-60 cells to neutrophil-like cells. These differentiated cells
express huFPR. This means that FPR1 is transcribed. However, there is no cyclic
AMP response element within 450bp of the transcription start point. The presence
of exon

2

imparts the potential for the formation of stem-loop structures which could

effect mRNA stability.
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Skb
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f

I

FPR

1 2

Figure
Structural organization of the human formyl peptide receptor gene
{FPR1). The transcription start point is 4902bp from the start codon. The
arrow represents the start point of transcription. The numbers represent
exons. The boxes labelled R26 and R98 represent the 3' UTR of fMLP-R26
and 3' UTR of fMLP-R98, respectively. The green boxes represent untranslated
regions of the gene. The yellow box represents the open reading frame.
1 . 2
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1.3.3.2 Human FPR Homologues
In 1992, two research groups identified a homologue to huFPR, from cDNA libraries
constructed from HL-60 neutrophil mRNA. Ye and co-workers isolated a 1.65kb
cDNA having a 69% homology, at the amino acid level, to huFPR and encoding a
polypeptide of 351 amino acids (Ye etal., 1992). Murphy and co-workers isolated
a 2.6kb cDNA having a 69% homology, at the amino acid level, to huFPR and
encoding a polypeptide of 351 amino acids (Murphy at a!., 1992). There are two
differences between the clones, an extra 733bp in the 5' UTR and 256bp in the 3'
UTR. The ORFs were identical. These two differences were attributed to allelic
variations and different polyadenylation of the primary transcript. This homologue
was designated FPRL1 and its gene FPRL1 (FPRL1 - human formyl peptide
receptor like-1). Two FPRL1 transcripts were detected in HL-60 differentiated to
neutrophil-like cells (2.6 and 3.5 kb) (Murphy etal., 1992; Durstin etal., 1994).

Through the screening of human genomic DNA with huFPR and FPRL1 probes
another putative gene, designated FPRL2, was identified. FPRL1 is expressed both
in neutrophils and monocytes, while FPRL2 transcripts have only been identified in
monocytes (Durstin et al., 1994). In the same year Bao and co-workers isolated
three human FPR clones from a human genomic library (Bao et al., 1992). They
sequenced these clones and designated them huFPR, FPRH1 and FPRH2; these
are in fact huFPR, FPRL1 and FPRL2, respectively. FPRL1 and FPRL2 have 69%
and 56% homology to huFPR, respectively. Gerard and co-workers showed that the
FPR genes cluster at chromosome 19q13.3 (Gerard etal., 1993).
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huFPR binds the N-formyl peptide, fMLF, with a high affinity (K^ ~ 0.53 and 24.4 nM
(Koo et al., 1982). The FPRL1 receptor FPRL1R has a low affinity for fMLF (K^ ~
430nM) (Ye etal., 1992). FPRL2 receptor FPRL2R does not bind fMLF.

1.3.3.3 Species variants of FPR
Table 1.1 gives a summary of the dissociation constants of FPR from different
species and cell types. Because of the different methodologies used to obtain
kinetic data, a direct comparison, of dissociation constants and receptor numbers,
cannot be made.
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Assay

Dissociation
Constant (k^)
nM

Receptors
per Cell
( -')

Reference

1 0

Human
(PMNs)

fMLF pH]

10.0-22.3

55

(Williams et
a!., 1977)

Human (M)

fMLF pH]

30.2

84

(Benyunes
and
Snyderman,
1984)

Human (M)

fnLLFnLYK

1.7-2.7

10-18

(Weinberg
etal., 1981)

Human
(PMNs)

fnLLFnLYK

Human
(FPRL2)

T ransfected
cells

430

-

(Ye et al.,
1992)

Human
(huFPR)

Ca"+
(fMLF)

0.5

-

(Gao and
Murphy,
1993)

Murine
(PMNs)

Chemotaxis
(fMLF)

-

(Sasagawa
etal., 1992)

Murine
(muFPR)

Ca"+
(fMLF)

-

(Gao and
Murphy,
1993)

Rabbit
(PMNs)

fMLF pH]

0.5-4.3

94

(Kermode et
al., 1991)

Rabbit
(PMNs)

fnLLF

1.5

[125,]

1 . 0

1

2

0

n]

1 0

1 0

0

0

0

1

0

0

(Niedel et
al., 1979)

(Aswanikum
ar et al.,
1977)

Table 1.1 Comparison of N-formyl peptide receptor kinetic data.
M represents monocytes. PMN represents polymorphonuclear neutrophils. fMLF
represents fMet-Leu-Phe. fnLLF represents fNle-Leu-Phe. fnLLFnLYK represents
fNle-Leu-Phe-Nle-Tyr-Lys.

General Introduction

37

1.3.3.4 Rabbit
Rabbit FPR (rabPPR) has 78% homology, in the ORF to huFPR (Ye etal., 1993).
Two transcripts of 1.5 and 3 kb can be detected in rabbit neutrophils. rabFPR has
a high affinity for fMLF (Ky ~ 4.3nM) (Kermode etal., 1991).

1.3.3.5 Murine
Six genes have been isolated from a murine genomic library. These have been
designated muFPR and muFPRL1-5. They have a 54-76% homology to huFPR
(Gao and Murphy, 1993; Murphy, 1994). muFPRL3 is a pseudogene. muFPRLI, 2,
4 and 5 have approximately 55% homology to huFPR. muFPR has 76% identity to
huFPR. All these lack introns within their ORFs. MuFPR has a low affinity for fMLF
(Gao and Murphy, 1993; Sasagawa etal., 1992).

1

.3.4. FPR Structure/Function Analvsis

Although the three-dimensional structure of FPR is not known, the use of sequence
comparisons (with other members of the GPCR family), biochemical, biophysical
and genetic analyses, have provided insights into the structure and function of FPR.

1

.3.4.1 Ligand-binding Site

Receptor chimera studies (where individual domains of huFPR were exchanged with
those of human C5aR and of huFPRLI R) suggest that formation of the high affinity
binding site for fMLF involves the coordinated participation of all the extracellular
loops and adjacent portions of the TMDs of FPR (Gao and Murphy, 1993; Perez et
al., 1993; Quehenberger et a!., 1993). Although the N-terminus was shown to be
unimportant in ligand binding as substitution with either the huC5aR or huFPRLI R
N-terminus had no great effect (Quehenberger et a!., 1993), later experiments
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demonstrated that once the ligand had bound it caused a conformational change in
the receptor (Perez etal., 1994). This resulted in the N-terminus moving over the
ligand to form a lid over the binding pocket. Although the N-terminus appears to be
glycosylated (Malech etal., 1985), deglycosylation has no affect on ligand binding.

Using fluorescein-labelled N-formyl peptides, in conjunction with quenching and
antibody studies, Sklar and co-workers showed that the binding pocket is only big
enough to accommodate five amino acids (Fay etal., 1993). Once the fluorescein
labelled peptide has bound, it becomes quenched. This is thought to be through
protonation. The binding pocket is thought to be a hydrophobic subdomain involving
the TMDs, with the protonation being carried out by His90 located in the first
extracellular loop.

The principal sequence differences between the species and subtypes of FPR are
on the extracellular domains. This suggests that the receptors are coupled to the
same G proteins but bind to different ligands (Gao and Murphy, 1993). The
availability of the FPR variants provides a useful tool for refining the binding pocket
model using site-directed mutagenesis.

1

.3.4.2 G protein-coupling Domain

The intracellular loops

2

and 3 are known to be important for G protein coupling for

many of the G Protein coupled receptors (Savarese and Fraser, 1992). Peptides
were synthesised to specific sites and used to probe the formation of physical
complexes between solubilized FPR and bovine brain GjCX (Bommakanti et al.,
1993). These studies showed that the proximal portion of the C-terminus segment
of FPR binds GjQ. Peptides corresponding to intracellular loops 2 and 3 and
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extracellular loop

2

were inactive. An anti-GjO antibody was prevented from binding

to GjO by peptides derived from the second intracellular loop and by a fusion protein
derived from the C-terminus of huFPR (Schreiber etal., 1994). A peptide derived
from the third intracellular loop did not block binding. When the basic amino acids
or the serines and threonines of the third intracellular loop were mutated, neither the
binding affinity nor signal transduction were significantly affected (Prossnitz at a!.,
1993). It seems therefore, that unlike other STRs, the third intracellular loop is not
involved in the coupling of FPR to G proteins. Rather, it is the second intracellular
loop and the C-terminus that are involved in coupling.

1.3.5 The Genetic Organization of other Chemotactic Receptors

1

.3.5.1 The C5a Receptor (CSaRI

The cDNA for the human C5a receptor (huCSaR) was cloned in 1991 (Gerard and
Gerard, 1991; Boulay at a!., 1991), and that for the murine in 1992 (muCSaR)
(Gerard at a!., 1992). MuCSaR has 65% homology to huCSaR. HuCSaR and huFPR
are approximately 34% identical and their mRNA distribution is very similar,
indicating that the genes may be coordinately regulated. There is only one huCSaR
gene but it has an unusual organization. As mentioned earlier, with a few exceptions
such as the tachykinin receptors which have multiple introns (Gerard at a!., 1991b;
Gerard at a!., 1991a), the majority of the STR superfamily are intronless within the
ORF (Libert at a!., 1989). In the CSaR gene the initiating methionine codon is
separated from the single exon (exon ) containing the rest of the coding region, by
2

an intron approximately 9kb in length (Gerard at a!., 1993).
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1.3.5.2 The Platelet-Activating Receptor (PAFR)
Platelets

produce

a

group

of

acetyl-alkylglycerol

ether

analogs

of

phosphotidylcholine (1 -0-alkyl-2-acetyl-sn-glyceryl-3-phosphorylcholine) called RAF.
This is a phospholipid chemoattractant and anaphylatoxin (Hwang, 1990). The RAF
receptor cDNA was first cloned from a cDNA guinea pig lung library by expression
cloning (Honda etal., 1991). Guinea pig leukocytes contain three RAFR transcripts
of 2, 3, and 4 kb. These are also expressed in the spleen, lung, brain, liver, kidney
and heart. The human homologue is 83% identical to the guinea pig (Kunz etal.,
1992; Nakamura etal., 1991).

The gene structure of huRAFR matches that of the other chemoattractant receptors.
It is a single copy gene found on chromosome 1. It has an intronless ORF and two
differentially expressed 5' non-coding exons that have distinct initiation sites. The
gene is approximately kb in length (Mutoh etal., 1993; Chase etal., 1993).
6

1.3.5.3 The Leukotriene

Receptor (LTB^)

LTB is a chemotactic lipid similar to RAF. Its main effects are on neutrophils. It is
4

produced by activated mast cells via the lipoxygenase pathway of arachidonic acid
metabolism. There are approximately 2.7 x 10® receptors per cell for LTB4 with
dissociation constants of 0.39nM (Goldman and Goetzl, 1982). The receptor kinetics
of LTB4 resembles those of RAFR (Schepers et al., 1992) and the gene encoding
fot the receptor has yet to be cloned.
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1.4 Kinetics

With the development of complementary spectrofluorometric and flow cytometric
techniques, real-time analysis of the receptor in membrane preparations and whole
cells can be carried out. These approaches have been used to study ligand-receptor
and

receptor-processing

events

in

neutrophil

membranes,

permeabilized

neutrophils, and intact neutrophils. Kinetic studies show that ligand (L) binds to the
receptor at a diffusion limited rate and that the receptor (R) undergoes rapid
transitions involving three states. These are, ligand/receptor (LR), LR plus G-protein
(LRG), and a desensitised state (LRX) which forms in seconds. The spectroscopic
data suggest that the binding pocket can accommodate only up to five amino acids
and that the peptide becomes protonated upon binding. Protonation is thought to be
through His-90, putatively located in the first extracellular loop (Fay etal., 1993).

Pertussis toxin treatment of neutrophils disrupts the coupling between the
chemotactic receptor and the G proteins (Bokoch and Gilman, 1984). Ligandreceptor interactions have a time-dependent heterogeneity. Within seconds of the
ligand binding to the receptor, the latter rapidly dissociates from the G protein (Sklar
etal., 1985a). To achieve a maximal respiratory burst, all the receptors have to be
activated (Sklar etal., 1985a), but only 15 receptors per cell need to be occupied to
achieve actin polymerization (Sklar et al., 1985b) and phosphatidylinositol
triphosphate production (Eberle etal., 1990). Cytoskeletal activation is maintained
at an occupancy of less then

1

% while the respiratory burst begins to desensitise

at below 10% (Omann and Sklar, 1988). Thus, the cells are able to chemotax at low
chemoattractant concentrations and will only begin their respiratory burst when they
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reach the site of inflammation where the chemoattractants are at their highest
concentration.

1.4.1 Kinetics on Permeabilized Cells
For neutrophil activation, a ternary complex involving peptide ligands (L), receptors
(R), and G proteins (G) must assemble. If guanine nucleotide is present or G protein
is treated with pertussis toxin, there is rapid dissociation of the ligand/receptor
complex (LR) in approximately 5 seconds (Sklar etal., 1987). In the absence of G
protein and in the presence of ligand a slowly dissociating complex, in approximately
500 seconds, is detected. This is thought to be the ternary complex (LRG). Further
analysis of this ternary complex indicated that the dissociation occurs within

1 0 0

milliseconds. This is because the cell contains GTP levels of several hundred
micromolar (Posner etal., 1994). Therefore, once the ternary complex has formed,
the G protein is activated.

Equilibrium binding studies performed by cytometry showed that RG has two orders
of magnitude higher affinity than R for L. This is due to the difference in dissociation
rate constants as the association constants of RG and R are the same,
approximately 3x10^ M'^ sec'\ Once L has bound, LRG has a dissociation constant
of 1

X

10'^ sec'^ as compared to LR's 1 x 10'^sec'^ (Fay et ai, 1991; Neubig and

Sklar, 1993). Analyses of the receptors indicated that approximately 50% are
coupled to G protein. The rest are slowly associating, to form LRG, with a half-time
of minutes (Posner et ai, 1994).
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1.4.2 Kinetics on Intact Cells
The measurement of receptor dynamics in intact cells is far more difficult to interpret
because of receptor processing. Receptor processing includes desensitization of
membrane bound receptors, internalization, and up-regulation of receptors from
secretory granule stores. When the cell is stimulated with ligand, degranulation
increases receptor numbers by 30 000 per minute (Norgauer et al., 1991). This
creates a biphasic binding response. First, the receptors in the plasma membrane
bind ligand (30-60 seconds). Secondly, the newly up-regulated receptors bind ligand
(3-4 minutes). In the intact cell there are thought to be three different receptor forms
(Sklar et a!., 1989), one of which is quickly dissociating (LR) and two of which are
slowly dissociating (LRX and LRG).

The slowly dissociating receptor form, found after activation at 37°C but prior to
internalization, is thought to be the desensitized receptor (LRX). LRX formation is
energy dependent, probably through ATP-dependent phosphorylation. It is probable
that LRX forms spontaneously. However, if energy metabolism is poisoned (adenine
and guanine nucleotide levels fall) LRG is trapped and so cannot convert to LRX.

The second slowly dissociating receptor form is the LRG. Conversion of LRG to LR
and G is mediated by guanine nucleotide.

By uncoupling the G protein from the receptor (pertussis toxin treatment) and
depleting energy levels (adenine and guanine nucleotide levels fall) rapidly
dissociating LR is formed.
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1.4.3 Whole Cell Model of Liqand-Receptor Interactions
Using the information provided by ternary complex behaviour in permeabilized cells
and the identification of three distinct receptor forms from the intact cell studies, a
whole cell model of ligand-receptor interactions has been proposed by Sklar and co
workers.

Receptor forms are interconverted rapidly, in the whole cell, giving rise very quickly,
to the desensitized receptor (LRX) (Sklar etal., 1989). In the early phase of ligand
binding a rapidly dissociating complex, similar to LR, forms. The formation of the
slowly desensitizing receptor LRX then follows and within only one minute, LRX can
be detected. Following a lag time of 30 seconds, LRX is internalized with a half-time
of 3 minutes. The receptors are either precoupled to G protein or are uncoupled
may couple slowly. The quaternary complex LRG"GTP forms at a rate of 10 per
second. The uncoupled receptor desensitizes (LRX) at a rate of 0.1 per second.
This is slowly dissociating and is subsequently internalized with the ligand still
bound. When the ligand binds to the receptor it causes a rapid increase in the
amount of active LRG. This reaches a maximum within tens of seconds and then
decreases. This is because the receptors become saturated over minutes. This is
mirrored in the stimulation of the cell. That is, cell responses are initiated within
seconds, reaching maximal levels within tens of seconds and then decreasing over
several minutes (Sklar etal., 1985a). This decrease is thought to be due to the loss
of the active form of the receptor. Figure 1.3 gives a summary of the kinetic data.

Studies with a - and p-adrenergic receptors (Cotecchia etal., 1990; Samama etal.,
1993) indicate that the model described above is not accurate with respect to the
question of receptor precoupling. It is thought that the unligated form of the receptor
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exists in an inactive state which has a low affinity for G protein. When the receptor
binds ligand it is activated through a conformational change creating a receptor with
high affinity for G protein (Perez et al., 1994). Only the active receptor can mediate
signal transduction events. Thus, the receptors may not be precoupled to G protein
but rapidly couple once ligand has bound to them. It has been proposed that the (3y
subunits of the G protein may act to keep the G protein close to the receptor and
that the G a subunit will only interact with the receptor once the ligand has bound to
the receptor and converted it into the high affinity state (Prossnitz etal., 1995).
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Figure 1.3 Kinetics of N-formyi peptide binding to FPR.
L, ligand; G, G-protein; LR, iigand/receptor complex; LRG, LR plus G-protein,
LRX, desensitised Iigand/receptor complex.
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1.5 Signal Transduction

Signal transduction is a multiple step process, where the primary signal is received
on the extemal surface of the cell and has to be converted into a cellular response.
The fact that, guanosine 5'-3-0-(thio)triphosphate (GTPyS) decreased the affinity
of N-formyl peptide for FPR (Snyderman et a/., 1984) and that B. pertussis toxin
(ADP-ribosylates Gja subunits (Kaziro et a!., 1991)) prevented cell activation by
ligand indicated

that G protein was involved in the signal transduction of

chemoattractant receptors. In 1993 liganded huFPR was shown to couple to G,
protein (Schreiber etal., 1993; Goetzl etal., 1994). The receptor can send a signal
either through multiple G proteins which can activate multiple effectors or from a
single G protein which can also activate multiple effectors.

N-formyl peptide binding to FPR on neutrophils causes a number of effects including
ùytoskeletal remodelling, shedding of selectin, and upregulation of adhesion
molecules, chemotaxis, granule secretion, and activation of NADPH oxidase. These
effects occur as the concentration of ligand increases. The model for signal
transduction in neutrophils is as follows. The receptor's affinity is increased by
conformational changes due to the binding of heterotrimeric G protein containing
bound GDP. In neutrophils the main G protein involved in signal transduction is
thought to be GjO(2 and GjCx3 (Murphy etal., 1987). When the receptor binds ligand
the GDP is exchanged for GTP, by the G protein a subunit, causing the dissociation
of a from the py subunits.

Three types of phospholipases are activated by chemoattractants, phospholipase
C

(PLC),

phospholipase

Ag

(PLAg),

and

phospholipase

D

(PLD).
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Phosphatidylinositol-specific phospholipase C (PLC) is activated after G protein
activation, resulting in the accumulation of inositol

1

,4,5,-trisphophate (IP ) and
3

diacylglycerol (DAG) (Kupper et a!., 1992). IP induces the release of Ca^+ from
3

intracellular stores (Pittet eta!., 1992). DAG remains in the membrane activating
protein kinase C (Farago and Nishizuka, 1990). DAG is also produced by
phosphatidic

acid

produced

when

phosphatidylcholine

is

hydrolysed

by

phospholipase D. The activation of PLC is believed to precede that of PLD. The py
subunits activate a phophoinositide-specific phospholipase 0 (PI-PLC) called
phospholipase Cpg (Dickenson eta!., 1995).

1.5.1 Amplification
Studies using pulse stimulation and real-time analysis have shown that a single
receptor leads to

1 0

0

0

0

0

actin monomers polymerising and the production of

1 0

0

000 superoxide radicals (Sklar, 1986). These processes involve two distinct
pathways, although both use the pertussis toxin sensitive G protein. There appears
to be no amplification at this level, that is, one receptor activates only one Ga
subunit. In the presence of saturating ligand, p-adrenergic receptor stimulation leads
to the release of phosphate from GTP at the rate of 100 per minute per P-adrenergic
receptor while in the case of FPR this is 1 per minute per FPR (Mueller et a!., 1991 ).

Amplification in the superoxide radical pathway is thought to arise when an activated
G protein activates a single phospholipase 0 to produce hundreds to thousands of
hydrolysed phosphatidyinositols (Sklar, 1986). This in turn leads to the release of
tens of thousands of free calcium ions, which activates large numbers of protein
kinase

0

and leads to the assembly of oxidative complexes giving the oxidative

burst. For the full activation of the respiratory burst calcium influx must be triggered
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by the ligand (Truett eta!., 1988). There is enough signalling capacity to respond if
all the receptors are occupied. In the case of actin polymerization when a hundred
receptors are occupied the net capacity of the cells has been used up; that is ten
million actins. This pathway does not involve intracellular calcium but probably
phosphatidylinositol 3-kinase through the activated G-protein directly or indirectly
(Eberle et a!., 1990). Figure 1.4 gives a schematic summary of the signalling
pathway.

This differential amplification reflects the physiological response of the neutrophil to
various concentrations of N-formyl peptides. That is, at low concentrations of Nformyl peptide, and therefore low receptor occupancy, the actin response, thought
to mediate cell movement, is maximal. Where there is a high concentration of Nformyl peptide, and therefore high receptor occupancy (near or at the site of
chemoattractant release), the respiratory burst and release of cytotoxic material is
maximal.
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i

!
PLA,/PLD/PLC K2

AA/PA/DAG/IP,/Ca"

PKC

Figure 1.4 Signalling by chemotactic receptors.
R represents the receptor. PKC represents protein kinase 0. PLAg, PLD and
PLCp represent the various phospholipases. AA represents arachidonic acid.
PA represents phosphatidic acid. DAG represents diacylglycerol. IP represents
inositol 1,4,5,-trisphophate.
2

3
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1.6 Leukocyte Migration

Leukocytes are the primary agents in the body's defence system acting against
invading microorganisms (Weissman and Cooper, 1993). This system is divided into
the non-specific (granulocytes and macrophages) and the specific (lymphocytes).

In the non-specific system, granulocytes (neutrophils, eosinophils, and basophils)
destroy microorganisms by releasing cytotoxic compounds from their intracellular
granules and by phagocytosing them (Lehrer et a/., 1993). Macrophages also
destroy microorganisms in this way.

The specific lymphoid system involves the antigen-specific cellular immune defense.
B lymphocytes produce antibodies which bind to foreign organisms. Antibodies act
to destroy foreign organisms by the activation of either the complement system
(which perforates the membrane of the microorganism) or phagocytosis.
Phagocytosis is carried out by macrophages which have receptors for the antibodies
coating the microorganism (opsonization).

T lymphocytes act primarily by cell to cell contact. There are two main populations
of T lymphocytes. The first set destroys the cells (killer cells) which have foreign
antigens. The second coordinates the haemopoietic cells in the immune response
(helper cells) and causes the effector cells to multiply.

Leukocytes continuously circulate through the blood and lymphatic system. When
there is tissue damage and inflammation, leukocytes are recruited to the site. This
is highly specific (Butcher, 1991). This means that neutrophils selectively enter sites
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of acute inflammation or tissue damage, while eosinophils enter sites of allergic
reactions and parasitic infections.

To effectively survey and respond to infections, the cells of the immune system must
circulate. They do this in a non-adherent state (in the blood and lymph). When
activated they rapidly become adherent. Leukocyte migration and homing is a multistep process involving tethering/rolling, triggering, strong adhesion, and migration.
It also involves the interaction of leukocytes with the endothelium (Butcher, 1991;
Springer, 1994).

Leukocytes have the lowest blood flow rates when in the postcapillary venules. The
flow rate in these areas is reduced during inflammation because of vessel dilation.
Tethering is a loose and transient adhesion mediated by the selectin family of
adhesion molecules. (Carlos and Harlan, 1994; Kishimoto and Rothlein, 1994;
Lawrence et al., 1994). This tethering is not strong enough to hold the cells
permanently because of the shear forces generated by the blood flow. This gives
rise to rolling.

There are three selectins, named because of their lectin-like affinity for carbohydrate
bearing ligands. L-selectin is located on leukocytes, P-selectin and E-selectin on
stimulated endothelium. Histamine and thrombin up-regulate P-selectin from
intracellular stores. On the other hand, E-selectin upregulation requires do novo
protein synthesis. This is stimulated by interleukin 1 (IL-1) and tumour necrosis
factor-a (TNF-a). More than one selectin can be expressed by cells, thus fine tuning
the process.
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The tethering leads to cell-cell interactions (leukocytes and endothelium). These
interactions are a way of triggering the leukocytes.

Leukocytes respond to ligands on the endothelial cell surface activating strong
adhesion (activating integrins) in less than a second. The integrins are present on
circulating leukocytes but are not active. Chemokines and other chemotactic
molecules can trigger integrin activation. Chemokines are heparin-binding molecules
which can become associated with proteoglycans of endothelial cells. CD44 is a
prominent proteoglycan and is known to bind P-chemokine MIP-1p (Tanaka etal.,
1993). Thus, a rolling T lymphocyte will encounter it and respond by activating the
integrin a 4 p i causing tight adhesion. Rolling leukocytes can be triggered by the
immunoglobulin superfamily adhesion molecule CD31. CD31 is found on endothelia,
monocytes, neutrophils and some T lymphocyte populations. Occupancy of CD31
by ligand leads to signal transduction followed by integrin activation (Shimizu etal.,
1992).

Once integrins have been activated they bind to members of the immunoglobulin
superfamily on the endothelial cells. The main integrins involved in this phase are
the Pg CD11a/CD18, CD11b/CD18 and p^ integrin very late antigen-4 (VLA-4)
(Carlos and Harlan, 1994; Kishimoto and Rothlein, 1994; Alon at a!., 1995).
CD11a/CD18 and CD11b/CD18 interact with the intercellular adhesion molecule

- 1

(ICAM-1) and other endothelium ligands. VLA-4 binds to vascular cell adhesion
molecule-1 (VCAM-1) and to the matrix component fibronectin. There is an increase
in the numbers of ICAM-1 and VCAM-1 due to IL-1 and TNF-a induction.
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Once they have bound to the luminal side of the endothelium, leukocytes migrate
through the

endothelium within minutes.

When they

have

reached the

subendothelial basal membrane they are trapped by the extracellular matrix of the
basal membrane (Hourihan etal., 1993). Transmigration begins with the locomotion
of the adherent leukocyte to the endothelial cell-cell junction which it traverses by
a mechanism that involves homotypic binding between CD31 on leukocytes and on
endothelium (Muller etal., 1993; Berman and Muller, 1995; Bogen etal., 1994). The
leukocyte is thought to be guided across the endothelium and through the tissues
to its target by gradients of chemoattractants which are produced at the site of injury
(such as N-formyl peptides, LTB , and PAF). At the inflammatory lesion the
4

leukocyte becomes activated to carry out its functions in host defence.

For the cell to be mobile it must form new adhesion contacts at the 'front' while at
the back' these must be reduced. At least two mechanisms are thought to be
involved. First, the transient integrin activation. This is probably due to the rapid
decrease in the CD31 and other chemokine signals (Muller et al., 1993). Secondly,
shedding occurs. That is, L-selectin is shed from the cell surface of leukocyte after
they are activated (Kishimoto et al., 1989). In addition, it is thought that large
numbers of soluble adhesion molecules in the blood may reduce adhesion by
blocking adhesion ligands and modulating migration (Schleiffenbaum etal., 1992;
Gearing and Newman, 1993).

1.7 Antimicrobial Activity of Neutrophils

To fulfil its role in host defence against invading microorganisms, the neutrophil
contains many cytotoxic substances such as proteases and bactericidal substances.
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and it has the ability to assemble an electron transport chain (NADPH oxidase) that
is capable of generating large amounts of reactive oxygen species. This process
must be tightly controlled as the neutrophil is mobile and present in the entire
vascular bed. At sites of inflammation the cell adheres to the endothelium, and
migrates into tissue to phagocytose and kill invading microorganisms.

The neutrophil is equipped with many discrete granule subsets and vesicles. These
are mobilized in a strictly ordered process (Sengelov et al., 1993; Kjeldsen et al.,
1994a) which convert the neutrophil from a quiescent state into a highly active and
destructive state.

Secretory vesicles are scattered throughout the cytoplasm (Borregaard etal., 1987;
Borregaard etal., 1990) and are formed in the late stages of neutrophil development
in the bone marrow (Borregaard etal., 1993). They contain plasma proteins that are
exocytosed when the membrane of secretory vesicles fuses with the plasma
membrane (Borregaard etal., 1992). They are exocytosed by very low (nanomolar
range) concentrations of chemoattractants which do not mobilize granules
(Sengelov etal., 1993; Borregaard etal., 1994). These include N-formyl peptides,
PAF, IL

- 8

and LTB . The vesicles also contain the N-formyl peptide receptor
4

(Sengelov etal., 1994) and GDI 1b/CD18 (Pizcueta and Luscinskas, 1994).

The secretory vesicles are the first to be mobilized in response to very low
concentration of chemoattractants. This results in mobilization of secretory vesicles
changing the neutrophil from a rolling, L-selectin presenting cell to a GDI lb /G D I

8

presenting cell capable of adhering to IGAM-1 which is present on endothelium.
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Thus secretory vesicles are of importance in determining the interaction of
circulating neutrophils with endothelium.

There are two types of granules in neutrophils, the peroxidase positive granules,
also known as azurophil granules or primary granules, and the peroxidase-negative
granules, known as specific granules.

The peroxidase-negative granules are heterologous in their size and matrix content
varying from granules high in lactoferrin (specific granules) but lacking gelatinase
to granules containing both and to granules low in lactoferrin but high in gelatinase
(gelatinase granules) (Kjeldsen etal., 1993). In contrast the membranes are similar,
sharing CD11b/CD18, FPR and components of the NADPH oxidase system,
cytochrome

(Plesner etal., 1994; Kjeldsen etal., 1994b). The heterogeneity of

the granule contents is probably due to controlled timing of biosynthesis of granule
proteins (Borregaard etal., 1995). Stimulation of neutrophils with N-formyl peptide
mobilizes these granules in a preferential way with the gelatinase granules mobilized
first, then the granules containing both, and finally the specific granules (Sengelov
etal., 1993; Kjeldsen etal., 1994a). This means that nanomolar concentrations of
N-formyl peptide may lead to the mobilization of 25% of total cell gelatinase but only
2-5% of total lactoferrin (Dewald etal., 1982). The gelatinase is probably important
in the migration of neutrophils through tissue as its preferred substrate, type IV
collagen, is the main constituent of basement membranes (Murphy et al., 1982).
Collagenase, which degrades interstitial type l-lll collagens is located in specific
granules which are mobilized after gelatinase granules.
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When the neutrophil arrives at the site of inflammation it will have exocytosed 38%
of its gelatinase and 21% of its lactoferrin. In contrast, only 7% of its
myeloperoxidase will have been exocytosed. This is found in the peroxidase positive
granules.

Therefore, at the site of inflammation the neutrophils, the receptors for
phagocytosis, and NADPH oxidase components will be on the cell surface but the
azurophil granules containing bactericidal and proteolytic enzymes will be inside the
cell ready for fusion with phagocytic vacuoles containing ingested microorganisms.

1.7.1 Respiratorv Burst
Neutrophils are able to deploy a group of highly reactive oxidizing agents, including
oxidized halogens, oxidizing radicals, and singlet oxygen. The precursor of these
oxidants is superoxide anion (Og) which is produced during the respiratory burst and
is catalysed by the enzyme NADPH oxidase (Borregaard etal., 1984; Borregaard,
1988). The NADPH oxidase is a membrane -associated electron transport chain
which catalyses the one-electron reduction of oxygen to Og' at the expense of
NADPH (see Figure 1.5).

The oxidase has the following components. The two membrane-bound proteins
gp

9

1

p/jox

p yp/iox
0

p

2

2

P/:ox rnake up the cytochrome

and two cytosolic components

p^jphox These have been identified by the use of patients with chronic

granulomatous disease (CGD) (Chanock etal., 1994).
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1. Electron Transfer by NADPH oxidase
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Figure 1.5 Generation of toxic radicals by the respiratory burst.
The toxic products which kill microorganisms are shown in red. O;, superoxide
anion; OCT, hypochlorous anion;
singlet oxygen;*OH, hydroxyl free radical.
The enzymes superoxide dismutase and catalase act to protect the neutrophil.
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1.8 Human Leukaemic (HL-60) Cells and Murine Pluripotent Stem Cells (FDCP)

Two cell lines were used for the study of FPR; HL-60 and FDCP.

1.8.1 Human Leukaemic (HL-60) Cells
HL-60 is a factor-independent cell line which can be induced to differentiate in vitro
to a number of different cell types (Collins et al., 1977; Gallagher at al., 1979). In
suspension culture, these cells have an unusually quick doubling time (36 to 48
hours). Most myeloid leukaemia cells, when cultured in suspension, proliferate for
a few cell divisions, then go into growth arrest and undergo cell death. It appears
that the surface expression of transferrin and insulin receptors is critical for the
proliferative capacity of HL-60. This is because these cells will proliferate in serumfree nutrient containing transferrin and insulin (Breitman at al., 1980). Transferrin
and insulin receptor expression decreases as these cells are induced to differentiate
(Sutherland at al., 1981; Chaplinski at al., 1986). HL-60 cells are also thought to
produce colony-stimulating factors which act as autostimulators (Dittmann and
Petrides, 1991). HL-60 cells can be induced to differentiate into four general cell
types: granulocytes; monocytes; macrophage-like cells and eosinophils.

1

.8.2 Pluripotent Stem Cells differentiation bv cvtokines

Cytokines are a family of glycosylated extracellular proteins which modulate
immunological, inflammatory and reparative host responses to injury. Many of these
cytokines are secreted during immunologic and inflammatory responses. They are
cellular signals that regulate local, and at times systemic, inflammatory responses.
They are not usually present in serum. They generally act on nearby cells or directly
on themselves. They modulate reactions of the host to foreign antigens or injurious
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agents by regulating the growth, mobility, and differentiation of leukocytes and other
cells.

Haematopoietic colony stimulating factors are cytokines that stimulate a limited
number of pluripotent stem cells. These are mainly found in the bone marrow and
can stimulate the production of large numbers of platelets, erythrocytes, neutrophils,
monocytes, macrophages, eosinophils, basophil/mast cells, and lymphocytes. Most
of these cells are short-lived in the blood. In vitro, the formation of mature cells from
pluripotent stem cells is supported by a number of cytokines.

Three growth factors are known to control the production of neutrophils. First,
interleukin 3 (IL-3), a multilineage stimulating factor which facilitates the survival and
stimulates the proliferation of stem cells, as well as the proliferation and
development of committed progenitor cells (neutrophil/macrophage, eosinophil,
erythroid, mast cell and megakaryotype lineages). Secondly, granulocytemacrophage colony stimulating factor (GM-CSF), a multilineage stimulating factor.
Unlike IL-3 it has a limited range (neutrophil/macrophage, eosinophil, and
megakaryotype lineages). Thirdly, granulocyte colony stimulating factor (G-CSF),
stimulates progenitor cell development to yield mature neutrophils.

1.8.3 Murine Pluripotent Stem Cells (FDCP)
FDCP cells are derived from long term marrow cultures. They have a normal
karyotype, are nonleukaemic, and grow continuously in the presence of interleukin-3
(IL-3) (Crompton, 1991). All stem cells from regenerating tissue are characterised
by their ability to undergo differentiation and by their potential for self renewal. In the
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haematopoietic system, the regulation of self renewal and differentiation of stem
cells is controlled by soluble growth factors leading to a variety of lineage restricted
progenitor cells. The production of haematopoietic growth factors occurs at multiple
sites in the body and by a variety of cell types. Their production is elevated by
immunological reactions and products of infectious agents which call for the
recruitment of white blood cells involved in host defense.

The optimum concentrations of cytokines for the differentiation of FDCP cells to
neutrophils is IL-3 (1 U.mM), GM-CSF (SOU.ml'^) and G-CSF (lOOOU.mM) (Spooncer
et al.,

1986). The cells produced with these cytokines show a mature

polymorphonuclear cell morphology as compared to the blast-cell like morphology
of the undifferentiated FDCP. Spooncer and co-workers using the oxidative burst
process normally seen in mature neutrophils, demonstrated that FDCP cells exhibit
a similar response (Spooncer etal., 1986). This indicated that neutrophils, produced
from differentiating FDCP cells, were functionally mature. In this study I confirm
these findings and expand them into other neutrophil characteristics and the study
of the FPR.

1.9 Aims of the Study

Neutrophils isolated from blood, are short lived and terminally differentiated. They
therefore do not make good models for the study of their function and FPR. This is
especially problematic with respect to gene expression. There is therefore a need
for in vitro model systems which mimic normal differentiation and lead to the
development of mature cells.
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The overall objective of the project is to develop a better model than the currently
used human promyelocytic leukaemia cell line (HL-60). When HL-60 cells are
differentiated to neutrophils they exhibit impaired cellular responses to N-formyl
peptides. The pluripotent murine cell line FDCP was chosen for the development of
an alternative and more accurate model of neutrophil function and in particular Nformyl peptide mediated events.

The aims are therefore first to study the cytokine mediated differentiation process
in order to determine and optimise the conditions for producing mature neutrophils
which respond physiologically and reproducibly to N-formyl peptide stimulation.
Since this is a murine cell system the second objective is to study the kinetics and
specificity of murine FPR to different N-formyl peptides, and compare these to the
human and rabbit FPRs.

Another aim of this work is to extend the detailed characterisation of murine FPR to
the DNA level. To determine the sequence and the structural organisation of the
gene, PGR cloning and genomic library screening is to be carried out.

Given that FDCP cells may provide not only a model of mature neutrophils, but also
an in vitro system for studying cell differentiation in response to cytokines, a further
aim is to study the tissue-specific expression of FPR in order to determine the
identity of the major gene isoform and the time course of transcription during
differentiation. The genetic data could then be compared to the phenotypic
expression of FPR mediated functions.
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The data from this work will provide the basis for the rational design of experiments
to elucidate structural and functional relationships of FPR.
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CHAPTER 2

MATERIALS AND METHODS
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2.1. Materials and suppliers
Analytical grade chemicals were used in this study, and all solutions were prepared
using deionised water. Materials were obtained from the following suppliers:-

General laboratory reagents and equipment
BDH:

BDH

Laboratory

Supplies

Merck

Ltd.,

Lutterworth,

Leicestershire.
SIGMA:

Sigma Chemical Co. Ltd., Poole, Dorset.

WHATMAN:

Whatman Scientific Ltd., Maidstone, Kent.

BRAIDWOOD
LABORATORIES

Braidwood laboratories,Becenham,Kent BR3 1JJ.

Culture Media
GIBCO-BRL:

Life Technologies Ltd., Renfrew Road, Paisley.

FLOW:

ICN Biochemicals Ltd., High Wycombe, Buckinghamshire.
OXOID; Oxoid Ltd., Basingstoke, Hampshire.

Radiolabelled Compounds
AMERSHAM:

Amersham International pic., Aylesbury, Buckinghamshire.

NEN:

New England Nuclear Ltd., New Road, Southampton.

Molecular Biology Products
BOEHRINGERMANNHEIM

Bell Lane, Lewis, East Sussex.

INVITROGEN:

British Bio-technology Ltd., Abingdon, Oxon, 0X 14 3YS.

PHARMACIA:

Pharmacia Biotech, Knowlhill, Milton Keynes.

66

Materials and Methods

PROMEGA:

Promega Ltd., Epsilon House, Southampton.

QIAGEN:

Hybaid Ltd., Teddington, Middlesex.

NBL:

Northumbria Biologicals Ltd., Cramlington, Northumberland.

2,2. Tissue culture

The HL-60 cell line was donated by Dr. J. Cunningham, Department of Surgery,
Royal Free Hospital. The FDCP and WEHI-3b cell lines were donated by Lyn Healy,
Chester Beatty laboratories, ICRF.

2.2.1 ■Thawing and storing cells

2.2.1.1. Thawing cells
A vial was removed from liquid nitrogen and thawed rapidly with gentle agitation in
a 37°C waterbath. The outside of the vial was quickly decontaminated with 70%
ethanol. Cells were placed into a 25 cm^ flask containing 10ml of fresh complete
medium. After 24 hours incubation, the old medium was discarded and replaced
with fresh complete medium. All cells were maintained at 37° C, 5% COg, 95%
humidity. After a maximum of 20 passages fresh cells were thawed from frozen
stocks.

2.2.1.2. Storing cells
Cells used for freezing were healthy log-phase cultures (>97% viability). They were
pelleted by centrifugation at

1 , 0 0

0

x g for

1 0

minutes and resuspended in fresh

complete medium at a density of 5 x 10® cells/ml. The cell suspension was diluted
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with an equal volume of fresh freezing medium

2

0

%

v/v dimethyl sulphoxide

(DMSO) in medium (horse serum; FDCP cells, complete medium; HL-60 and WEHI3b) to yield a final DMSO concentration of

1

0

% v/v and maintained at 4°C. The

diluted cell suspension was then dispensed into ml aliquots. The cells were frozen
2

slowly by placing freezing vials in an insulated container at -

2

0

°C for one hour and

then at -70°C overnight. Finally, the cells were stored in liquid nitrogen.

2.2.1.3. HL-60
HL-60 cells were grown in suspension culture in RPMI 1640, supplemented with
2mM L-Glutamine, Im M sodium pyruvate, penicillin (lOOU/ml), streptomycin
(100pg/ml), and 15% v/v heat inactivated foetal bovine serum. Density was
maintained between 5x10® and 10x10® cells/ml by subculturing every 2-3 days.

2.2.1.4. FDCP
FDCP-A4 cells were grown in suspension culture in Fishers medium, supplemented
with 10% v/v WEHI-3b conditioned medium as a source of IL-3, penicillin (lOOU/ml),
streptomycin (

1

0

0

pg/ml), and

2

0

% v/v horse serum. Cells were subcultured every

2-3 days. The cells were maintained at a density of 5 - 50 x 10"^ cells/ml.

2.2.1.5. WEHI-3b
WEHI-3b cells were grown in McCoys medium, supplemented with penicillin
(lOOU/ml), streptomycin (100pg/ml), and 10% v/v foetal bovine serum. Cells were
N

subcultured every 2-3 days to a density of 5 x

I
1 0

"^cells/ml

(Heyworth et a/., 1990b).
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2.2.1.6. Conditioned Medium
The supernatant medium of 6-7 day cultures WEHI-3b cells was collected. This was
then filter sterilized by passage through a
aliquoted and stored at -

2

0

0

.

2

2

pm filter. The supernatant was

° C.

2.2.2.1. Differentiation of HL-60
HL-60 cells were differentiated with N® 0^ - dibutyryl adenosine 3' 5'-cyclic
monophosphate (O.SmM). 2 x 1 0 ® cells/ml were differentiated under the same
conditions used in culturing.

2.2.2.2. Differentiation of FDCP
The FDCP cells were differentiated in Iscoves medium supplemented with 20% v/v
foetal bovine serum, penicillin (lOOu/ml), and streptomycin (100pg/ml). 5 x 10"^
cells/ml were differentiated with interleukin-3 (IL-3) (1 U/ml), granulocyte macrophage
colony-stimulating factor (GM-CSF) (50U/ml), and granulocyte colony-stimulating
factor (1000U/ml). The control cells were grown in IL-3 (~1000U/ml).

2

. . .3. Assav for cell tvpe
2

2

Estimation of number of neutrophils was carried out by examination of Prodiffstained (Braidwood laboratories) preparations of cells by pelleting onto a glass slide
(cytospins). The proportion of neutrophils to total leukocytes was calculated by
reading the slide under transmitted bright field (x 50). Three slides were counted of
two hundred cells per slide. 80% of the cells were found to be neutrophils.

The percentage of functional neutrophils was estimated by determining the
presence of stained azurophilic granules and the formation of pseudopods in the
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presence of the N-formyl pepdied,

fMet-Leu-Phe-Lys (fMLFK). The cells were

incubated in PBS, contaning fMLFK 50pM, for 15 minutes at 37°C, pelleted onto a
glass slide, and the percentage of cells containing black azurophilic granules was
counted.

Cell samples were taken at regular intervals, washed in PBS in
centrifuged at

1

0

0

1

0

ml tubes

x g for 10 minutes, pelleted, and kept at -70°C to be used for

RNA isolation. Cells to be used in the binding experiments and the NBT assay were
washed in phosphate-buffered saline and then in binding assay buffer.

2.3.1 Physiological assav for differentiated cells - NBT Assav
Cells were incubated in an NBT (2,2'Di-p-nitrophenyl-5,5'-diphenyl-3,3'-[3,3'dimethoxy-4,4'diphenylene]-ditetrazolium chloride) mixture (pre-equilibrated at
37°C). The mixture contained NBT (0.01% w/v), fMet-Leu-Phe-Lys (fMLFK) 70pM
in binding assay buffer (400pl) to which 200pl of cells were added (2-4 x 10®
cells/ml). The control had no fMLFK. This was then incubated at 37°C for 15 minutes
The cells were then placed at 4°C for 5 minutes and pelleted at 2000 rpm for 10
minutes at 4°C. The cells were then incubated with 750pl methanol (70% v/v) in
order to disrupt the cell membrane. The lysed cells were centrifuged to pellet the cell
granules. The pellet was resuspended in 300pl of potassium hydroxide (2M) and left
for 14 hours at room temperature to lyse the granules. The mixture was then
processed by the addition of 375pl Dimethylsulphoxide. The absorbance was then
measured at 620nm and 450nm. The measure of NBT reduction was calculated by
subtracting the 450nm value from the 620nm value. The value obtained from the
NBT assay with fMLFK was subtracted from the NBT assay without fMLFK to obtain
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the absorbance change due to the fMLFK. The absorbance values were calculated
for

1

x

1

0

®cells.

2.4. Radioligand binding assays

2.4.1. Tritiated fMLF-pH]-fMLF
The binding study was carried out using [®H]-fMLF (formylmethioine-leucinephenylalanine) (NEN). Cells were incubated for 90 minutes on ice with varying
concentrations of the radioligand. These were then pelleted and washed in Hanks
Balanced Salt solution. Scintillant was added and the radioactivity measured. Non
specific binding was determined in the presence of a

1

0

0

0

times excess of

unlabelled fMLF.

2.4.2. Radioiodination of a chemotactic peptide
Formyl-Nle-Leu-Phe-Nle-Tyr-Lys was iodinated with [^^®l] to formyl-Nle-Leu-Phe-Nle^25|_Tyr-Lys (p^®l]-fnLLFnLYK) by a modification of Niedel (Niedel et al., 1979).
Formyl-Nle-Leu-Phe-Nle-Tyr-Lys

(fnLLFnLYK)

was

dissolved

in

dry

dimethylformamide:triethylamine (99:1) to a final concentration of I.OmM. This was
then diluted with methanol to 0.1 mM. lOpI of the O.ImM fnLLFnLYK (Inmol) was
added to lOOpI of 250mM sodium phosphate, pH7.6, and to 2 to 3 mCi of carrierfree p^®l], and to lOpI of I.OmM chloramine-T (lOnmol) in water and the reaction
was left for 10 minutes at room temperature. The reaction was terminated by the
addition of lOOpI of 20% v/v glycerol in water. The mixture fractionated on a 15ml
Bio-Gel P-2 column equilibrated with 25mM NaOH. 70.4% of the peptide was
iodinated giving a specific activity of 1500-1700Ci.mmol \
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2.4.3. Thin laver chromatography
The p^®l]-fnLLFnLYK produced a single radioactive spot after thin layer
chromatography, with the following Rp values in the follwing solutions: in
chloroform:methanol:acetic acid (3:1:1) Rf= 0.7, chloroform:methanol:triethylamine
(5:2:1) Rf= 0.18, and 1-butanol:acetic acid:water (4:1:1:) Rf= 0.65. The iodinated
peptide was neutralized with NagPO^ and diluted to SOnM with binding assay buffer
plus 0.1% w/v bovine serum albumin. The sample was then divided into
and stored at -

2

0

aliquots

°C.

2.4.4. Binding assav
The standard binding assay was carried out as follows: 2x10® cells were incubated
with 400fmol p^®l]-fnLLFnLYK for 60 minutes at 4°C in ml of binding assay buffer
1

(15mM sodium phosphate, 123mM NaCI, Im M CaClg, 0.1% w/v bovine serum
albumin, pH 6.75) in a 4ml plastic tube. The binding was terminated by the addition
of ml of binding assay buffer at 4°C then whirly mixed and filtered through a . pm
2

pore size filter (Millipore). The filtered cells were washed in

1

1

0

0

ml of binding assay

buffer at 4°C and counted directly for [^^\]. Nonsaturable binding was defined as the
amount of [^^®l]-fnLLFnLYK bound in the presence of an excess of unlabelled
fnLLFnLYK (400pmol). In this study binding will always refer to total binding minus
nonsaturable binding. Experiments were carried out at least three times and in
triplicate and the standard error of the mean was consistently less than ±5%.

2.4.5. Calculations
The binding of [^^®l]-fnLLFnLYK was used as a functional assay for FPR and was
measured essentially according to the methods described by Niedel (Niedel etal.,
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1979). The binding of [^^®l]-fnLLFnLYK to FPR can be expressed by the following
equations:-

where

R + L ^ RL

(1)

Kd = [R] [L] / [RL]

(2)

[R]j = [RL] + [R]

(3)

R = Free FPR
L = Free ['""l]-FP
RL = Bound f"®l]-FP
Ky = Dissociation constant
[R]j = Total FPR concentration

Substituting [R] in equation ( ) for [R]j - [RL] gives:
2

Kd= [L][R]t /[RL]-[L][RL]/[RL]

(4)

Rearranging equation ( ) gives:
4

[RL]/[L] = [R]y/Kd-[RL]/Kd

(5)

At equilibrium [RL] / [L] can be measured experimentally as a ratio of bound to free
[^^^l]-fnLLFnLYK (B/F). Thus equation (5) simplifies to:

B/F = [ R ] ^ / K , - B / K

(6)
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The most common graphical analysis method is the Scatchard plot of B/F against
F. For a single binding site model, the plot is a straight line with an intercept on the
B/F axis (when| B = 0) of B / K^, a slope of -1 / K^, and an intercept on the F-axis of
[R]t -

A curvilinear Scatchard plot indicates that there is more than one type of binding
site. By repeated substitution of estimated values on a trial and error basis the
theoretical curve which fits the experimental curve can be found. This is called the
iterative procedure and is usually carried out by computer.

2.5. Molecular biology techniques

The methods used in DNA work were essentially as described by Maniatis and co
workers (Maniatis et al., 1982) with some modifications. Plasticware, glassware,
and media were routinely sterilized by autoclaving for 15-20 minutes at 121°C (15
pounds/inch^). Chemicals were either autoclaved or filter sterilized and the highest
grades available were used.

2.5.1. Genomic DNA extraction
Cells were pelleted, washed in phosphate buffered saline (PBS), and added to
50mM Tris.HCI pH 7.5, lOmM ethylenediamine tetra-acetic acid (EDTA) pH 8.0,
50mM NaCI and 2% v/v sodium dodecyl sulphate (SDS). Proteinase K was added
to the buffer to a final concentration of 150pg/ml and the specimens were incubated
at 37°C for 2-16

hours. The

DNA was

purified with half volumes of

phenohchloroform mix (75% v/v phenol, 15% v/v chloroform, 0.05% v/v

8

-

hydroquinoline and equilibrated with 0.5M Tris.HCI pH . ) vortexed and centrifuged
8

0
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at 13,000 rpm for 5 minutes and the supernatant retained. The supernatant was
added

to

an

equal

volume

of

a

25:24:1

(v:v:v)

mixture

of

phenol:chloroform:isoamylalcohol and centrifuged as before. Phenohchloroform
extraction was repeated until no white proteinaceous material could be seen at the
interface. The DNA was precipitated by the addition of 0.2 volume of 3M sodium
acetate and 3 volumes 100% ethanol. The DNA precipitate was collected by
spooling with a pasteur pipette whose end had been sealed and shaped into a U.
The DNA was then washed twice with 70% v/v ethanol and resuspended in TE
(lOmM Tris.HCI pH 8.0 and Im M EDTA) and stored at 4°C. The concentration was
estimated and the solution diluted to mg/ml.
1

2.5.2. RNA isolation
Cells were washed in PBS pelleted and resuspended in GIT (4M guanidinium
thiocyanate,

0 . 1

M Tris.HCI pH7.5 and

1

% v/v p-mercaptoethanol). The cells were

lysed by sequetial passage through a 19, 23 and 25 gauge needle. Cells were then
layered on . ml of 5.7M Caesium Chloride in Beckman centrifuge tubes. The tubes
0

8

were centrifuged for 3 hours at 55 OOOrpm at 20°C. The pellet of RNA was then
washed in ethanol (80% v/v), air dried and resuspended in water. The RNA was
then aliquoted and stored at -70°C.

2.5.3. Quantitation of Nucleic Acids (DNA/RNA)
DNA concentrations were accurately measured by spectrophotometric absorbance
readings of diluted DNA and RNA solutions at 260nm and 280nm. An absorbance
of 1.0 at 260nm was taken to be equivalent to a concentration of 50pg/ml for double
stranded DNA, and 40pg/ml for single-stranded DNA and RNA. For oligonucleotides
(amplimers) an CD of 1 corresponds to ~20pg/ml. The purity of the preparations
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was estimated by the ratio of the absorbances at 260nm and 280nm. Pure DNA and
RNA preparations have an ODggo/ODggo ratio of > 1.8 and 2.0, respectively.

Ethidium bromide fluorescence upon UV illumination (302nm) is directly proportional
to the amount of DNA in which it has intercalated. Therefore, a rapid and very
accurate method of double stranded DNA measurement is the visual comparison
of the intensity of DNA bands to the intensity of A molecular weight marker bands
containing a known amount of DNA.

2.5.4. Restriction of DNA
Restriction endonucleases type II are DNases that recognize specific nucleotide
sequences. These enzymes cleave double-stranded DNAs and produce unique,
equal molar fragments of a DNA. The restriction reaction was typically composed
of the substrate DNA, and the desired restriction enzyme in its appropriate buffer.
This was incubated at the enxyme'sj optimal temperature for one hour. Enzymes
were used at a concentration of 2 to 5 units per microgram of DNA. The enzyme
reactions were monitored by agarose gel electrophoresis. For genomic DNA 15pg
was digested and run on 0.7% w/v agarose gel. For plasmid DNA 1pg was usually
digested.

2.5.5. Agarose gel electrophoresis
Separation of DNA fragments, generated after restriction digestion, was achieved
by agarose gel electrophoresis, using a horizontal submarine gel apparatus (BioRad). Gel concentrations used were dependent on the size of the DNA fragments
to be analyzed and the degree of separation required. Most of the DNA fragments
used in this study for further manipulations were of such a size that they were
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usually resolved in agarose gels with concentrations between 0.7 and 1.0% w/v.
Gels were prepared by microwaving the required amount of agarose in 0.5 x TBE
(45mM Tris-borate buffer, 1mM EDTA, pH 8.0). Ethidium bromide was added to the
melted agarose (cooled to 45°C) to a final concentration of 0.5 pg/ml. The agarose
was then poured into a gel former and allowed to set for approximately one hour at
room temperature. Prior to loading onto the gel, DNA samples were mixed with 0.1
volume of 10 X loading buffer (0.4% w/v bromophenol blue and 67% w/v glycerol in
0.5 X TBE buffer). Electrophoresis was typically carried out in 0.5 x TBE buffer at
a constant voltage of 60 to 100V for 20 to 60 minutes. Molecular weight markers
were provided by A DNA restricted with Hind III, or Eco Rl, Bgl II or (0.5 to 23 kb).
DNA bands were visualized using a LKB UV transilluminator (2011 Macrovue) and
photographed using a Polaroid hand camera and Polaroid type 667 film.

2.5.6. Southern transfer
A Southem Blot technique was used in order to transfer, by capillary action, the DNA
onto a Hybond N+ filter. After the DNA fragments were run on a standard agarose
gel (usually 0.7% w/v), the gel was transferred to a glass baking dish and unused
areas trimmed away. The bottom left hand corner was also removed to orientate the
gel. The DNA in the gel was depurinated by constant agitation for 15 minutes in
250mM MCI. The DNA was then denatured over a period of 45 minutes by constant
agitation on a rotary platform while the gel was soaked with several volumes of 1.5M
sodium chloride and 0.5M sodium hydroxide. After this 45 minute period, the gel
was rinsed gently in deionised water and neutralised by soaking in several volumes
of a 1M Tris.HCI pH 7 .4 , .5M NaCI solution for 30 minutes on a rotary platform. A
1

support for the gel was then made by wrapping a piece of glass in a piece of
Whatman 3MM paper. The support was placed in a baking dish filled with transfer
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buffer (10 X SSC: Sodium citrate, Ô.15M; soidum chloride, 1.5M; pH7.0). The filter
was presoaked in

2

xSSC for 5 minutes. A corner was then cut from to orientate it

in relation to the gel. The gel was inverted onto the 3MM papers on the support. Two
pieces of 3MM paper cut to the size of the gel were wetted in 2 x SSC and placed
on top of the filter. Paper towels were then placed on top of the 3MM papers and
weighed down to establish capillary flow from the reservoir, through the gel and onto
the filter. The transfer was left for 16 hours. The filter was then removed from the
apparatus and baked for

1

hour at 80°C to fix the DNA to the filter.

2.5.7. Radiolabellinq of the probe
The probe used in the DNA hybridization experiments (Section 2.5.3) was prepared
according to the protdcol supplied with the Random Primed DNA labelling Kit
(Boehringer Mannheim). A sample (50ng) of the coding region of the FPR cDNA,
was first denatured by heating for

1 0

minutes at 100°C and then chilled at 4°C

immediately. To a 0.5 ml eppendorf tube on ice, the following reagents were added:
25ng of the denatured DNA, 3pl of dNTP mixture (dATP:dGTP:dTTP = 1:1:1),
of

random

hexanucleotides

in

10

x

reaction

mixture

hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid (HEPES), pH

6

(2

M

2

pl

N-[2-

. , 2mM Tris-HCI
6

pH 7.0, 0.1 mM EDTA, 4mg/ml BSA), 5pl of [a-^"P] dCTP (50pCi, 3,000 Ci/mmol),
sterile distilled water to yield a total volume of 19pl, and finally, Ipl of Klenow
enzyme

( 2

units). The mixture was incubated for 30 minutes at 37°C. The reaction

was terminated by heating at 65°C for 10 minutes. Non-incorporated [a-^^P] dCTP
was removed by chromatography on Sephadex G-50. A 2ml syringe was filled with
sephadex G-50 and glass wool added to prevent leakage of the sephadex. The
resin was pre-equilibrated with lOmM TE (pHB.O). The syringe was centrifuged at
3000rpm for 5 minutes or until the sepharose had dried. The labelled probe was
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then loaded on the resin and an eppendorf used to collect the eluent which was
produced upon centrifugation at SOOOrpm for 5 minutes.

2.5.8. Hybridization
The pre-hybridization buffer consisted of 0.5% w/v blocking agent (Amersham),
0

. % w/v SDS, 5% w/v dextran sulphate and
1

1

0

0

pg/ml of denatured sheared

heterologous DNA (Salmon sperm). 0.25-0.125 ml/cm^ pre-hybridization buffer was
used.

The pre-hybridization was carried out at 65°C for two hours. The probe was added
and hybridization continued for a further 4 to 16 hours. The incubation was
continually rotated in a Hybaid oven.

2.5.9. Washing
Two washes of 15 minutes each with 5 x SSC (0.1% w/v SDS) followed by two
washes of

0 . 1

- 5 x SSC ( . % w/v SDS), depending on the stringency required
0

1

were carried out. All washes were done at 65°C.

2.5.10. Detection
The filter was wrapped in cling film to prevent drying, placed in a film cassette
containing film, and left for varying time lengths depending on the signal strength of
the probe.
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2.6. Polymerase Chain Reaction

2.6.1. cDNA svnethsis bv reverse transcritptase
200ng of total RNA was reverse transcribed using an antisense amplimer. The
mixture consisted of:

1

IVIgClg,

2

2

pg/ml BSA;

x reaction buffer (25mM KCI, 4mM Tris-HCI pH8.4, 0.16mM
0

0

pM dNTPs; IpM antisense primer; 40 units of Rnasein;

3mM Dithiothreitol; 200ng total RNA; 800 units of AMV reverse transcriptase, in a
total volume of 50pl. The mixture was heated to 65°G for 20 minutes, then placed
at 4°G for 3 minutes, the enzyme added and, the mixture incubated at 42°G for 45
minutes.

2.6.2. Amplification of DNA bv PGR
PGR was carried out on a hybaid thermal reactor using 25% of the reverse
transcribed material or approximately 10Ong of genomic DNA. The following reaction
was set up in a mini-eppendorf to a final volume of 10OpI: 1 x salt buffer (1 OmM TrisHGI pH

8

. , 50mM KGI, 1.5mM MgGIg, 0.1% v/v Triton X-100);
8

2

0

0

pM dNTPs; IpM

sense and IpM antisense primer; DNA of varying concentration; 2.5U Taq
polymerase. Mineral oil was used to limit evaporation from the reaction mixture
(lOOpI). Thermal cycling consisted of 95°G for 4 minutes followed by thirty cycles of
90 seconds at 95°G, 90 seconds at 50°G, and 180 seconds at 72°G and a final
extension of 72°G for 7 minutes.

2.6.3. Optimization of PGR - MgGL
The optimal concentration of magnesium ions required for the PGR system was
determined with a series of buffers containing increasing concentrations of MgGIg:
I.OmM, 1.5mM, 2.0mM, 2.5mM, 3.0mM, 3.5mM, 4.0mM, 4.5mM and 5.0 mM. The
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PCR was performed with murine genomic DNA (100ng) and was then analysed on
a 1.0% w/v agarose gel. The optimal MgClg concentration for the set of primers was
established by visual inspection of the ethidium bromide stained gel.

2.6.4. Optimization of PCR - Amplimers
The primers were titrated to the following concentrations; 0.2pM, 0.4pM, O.BpM,
0.8pM, 1.0pM, 1.2pM, 1.4pM, 1.6pM, 1.8pM and 2.0pM. The PCR was performed
using the above primer concentrations and the same conditions as before. The
optimal primer concentration was determined by inspection of the PCR products on
a . % w/v agarose ethidium bromide stained gel.
1

0

2.6.5. Optimization of PCR - Cvcling
The cycling conditions of the PCR were varied to achieve optimal amplification of
the target DNA. The hybaid thermal cycler was programmed varying the denaturing,
annealing and extension times. The optimal PCR cycling conditions were
determined by inspection of the amplification patterns on a

1

. % w/v agarose
0

ethidium bromide stained gel.

2.6.6. Optimization of PCR - Sensitivitv
The sensitivity of the PCR was determined using the titration of genomic or plasmid
DNA containing: 10^°, 10®, 10®, 10"^, 10^ and 10 copies. The PCR was performed
under the conditions described above. The sensitivity was estimated by visual
inspection of a

1

. % w/v agarose gel stained with ethidium bromide.
0

81

Materials and Methods

2.6.7 'Hot Start' PCR
'Hot start' PCF^ prevents the extension of any primer/DNA complexes which form at
low temperatures, and are thus non-specific, (D'Aquila etal., 1991). 'Hot start' PCR
involves setting up a standard PCR reaction and omitting only the polymerase. The
reaction mixture is then heated to 95°C, for 5 minutes, and then cooled to 85°C and
the DNA polymerase added. The PCR then proceeds as normal. Hot start' PCR was
used as a standard procedure.

2.7. Molecular cloning

2.7.1. DNA agarose gel purification
DNA was electrophoresed through 1% w/v low melting point gels at 50 Volts, so as
not to melt the gel. The DNA was visualized by UV light and the fragment of
amplified DNA excised from the gel using a scalpel. The gel slice was placed in a
1

.5 ml microcentrifuge tube and 4 volumes of elution buffer (

2

0

mM Tris.HCI pH 8.0

and Im M EDTA) were added. It was then heated to 65°C for 10 minutes. To
remove the agarose and other impurities 0.5 volume of phenol was added and the
temperature was kept at 65°C for a further minute, or until the agarose had melted
completely. The DNA was then purified as before by phenol extraction and once
with phenohchloroform. The DNA was finally precipitated using 0.2 volumes of 4M
ammonium acetate with 2 volumes of 100% ethanol, washed in 70% v/v ethanol,
vacuum dried, and resuspended in

2

0

pl of water.

2.7.2. Blunt ending DNA fragments
The 3' recessed termini created by digestion of DNA with restriction enzymes were
blunted by using the Klenow fragment of E. coll DNA polymerase I. The enzyme
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works quite well in most restriction enzyme buffers but, if necessary, DNA samples
can be resuspended in Klenow enzyme buffer (50mM Tris-HCI, pH 7.2, 10mM
MgS

0

4

,

0 . 1

mM D T I). The Klenow polymerase (1 unit) was added to 20pl of DNA

fragment samples (0.1

to O.Spg) containing all four deoxyribonucleoside

triphosphates (dNTPs) at 300pM and then incubated at 30°C for 30 minutes The
enzyme reaction was terminated by the addition of 2pl of 0.5M EDTA, followed by
either phenohchloroform extraction or heat inactivation at 65°C for

1 0

minutes.

2.7.3.Déphosphorylation of vector 5' DNA ends
Removal of the 5' phosphate groups leaves a hydroxy terminus, preventing the
unwanted

recircularisation

of

the

linearised

vector.

The

vector

was

dephosphorylated to prevent the linearised vector from re-ligating: 28pl vector
pUC19 (linearised with sma ), 4pl lOx calf intestinal phosphatase buffer, 3pl calf
1

alkaline phosphatase (GIF), (5U/pl), and 5pl water. The reaction was carried out at
37°C for 60 minutes An additional 2pl of the GIF (5U/pl) was then added and the
reaction continued for another 60 minutes at 55°G. The vector DNA wad then purified
as described in Section 2.7.5.

2.7.4. Phosphorylation of 5' DNA fragments
The fragment to be inserted must be phosphorylated to allow it to ligate with the
dephosphorylated vector. The phosphorylation reaction was as follows:28pl of DNA,
4pl 10x kinase buffer, 1pi SOmM ATP, 2pl T4 kinase (5U/ml), 5pl water. The reaction
mix was left at 37°G for 45 minutes. The vector DNA was|then purified as described
in Section 2.7.5.
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2.7.5. Purification of DNA
Phenol extraction is a rapid method for purification of nucleic acids. The removal of
proteins was achieved by extracting aqueous solutions of nucleic acids with
phenohchloroform and thenjwith chloroform. This procedure also inactivates and
removes enzymes. Stocks of phenol equilibrated with Tris-HCI (pH8.0) contained
0.1% w/v -hydroxyquinoline as an antioxidant. Stocks of chloroform contained 4%
8

v/v isoamylalcohol. While the phenol and chloroform extracted lipids and denatured
proteins, the isoamylalcohol reduced foaming during the extraction and facilitated
the separation of the aqueous and organic phases. An equal volume of
phenohchloroform (1:1) was added to a DNA preparation and mixed thoroughly by
vortexing. The mixture was then centrifuged to separate the phases at 12,000 x g
in a microfuge for 2 minutes. The top (aqueous) layer containing DNA was carefully
removed and re-extracted with chloroform as before. The recovery of nucleic acids
was then achieved by ethanol precipitation.

The ethanol precipitation was carried out by the addition of 0.1 volume of 3M sodium
acetate (pH 4.8) and 2 volumes of ethanol 100% v/v at -20°C. The mixture was
routinely held at -

2

0

°C for 30 minutes to 16 hours or -70°C for 15 to

2

0

minutes.

The precipitate was collected by centrifugation at 12,000 x g for 10 minutes in a
microfuge. The pellet was then washed with 70% v/v ethanol and dried either by
inversion for

2

minutes at room temperature or under vacuum for a few minutes.

0

Finally, the nucleic acids were dissolved in either TE or sterile distilled water.

2.7.6. Ligation
The PCR amplified DNA was ligated into the dephosphorylated vector pUC19 Sma
l/CIP (50pg) in

1

x ligation buffer (50mM Tris.HCI pH 7.6, lOmM dithiothreitol and
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500pg/ml bovine serum albumin), 1pl of mM ATP, and 2U of 14 DNA ligase, in a
6

final volume of 1Spl. It was then incubated at 15°C for 24-48 hours. A control ligation
was also performed with no insert DNA.

2.7.7. Competent cell production
In order to introduce DNA into cells, competence was artificially induced in E. coli
cells (JM105) by treating them with calcium chloride prior to adding DNA. This was
performed as described

by Maniatis and co-workers (Maniatis et al., 1982) with

some modifications. A single colony of E.coli (JM105) from a fresh plate was
inoculated into 10ml of LB and incubated at 37°C for 16-20 hours on a shaker. A
SOOpI aliquot was inoculated into 400ml of LB and incubated as above until the
absorbance of the solution at 550nm reached 0.2 OD units. The cells were pelleted
by centrifugation at 1700 x g for 15 minutes. The cells were then resuspended in ice
cold TFN buffer (lOmM Tris.HCI pH8.0 and SOmM C aC y to a volume of

2

0

0

ml and

incubated on ice for 20 minutes. The cells were pelleted as before then
resuspended in

2

0

ml of TFN buffer and kept on ice. The competent JM105 cells

were dispensed in 400pl aliquots and snap frozen on dry ice before being stored at 70°C.

2.7.8. Transformation
For transformation, up to lOOng of DNA in a volume of less than lOpI was added to
a 200pl aliquot of competent cells. After incubating on ice for 45 minutes with
occasional mixing every 15 minutes, the cells were heat-shocked at 42°C in a
circulating water bath for exactly 90 seconds and then immediately returned to an
ice bath and held for 60 seconds. A small volume (0.8 ml) of LB medium prewarmed
at 37°C was added to each tube and then incubated at 37°C, for 30 to 45 minutes
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to allow the expression of the antibiotic resistance gene. Following incubation, 100pl
of the transformed cells were plated out onto prewarmed LB agar plates containing
ampicillin (

1

0

0

pg/ml) and grown overnight at 37°C. An aliquot of 100pl was plated

onto agar plates containing 10Opg/ml ampicillin and incubated at 37°C for 18-20
hours. The agar plates included 40pg/ml isopropyl-(3-D-thiogalactopyranoside and
40pg/ml indolyl-p-D-galactosidase which enable the selection of E.coli colonies
containing a plasmid with insert DNA. This was done by visual inspection of the
plate as colonies containing the recombinant plasmid are white and wild-type
plasmid are blue. A control of pUC19 plasmid without insert was included in the
transformation. White colonies were inoculated in 10ml of LB containing SOpg
ampicillin for mini-preparation of plasmid DNA.

2.7.9. Plasmid DNA preparation bv the alkaline Ivsis methods (Minioreos)
A tube containing 5 ml of LB ( % w/v bacto-tryptone (Oxoid), 0.5% w/v bacto-yeast
1

extract (Oxoid), 1.0% w/v NaCI, pH 7.0) medium was inoculated with a single
bacterial colony from a freshly streaked LB plate and grown overnight at 37°C with
constant shaking. Appropriate antibiotics were present in the media and plates,
depending on the plasmids being prepared (e.g. 50-100 pg/ml of ampicillin).
Samples ( .5ml) of each overnight culture were then transferred to . ml eppendorf
1

1

tubes and centrifuged at

6 , 0 0 0

5

x g in a microfuge for 30 seconds. The pellets were

each resuspended in 250pl of GET buffer (50mM glucose, lOmM EDTA, 25mM TrisHCI, pH 8.0) and incubated for 5 minutes on ice. The cells were then lysed by the
addition of 250pl of a solution of 0.2M NaOH,
minutes on ice.

1

% w/v SDS and incubated for 5

Neutralization was achieved by adding 200 pi of 3 M sodium

acetate (pH 4.8) and incubating on ice for 10 to 60 minutes. The precipitate of
cellular DNA and debris was removed by centrifugation at 12,000 x g for 10 minutes
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in a microfuge. The supernatants containing plasmid DNA were transferred to fresh
1.5ml eppendorf tubes. To each supernatant was then added 0.9ml of cold ethanol,
followed by incubation at -

2

0

°C for 30 minutes or 15 minutes at -70°C to precipitate

nucleic acids. The precipitate was collected by centrifugation at 12,000 x g for 10
minutes and resuspended in 200pl of NE (0.3M sodium acetate, pH 7.0, Im M
EDTA). After 15 minutes at room temperature, the suspension was vortexed and
extracted with a 1:1 phenohchloroform mix. The sample was then re-precipitated by
the addition of

2

volumes of cold ethanol (100%). After incubation at -20°C or -70°C

as before, the plasmid DNA was pelleted by centrifugation at 12,000 x g for 10
minutes, washed with 70% v/v ethanol, dried and resuspended in 20 to 50 pi of TE
or sterile water, depending on the plasmid copy number. The plasmid DNA was
stored at -20°C.

DNA obtained by the alkaline lysis method also contained a large amount of RNA.
To remove this, the DNA was treated with the enzyme RNase A (Sigma) which had
been heated for

1 0

minutes at 100°C to inactivate any DNase activity. The RNase

A was added to a DNA preparation at a concentration of 50pg/ml and incubated for
30 to 60 minutes at 37°C. The reaction was terminated by phenol/chloroform
extraction and the DNA was recovered by ethanol precipitation. If the DNA was used
for monitoring restriction digestions, the RNase was simply added to the restriction
reactions and no further steps were required.

The recovery of plasmid DNA was verified by restriction enzyme digestion of
approximately 1pg of DNA, with 2U of Eco Rl endbnuclease, 2U of Hind III
endonuclease and visualization after electrophoresis and ethidium bromide staining
on a 0.7% w/v agarose gel.
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2.7.10. Dideoxv Sequencing
The plasmid DNA (3-5 pg) was denatured by the addition of 5pl of 1M NaOH, 0.5M
EDTA in a final volume of 25pl and incubated at room temperature for 15 minutes.
The denatured template was purified by centrifugation through a sepharose CL- B
6

column. The column was prepared by perforating a 0.5ml microcentrifuge tube with
a needle and adding glass beads (450-600 pm) to the bottom of the micocentrifuge
tube which was then filled with(^^harose CL- B equilibrated in TE. The column was
6

placed into a 1.5ml microcentrifuge tube, also perforated with a needle, for support.
The microcentrifuge tubes were then placed in a 15ml centrifuge tube then the
whole column assembly centrifuged at 1,700 g for 4 minutes. The perforated 1.5ml
microcentrifuge was removed, and replaced with an intact one, and the plasmid
DNA was added to the column and centrifuged as before.

After purification, 8.5pl of denatured plasmid DNA was added to Ipl of 10 x TM
buffer (lOOmM IVIgClgand lOOmM Tris.HCI pH 8.4), 0.5pmol of forward and reverse
sequencing primers and then incubated at room temperature for 15 minutes. The
plasmid with the annealed primers was sequenced using the Sequenase Version
2.0 (USB, USA.) according to the manufacturer's instructions. Briefly, lOpI of
annealed template (plasmid DNA)-primer was added to Ipl of lOmM DTT, 2pl of
labelling nucleotide mix (1.5pM dGTP, 1.5pM dOTP, 1.5pM dTTP) at a 1:5 dilution,
0.5pl (5pCi) [a -% ] dATP, and 3 units of Sequenase enzyme (T7 DNA polymerase).
It was then incubated at room temperature for 4-5 minutes. The reactions were
terminated by adding 3.5pl of labelling reaction into each of 4 microcentrifuge tubes
containing 2.5pl of the appropriate dideoxy/deoxynucleotide mixes (each mix
contains 80pM dATP, 80pM dTTP, 80pM dOTP, 80pM dGTP and 50mM NaCI), then
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replacing the relevant dNTP with: G mix pM ddGTP; A mix pM ddATP; T mix pM
8

8

8

ddTTP and the C mix pM ddCTP. Then these were incubated at 37°C for a further
8

5 minutes. The reaction was stopped by the addition of 4pl of formamide stop mix
(98% v/v deionized formamide, 10mM EDTA, 0.01% w/v bromophenol blue, 0.001%
w/v xylene cyanol). The sequencing reactions were heated to 95°C for 5-10 minutes
before being loaded onto a sequencing gel.

A % v/v polyacrylamide sequencing gel (10 x filtered TBE buffer, 50% w/v urea, 1/7
6

v/v volume of acrylamide mix (38% v/v acrylamide, 2% v/v N,N'-methylene
bisacrylamide)) was set with the addition of

1 / 1 0 0

volume of

1

0

% w/v ammonium

persulphate and 1/500 volume of N,N,N',N'-tetramethylethylenediamine (TEMED).
The sequencing reactions were electrophoresed through the sequencing gel at 3840 Watts for a 50ml gel in 1 x TBE buffer for 2 hours. The gel was then fixed in 10%
v/v acetic acid for 30 minutes with occasional agitation, blotted dry onto 3MM filter
paper. The blotted gel and supporting filter-paper were transferred to a slab drier,
with vacuum pump, for 2-3 hours at 80°C. The dried gel was then exposed to X-ray
film for 18-48 hours and the sequence of the DNA read manually from the
developed autoradiograph with the aid of a light-box.

2.8 Colony screening

Bacteria were plated out on agar plates in the standard way. The plates were
incubated at 37°C for approximately

8

hours so that the colonies were visible

(0.5mm). Hybond-N-f- disc membranes were marked (for orientation) and placed on
to the surface of the agar touching the colonies. The disc was then lifted and placed
on a fresh agar plate and incubated at 37°C. This was then repeated with a fresh
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disc. The colonies were grown to a diameter of 0.5mm and then one disc was
screened and the other kept at 4°C as a reference.

The DNA was fixed to the membrane by lifting it from the plate and placing it for 1
minute on two sheets of Whatman 3MM paper which had been saturated in 0.5M
NaOH. The disc was then transferred to a hybridization bottle contaning 5 x SSC.
This was then vigorously shaken to remove bacterial debri. The wash was repeated
a total of three times. The disc was then dried on 3MM paper and stored under
vacuum prior to hyridization (see Section 2.5.8).

90

CHAPTER 3

THE POTENTIAL OF FDCP TO DIFFERENTIATE
INTO NEUTROPHILS USING CYTOKINES
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The Potential of FDCP to Differentiate into Neutrophils using Cytokines

3.1 Introduction

Neutrophils, isolated from blood, are short lived and terminally differentiated. This
makes them unsuitable for the study of differentiation and gene expression, hence
the need for in vitro model cell systems.

Human leukaemic cells (HL-60) are currently used for the study of differentiation and
in particular the study of neutrophil chemotactic receptors such as FPR, RAFR, IL8

R and C5aR (Perez eta!., 1992; Boulay eta!., 1990a; Moser etal., 1993; Boulay

et a/., 1991). This cell line is not an ideal system because of incomplete
differentiation to neutrophils. The objective of this particular study was to determine
whether murine pluripotent stem cells (FDCP) (Spooncer et a/., 1986) could be
developed into a model system for the characterization of the neutrophil formyl
peptide receptor (FPR). Because the FDCP cell line is derived from stem cells it has
the potential to be fully differentiated in response to natural cytokines.

The HL-60 cell line was derived from a patient with acute promyelocytic leukaemia.
These cells grow continuously as myeloblasts and promyelocytes. In most cultures
approximately

5%

of

HL-60

cells

exhibit

spontaneous

differentiation

to

morphologically mature cells including myelocytes, metamyelocytes, and neutrophils
(Collins et al., 1977). By the addition of specific inducing agents, including polarplanar compounds such as dimethyl sulphoxide (DMSO) and N® 0^ - dibutyryl
adenosine 3' 5'-cyclic monophosphate (dbcAMP), this spontaneous differentiation
can be greatly increased so that most of the cells acquire morphological, functional,
enzymatic and surface membrane antigen characteristics of mature granulocytes
(Polakis et al., 1988; Lubbert et al., 1991; Collins, 1987). However, this
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differentiation is defective and incomplete. HL-60 cells exhibit a reduced nuclearcytoplasmic ratio, loss of nuclei, decreased azurophilic granules and morphologically
become metamyelocytes and banded neutrophils rather than fully differentiated
neutrophils. The differentiated cells also lack lactoferrin indicating that they are
deficient in secondary granules. Lactate dehydrogenase measurements indicate that
the differences between HL-60 and normal granulocytes are consistent with
incomplete differentiation (Pantazis etal., 1981). Differences are also present within
the myeloperoxidase/peroxide/halide killing system in HL-60 neutrophils (Pullen and
Hosking, 1985). Dibutyryl cAMP (dbcAMP) induces production of neutrophil-like cells
expressing FPR (Chaplinski and Niedel, 1982; Perez etal., 1992) as well as other
chemotactic receptors. HL-60 cells, when terminally differentiated to granulocytes
with retinoic acid and presumably other differentiating agents, die via programmed
cell death, apoptosis (Martin etal., 1990).

In contrast, FDCP cells are derived from long term marrow cultures. They have a
normal karyotype, are nonleukaemic, and grow continuously in the presence of
interleukin-3 (IL-3). All stem cells of regenerating tissue are characterised by their
ability to undergo differentiation and by their potential for self renewal. In the
haematopoietic system, the regulation of stem cell renewal and differentiation is
controlled by soluble growth factors leading to a variety of lineage restricted
progenitor cells.

The growth factors specifically involved in the differentiation of FDCP cells are
granulocyte macrophage colony-stimulating factor (GM-CSF) and granulocyte
colony-stimulating factor (G-CSF). FDCP grow continuously in vitro in the presence
of interleukin-3 (IL-3). Without IL-3 the cells apoptose (Crompton, 1991). In high
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concentrations of IL-3 the cells continue to grow but do not react to the presence of
other growth factors such as G-CSF and GM-CSF. This suggests that IL-3
modulates the receptors for other growth factors. Therefore IL-3, when used alone,
is a potent stimulus for the proliferation of stem cells but is a poor stimulus for their
differentiation. IL-3, at low concentrations, supports the development of lineage
restricted myeloid progenitor cells such as megakaryocytic, neutrophil/macrophage,
erythroid, eosinophil and mast cell. GM-CSF is a potent differentiation stimulus but
when acting alone, is a poor proliferation stimulus. Therefore, in order to obtain self
renewal and differentiation, a low concentration of IL-3 with intermediate levels of
GM-CSF is required. G-CSF is neither a proliferation nor a differentiation stimulus
of any potency, but it can synergize with IL-3 and GM-CSF in these processes. The
optimum concentrations of growth factors for the differentiation of FDCP cells to
neutrophils is 1 U.mM of IL-3, SOU.mM of GM-CSF and lOOOU.mM of G-CSF
(Spooncer etal., 1986). The cells produced with these cytokines show an apparently
normal mature polymorphonuclear cell morphology compared to the promyelocyte
like morphology of the undifferentiated FDCP. Spooncer and co-workers using the
respiratory burst process normally seen in mature neutrophils demonstrated that
FDCP cells exhibit a similar response indicating the phenotype of differentiated
neutrophils (Spooncer etal., 1986). This study confirms these findings and extends
them into other neutrophil characteristics, in particular the FPR.

To justify the use of FDCP cells for the detailed characterization of FPR they must
be shown to be a better model system than the HL-60 cell line currently in use. This
is because FDCP cells are much harder to grow and maintain than HL-60 cells it is
important to establish whether enough differentiated cells can be obtained and
whether these cells exhibit the morphology and physiology of mature neutrophils.
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Further, these cells should be reproducibly differentiated into neutrophils. Therefore
a comparison between differentiated HL-60 and FDCP differentiated neutrophils was
undertaken.

The respiratory burst in neutrophils is triggered by opsonized microorganisms and
high concentrations of chemotactic factors such as N-formyl peptides. These agents
act on specific receptors which transduce the signal across the cell membrane and
ultimately cause degranulation and the respiratory burst. The respiratory burst
involves the one-electron reduction of oxygen to superoxide anion {O2 ). This
reaction is catalysed by NADPH oxidase. These superoxideanions lead to the
production of reducing agents such as hydrogen peroxide, oxidized halogens and
superoxide and hydroxyl radicals (see Section 1.7.1, Figure 1.5).

Nitro blue tétrazolium (NBT) is a clear, yellow, water-soluble compound but when
reduced it precipitates to a deep blue dye called diformazan a (Collins et al., 1979)
(Figure 3.1). The reduction of NBT can be used to assay the respiratory burst in
response to biological factors in order to determine the maturation state of the
neutrophils.
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Figure 3.1 NBT reduction.
Nitro blue tétrazolium (clear, yellow, water-soluble) is reduced to diformazan
(a blue precipitate).
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3.2 Culturing of FDCP and HL-60 cells

Growth studies were performed on HL-60 and FDCP cells to determine the seeding
density and frequency of subculturing for the optimal culturing conditions. This was
calculated by seeding flasks containing

2

0

ml of medium with various cell

concentrations (from 2 to 12 x lO'^cells.ml"' for FDCP and 1 to 10 x 10"^cells.mM for
HL-60 cells). As shown in Figure 3.2 the optimum seeding density for FDCP cells
was 12x10"^ cells.ml \ having a doubling time of 48-72 hours. All seeding densities
reach approximately the same density of 67 x 10"^ cells.mM except for cells seeded
at a density of

2

x 10"^ cells.mM which fail to grow. Therefore FDCP cultures were

regularly seeded at

1 2

x

1 0

"^ cells.mM and after 72-96 hours of growth were

subcultured. As Figure 3.3 shows, the doubling time of HL-60 cells was 24-36 hours.
All the cultures reached a similar density of approximately 40 x
culture with the lowest seeding density ( x
2

1 0

48-72 hours.

1

x

®cells.mM. The

"^cells.mM) failed to reach the same

cell density as that of the highest seeded culture
cultures were therefore regularly seeded at

1 0

1 0

( 2

x

1 0

®cells.mM). HL-60 cell

®cells.mM and subcultured every
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Figure 3.2 FDCP cell proliferation.
Cells were seeded at various densities in identical media and their cell numbers
were then estimated every 24 hours to obtain growth curves. S1 =
x
"^
cells.mM, S = x "^cells.mM, S3 = 4 x "^cells.mM, 84 = x
"^cells.mM.
Each data point on the graph represents the mean + S.E.M. of at least three
experiments carried out in triplicate.
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Figure 3.3 HL-60 cell proliferation.
Cells were seeded at various densities in identical media and their cell numbers
were then estimated every 24 hours to obtain growth curves. S1 =
x
^
cells.ml'\ S =
x 10^ cells.ml'\ S3 =
x 10^ cells.ml \ Each data point
on the graph represents the mean ± S.E.M. of at least three experiments
carried out in triplicate.
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3.3 Differentiation and proliferation of FDCP and HL-60 cells

To determine the optimum seeding densities of cells grown under differentiating
conditions, several flasks were seeded at densities from 2.S-7.5 x 1 0 f cells.mM in
the presence of 1U.mM of IL-3, SOU.ml ^ of GM-CSF and lOOOU.mM of G-CSF.
These cytokine concentrations had previously been reported to produce the
maximum number of mature neutrophils (Spooncer etal., 1986). Figure 3.4 shows
the effect of differentiating agents on FDCP cell growth. All seeding densities
reached a similar cell density of approximately 35 x 10"^ cells.mM except for cells
seeded at a density of 2.5 x 10"*cells.mM which failed to proliferate. As the stationary
phase was reached after 6-7 days in culture, it was decided that the seeding density
of 7.5

X

lO'^cells.mr was optimal. HL-60 cells have been studied extensively in the

past and the optimum concentration of dbcAMP is 0.5mM with a cell density of 0.5 1 . 0

X 10® cells.mM (Chaplinski and Niedel, 1982).
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Figure 3.4 Proliferation of differentiating FDCP cells.
FDCP cells were seeded at different densities in the same media containing
identical cytokines (1 U.mM of IL-3, SOU.ml’^ of GM-CSF and lOOOU.mM of
G-CSF). Seeding density are: FI = 7.5 x 10"^ Cells.mM; F2 = 6.25 x 10"* Cells.ml'\
F3 = 3.75 X lO'* Cells.ml"*; F4 = 2.5 x 10"^ Cells.ml \ Each data point on the graph
represents the mean + S.E.M. of at least three experiments carried out in
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3.4.1 Functional characterization of differentiated FDCP and HL-60 cells
The morphology of the differentiated cells can be established by carrying out glass
adherence and enzyme assays which are present only in neutrophils.

3.4.2 Functional assays - the respiratory burst
An estimate of the number of neutrophils was made by staining differentiated cells
with Prodiff. By measuring the number of black azurophilic granules in the
neutrophils, in response to N-formyl peptide stimulation of NBT reduction, the
number of neutrophils that were functionally active could be estimated. As Figures
3.5 and 3.6 show the proportion of cells which were neutrophils and promyelocytes
in differentiating FDCP and HL-60 cultures, respectively. The values are represented
as a percentage of the maximum reached. After six days 79.4% of FDCP cells were
functioning as neutrophils. On day seven this rose to 84.5%, but the overall number
of cells had dropped. Figure 3.6 shows that 74% of HL-60 cells were functioning as
neutrophils and this rose to 78.4% after five days. But again the total number of cells
fell.
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Figure 3.5 Identity of differentiating FDCP cells.
FDCP cells were seeded at a density of 7.5 x IQ'* Cells.ml'\ The number of
neutrophils was estimated by staining and the number of functional cells with the
NBT assay. The values are expressed as a percentage of the maximum value
reached and each data point on the graph represents the mean ± S.E.M. of at
least three experiments carried out in triplicate.
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Figure 3.6 Identity of differentiating HL-60 cells.
HL-60 cells were seeded at a density of 2.0 x 10^ Cells.ml'L The number of
neutrophils was estimated by staining and the number of functional cells with
the NBT assay. The values are expressed as a percentage of the maximum
value reached. Each data point on the graph represents the mean + S.E.M.
of at least three experiments carried out in triplicate.
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3.4.3 Proliferation assay
It was important to know the effect of cytokines on the proliferation of the cells as
there is a direct relationship between proliferation and differentiation, proliferation
stops when differentiation begins. As Figure 3.7 shows the effect of cytokines on the
growth of FDCP cultures. In the absence of any cytokines (A) or in the presence of
lOOOU.mM G-CSF (E) the cells did not proliferate and after seven days there was
only cellular debrif.50U.mM of GM-CSF (D) alone gave a 1.7 fold increase in cell
number. 1U.mM of IL-3 (C) gave a 1.3 fold increase in cell numbers. SOU.mM of GMCSF and 1U.mM IL-3 (F) caused a three fold increase in cell number. 1U.mM of IL-3,
SOU.mM of GM-CSF and IGGGU.mM of G-CSF (G) acting together, gave an almost
five fold increase in cell number. IGGU.mM of IL-3 (B) alone gave a nine fold
increase in cell number. Figure 3.8 shows the percentage of FDCP cells which were
functioning as neutrophils in response to various cytokine concentrations and
combinations. As can be seen from this figure, in the absence of cytokines and the
presence of G-CSF alone no cells were present after seven days. Only cellular debris
were present. IL-3. at concentrations of both lU.mM and IGGU.mM, gave rise to a
population of undifferentiated cells. GM-CSF alone produced 83% neutrophil cells
but when acting with lU.mM of IL-3 this dropped to 52%. lU.mM of IL-3, 5GU.mM
of GM-CSF and IGGGU.mM of G-CSF together gave 85% neutrophils.
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Figure 3.7 The proliferation and differentiation of FDCP cells.
FDCP cells were seeded at a density of 7.5 x 10'^ Cells.ml'\ The number of
cells was estimated every 24 hours. The cytokines concentrations used were:
A = No cytokines, B = lOOU.mM IL-3, C = lU.ml ' IL-3, D = 50U.ml ' GM-CSF, E
= lOOOU.mr G-CSF, F = lU.mM IL-3 and 50U.mr GM-CSF, G = lU.ml ' IL-3,
50U.ml'^ GM-CSF and lOOOU.mM G-CSF. Each data point on the graph
represents the mean + S.E.M. of at least three experiments carried out in
triplicate.
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Figure 3.8 Differentiation of FDCP cells with various cytokines.
Assay of FDCP cells incubated for seven days with various cytokines. FDCP
cells were seeded at a density of 7.5 x 10"^ Cells.mM. The cytokines
concentrations used were: A = No cytokines, B = lOOU.ml^ IL-3, C = 1U.mM IL-3,
D = SOU.mr GM-CSF, E = 10OOU.mr' G-CSF, F = 1U.ml ' IL-3 and SOU.mr GMCSF, G = lU.ml ' IL-3, SOU.mP GM-CSF and lOOOU.mr G-CSF. Each data point
on the graph represents the mean ± S.E.M. of at least three experiments carried
out in triplicate.
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3.4.4 Adherence assay
To further characterise differentiation, the presence of adhesion molecules and actin
polymerization were studied indirectly. A glass adherence assay is a quick and
simple way to establish whether a cell has adhesion and chemotactic properties
(Figure 3.9). A number of cells incubated on a cover slip fdr 15 minutes at 37°C, with
N-formyl peptide (fMLFK), and their ability to spread was measured. A maximum
number of HL-60 and FDCP cells spread on the cover slip after four and six days
differentiation, respectively.

3.4.5 Quantitation of respiratorv burst
As a measure of the functional activity of the respiratory system in neutrophils the
reduction of NBT was only qualitative. This gave no information on the strength of
the respiratory burst. Therefore, a quantitative assay was developed which involved
the extraction and measurement of blue formazan. The NBT reduction assay was
quantified for four day differentiated HL-60 and six day differentiated FDCP cells.
It was found that the differentiated FDCP(D) and HL-60(D) cells produced a 323%
and 267% stimulation, respectively. These numbers were obtained by comparing
the amount of NBT reduction in the presence and absence of the N-formyl peptide
(fMLFK). The non-differentiated FDCP(ND) and HL-60 (ND) show a 75% and 97%
stimulation, respectively with fMLFK as compared to cells without fMLFK (Figure
3.10). Figure 3.11 shows that FDCP cells had a 100 fold greater respiratory burst
response than HL-60 cells.
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Figure 3.9 Glass adherence Assay.
Cells were placed onto a cover slip and incubated at 37°C for 15 minutes with
fMLFK. The number of cells which had spread out was calculated and is
expressed as a percentage of the total number of cells counted. Each data
point on the graph represents the mean ± S.E.M. of at least three experiments
carried out in triplicate.
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Figure 3.10 Comparison of respiratory burst in differentiated HL-60 and FDCP
cells. Under standard conditions cells were assayed for NBT reduction after four
and six days differentiation respectively. N-D; non-differentiated cells, D;
differentiated cells. Each data point on the graph represents the mean + S.E.M.
of at least three experiments carried out in triplicate.
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Figure 3.11 Comparison of the absolute levels in the respiratory burst in
differentiated HL-60 and FDCP cells.
Four day differentiated HL-60 cells and six day differentiated FDCP cells were
assayed under standard conditions. N-D; non-differentiated cells, D; differentiated
cells. Each data point on the graph represents the mean + S.E.M. of at least three
experiments carried out in triplicate.
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3.4.6 Dose-response assay
To determine whether the chemotactic peptide produces a true biological respiratory
burst response via a cell receptor mediated pathway, the peptide must act in a
specific and saturable manner. Figure 3.12 shows that fMLFK caused a
concentration dependent and saturable stimulation response in both FDCP and HL60 differentiated cells, with 50% effective concentrations (EC ) of 56.0nM and
5 0

700.OnM, respectively.
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Figure 3.12 The respiratory burst in differentiated HL-60 and FDCP cells in
response to fMLFK.
An NBT reduction assay was used to assay the respiratory burst. Using standard
conditions cells were assayed for NBT reduction after four and six days
differentiation to neutrophils for HL-60 and FDCP cells, respectively. The
cells were incubated with various concentrations of fMLFK and the level of
NBT reduction plotted as a percentage of maximum. Each data point on the
graph represents the mean + S.E.M. of at least three experiments carried out
in triplicate.
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3.5 Discussion

The seeding densities chosen for FDCP (12 x 10"^ cells.mM) and HL-60 (1 x

1 0

^

cells.mr^) cells allowed the culture to proliferate before the nutrients were denatured
and waste products accumulated. In addition, subculturing every 48-72 hours
prevented the irreversible differentiation of the cells.

Below seeding densities of 2 x 10 "^cells.mM of FDCP cells, proliferation failed to
occur. This may have been due lack of cell-cell interactions. It may also be due to
too few pluripotential cells so that the cytokines denature before logarithmic growth
could occur. In the case of HL-60, there is evidence for the production of
autostimulators (Brennan et al., 1981) thought to be transferrin like molecules
(Dittmann and Petrides, 1991).

The effect of cytokines on cell proliferation was entirely consistent with previously
published observations (Spooncer etal., 1986). In the absence of any cytokines, the
cells fail to proliferate and hence apoptose. With only G-CSF the cells show no
response acting as if cytokine is not present . With 1U.ml"" of IL-3 there was very little
proliferation, but there was a doubling in the percentage of neutrophils, as compared
to lOOU.mM of IL-3. lOOU.mM of IL-3 showed the greatest proliferation and the
lowest spontaneous differentiation. SOU.ml'^ of GM-CSF gave the highest
percentage of neutrophils but virtually no increase in cell numbers. A combination
of low IL-3 and GM-CSF gave a lower percentage of neutrophils but there was
proliferation of cells. The combination of lU.mM of IL-3, SOU.mM of GM-CSF and
lOOOU.mM of G-CSF, gave a large percentage of neutrophils and a large increase
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in cell numbers. Therefore, overall this cytokine mixture produced a high proportion
of neutrophils and the largest total number of cells.

The glass adherence and the quantitative NBT assays indicated that the FDCP cells
were very similar to HL-60 derived neutrophils. Their responses relative to their
undifferentiated forms, were comparable. But the overall NBT reduction by FDCP
cells was a hundred fold greater than HL-60 cells indicating that physiologically
these cells were further differentiated than HL-60 cells. HL-60 cells have been
shown to have a deficient myeloperoxidase/peroxide/halide system (Pullen and
Hosking, 1985) which would account for the lower NBT reduction. This indicates that
FDCP cells are a more accurate model system for the study of the FPR receptor
expressed by neutrophils.

The response to fMLFK, as measured by NBT reduction, indicated that there is an
N-formyl peptide receptor on differentiated FDCP cells and that it is dose-dependent
and saturable. Also, this receptor has ten times the affinity (56nM as opposed to
700nM) of that found on differentiated HL-60 cells.

In conclusion the FDCP system can produce differentiated cells in response to
physiological cytokines of which a large percentage function as neutrophils. These
cells also respond to fMLFK in a dose-dependent and saturable manner, indicating
the presence of FPR. FDCP cells are probably further if not totally differentiated (as
indicated by the high NBT reduction) as compared to HL-60. The HL-60 cells are
myeloid leukaemic, not pluripotential, and do not have normal growth factor
requirements. In contrast FDCP cells are derived from long term marrow cultures.
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They have a normal karyotype, are nonleukaemic, and can differentiate in response
to natural cytokines.
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CHAPTER 4

INVESTIGATION OF THE KINETIC PROPERTIES
OF MURINE FPR IN DIFFERENTIATED MURINE
PLURIPOTENT STEM CELLS (FDCP)
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4.1 Introduction

This section describes the characterization of the murine FPR. In section 3 the
optimum cytokine concentrations for the differentiation of FDCP cells to neutrophils
were established and the expression of a functional N-formyl peptide receptor was
demonstrated. The FDCP model was found to be physiologically more accurate than
the HL-60 system. In addition to being more accurate, the FDCP cells provided an
opportunity to characterize the murine FPR and compare its kinetics and structure
to the human and rabbit FPRs. The study of ligand kinetics was undertaken by using
labelled peptides to determine the dissociation constants of FPR, its receptor
numbers per cell, and the specificity and relative potency of a number of formyl
peptides.

Initially, an attempt was made to conjugate fMLF to a fluorescent label (FLOUS) but
because of the similarity of the molecular weights of the peptide and label the
unbound could not be separated from the bound. Therefore, the characterization of
murine FPR with a fluorescently labelled peptide was abandoned in favour of pH]fMLF.

The labelled ligand pH]-fMLF has been the commonly used label for the study of
FPR (Koo etal., 1982; Kermode etal., 1991). This has provided information about
the dissociation constants of the FPRs from human and rabbit cells. However,
because of its low radiation level it requires a high number of cells to be used in
binding assays and if a high concentration of the label is used it can lead to
artefactual results created by ligand proteolysis and cell agglutination.
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The peptide fnLLFnLYK has approximately ten-fold greater binding affinity for
human FPR than does fMLF. This means that lower ligand concentrations can be
used in the binding assay. This reduces the nonsaturable binding from 25 to 30%
to 5 to 10%. In addition, this hexapeptide can be iodinated which results in specific
activities 1 to 2 orders of magnitude greater than tritiated peptides. This allows less
cells to be used in assays, which also results in decreased ligand proteolysis and
cell agglutination (Niedel etal., 1979).

In binding studies involving labelled peptides equilibrium is allowed to be reached
with a specific number of cells usually, at 4°C to prevent internalization of the
receptor ligand complex. However, at this temperature the membrane fluidity is also
affected and influencing the dissociation constants. The only alternative is to use
either chemical agents to prevent internalization, or membrane preparations, but
these would also be non-physiological conditions.

As well as undifferentiated FDCP cells, WEHI-3b, were used in these experiments
as negative controls. WEHI-3b cells are a monocyte derived cell line (Kajigaya etal.,
1990) which is routinely used to produce IL-3 conditioned media (see Section
2 .2 . 1 .5 ).

4.2 Binding studies with r^HI-fMLF

As shown in section 3 FDCP cells were differentiated to neutrophils, which
expressed FPR and which mediated N-formyl peptide cellular stimulation. A
comparison with HL-60 cells showed that FDCP are probably further differentiated
and hence closer physiologically to mature neutrophils. It was therefore decided that
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the FDCP cells would make an ideal system for the study of the structure and
function of FPR.

Cells were incubated with various concentrations of pH]-fMLF at 4°C for 90 minutes,
washed, and the bound peptide estimated on a scintillation counter. Non-specific
binding was determined in the presence of a 1000-fold excess of unlabelled fMLF.
pH]-fMLF ligand bound to differentiated FDCP cells in a dose-dependent and
saturable manner (Figure 4.1). The highest concentration of [^H]-fMLF gave values
which were inconsistent with the rest of the graph. It was therefore not used in the
Scatchard transformation of the binding data. This analysis indicates that the
specific binding data could be best fitted into a two-site model (p< .
0

0

1

) with K^s

values for high and low affinity states of 7.1 x 10’^ and 2.0 x 10 ® M, respectively
(Figure 4.2). By taking into account the number of cells used in the assay (2 x 10®),
the number of receptors (B^ax) per cell can be calculated. This was in the order of
31 000 for the high, and 74 000 for the low affinity receptor. As approximately 80%
of the cells were found to be neutrophils the actual number of receptors per cell
would be 132 000 (see Section 3.4.2, Figure 3.5).

The non-specifiç binding was calculated to be approximately 25 to 28% of total
binding (Figure 4.1). Because of the low specific activity of tritium and the low affinity
of fMLF, a high number of cells had to be used (2 x 10®) and a high concentration
of ligand. This gave spurious results when high concentrations of ligand were used.
To eliminate these problems the labelled ligand was changed to p^®l]-fnLLFnLYK.
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Figure 4.1 Specific binding of pH]-fMLP to differentiated FDCP cells.
Nonspecific binding was determined in the presence of a 1000-fold excess of
unlabelled fMLP. At least three experiments were carried out in triplicate and
the S.E.M. was never greater than + 5%.
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Figure 4.2 Scatchard transformation.
Scatchard transformation of the binding data. At least three experiments were
carried out in triplicate and the S.E.M. was never greater than + 5%.
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4.3 Binding Studies with P^^II-fnLLFnLYK

P^®l]-fnLLFnLYK has been shown to have a ten fold greater affinity than pH]-fMLF
for human cells so that ligand concentrations can be reduced, assuming that murine
FPR has a higher affinity for the hexapeptide, lowering the nonspecific binding from
25-30% to 5-10% (Niedel etal., 1979). The specific activity of iodinated peptides is
one to two orders of magnitude greater than tritium so that less cells can be used
reducing cell lysis, and ligand proteolysis, and cell agglutination.

Total binding was measured using f ^®l]-fnLLFnLYK and non-specific binding was
determined in the presence of 1000-fold excess of unlabelled fnLLFnLYK. To
determine the concentration of the iodinated peptide synthesised a competitive
inhibition experiment was carried out as shown in Figure 4.3. By increasing the
concentration of unlabelled peptide in buffer containing a known concentration of
labelled peptide the 50% inhibition point can be calculated. This is the point were
the two peptides are at equal concentration; by knowing one the other can be
calculated assuming that iodination does not affect binding. Using this method the
iodination was calculated on average to produce 70% of labelled peptide with a
specific activity of approximately 1500-1700 Ci.mmol \
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Figure 4.3 Calculation of the concentration of iodinated peptide.
By increasing the concentration of unlabelled peptide in buffer containing a
known concentration of labelled peptide, the 50% inhibition point can be
found. This can be used to give the concentration of the labelled peptide. Each
data point on the graph represents the mean + S.E.M. of at least three
experiments carried out in triplicate.
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4.4 Establishing the Concentration of G-CSF

Initial experimental results with the differentiated FDCP cells and [^^®l]-fnLLFnLYK
binding showed an unacceptable amount of variation. This was found to be due to
the cytokine G-CSF (1 OOOUmM) from Sigma. Figure 4.4 shows the effect of
different concentrations and the commercial source of the G-CSF. Both G-CSF from
Sigma and Genzyme gave comparable binding, but Genzyme G-CSF gave lower
nonspecific binding (Figure. 4.5) and so this G-CSF was used in further
experiments.

4.5 Time Course of f^^^ll-fnLLFnLYK Binding

A time course with the iodinated peptide and differentiating FDCP cells was carried
out to identify the point of maximal binding. A shown in Figure 4.6 this was six days
after differentiation was initiated. This agrees with the appearance of the respiratory
burst and cell adhesion response (see Section 3.4.2, Figure 3.6 and Section 3.4.4,
Figure 3.9). All subsequent experiments were therefore carried out on six day FDCP
differentiated cells.

Kinetics of FPR on Differentiated FDCP Cells

li

125

I
X

i
i
B

D

E

H

K

Cytokines

Figure 4.4 Effect of cytokines on binding of [^^^l]-fnLLFnLYK.
FDCP cells were differentiated under standard conditions but the concentration
and origin of G-CSF was varied. After six days the cells were assayed for [^^^1]fnLLFnLYK binding. All the preparations (except J,K, and L) contained U.mM of
IL-3 and SOU.mM GM-CSF. The G-CSF concentrations were A = 4 OOOU.ml"'
GEN, B = 2 OOOU.mM GEN, C = 400U.ml' GEN, D = lOOU.ml' GEN, E =
4000U.ml ' S, F = 2 OOOU.ml ' S, G = 1 SOOU.ml ' S, H = 1 OOOU.ml ' S, I =
U.mM S. The G-CSFs used were either from Genzyme (GEN) or Sigma (S).
J, K and L were all controls. J = 1U.ml^ of IL-3 and SOU.mM GM-CSF, K = 1U.ml^
of IL-3 and L = no cytokines. Each data point on the graph represents the mean +
S.E.M. of at least three experiments carried out in triplicate.
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Figure 4.5 The degree of nonspecific binding caused by different preparations
of G-CSF.
FDCP cells were differentiated under standard conditions but the concentration
and origin of G-CSF was varied. After six days the cells were assayed for [^^^1]fnLLFnLYK binding. All the preparations contained 1U.mM of IL-3 and SOU.mM
GM-CSF. The G-CSF concentraions were A = 4 OOOU.ml"' GEN, B = 2 OOOU.ml'^
GEN, C = 400U.mr GEN, D = lOOU.mP GEN, E = 4000U.mP S, F = 2 OOOU.mP
S, G = 1 SOOU.ml ' S, H = OOOU.mP S, I =
U.mP S. The G-CSFs used were
either from Genzyme (GEN) or Sigma (S). Each data point on the graph
represents the mean + S.E.M. of at least three experiments carried out in
triplicate. SB = specific binding and NSB = nonspecific binding.
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Figure 4.6 Time course of [^^^l]-fnLLFnLYK binding to differentiating FDCP.
Using standard conditions cells were assayed for [^^^l]-fnLLFnLYK binding at
time intervals of 24 hours. The data were then converted to bound [^^^1]fnLLFnLYK (fmols.). Each data point on the graph represents the mean +
S.E.M. of at least three experiments carried out in triplicate.
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4.6 Kinetic Analysis of T^^n-friLLFriLYK Binding

Six day differentiated FDCP cells displayed specific and saturable binding of the
[^^®l]-fnLLFnLYK (Figure 4.7). Scatchard transformation of the binding data indicated
that the specific binding data could be best fitted into a two-site model (p< .
0

0

1

) with

KjS of 3.7 X 10 ®and 22.6 x 10 ®M (Figure 4.8). B^ax was calculated to be 16 000
high affinity receptors and 47 000 low affinity receptors per cell. As approximately
80% of the cells were found to be neutrophils the actual number of receptors per cell
would be 79 000, with 20 000 high affinity and 59 000 low affinity. The nonspecific
binding was approximately 7 to 10 %.

4.7 Relative Affinities of Various N-formvlated peptides

Figure 4.9 shows the relative potencies of various formyl peptides to displace [^^®l]fnLLFnLYK from the muFPR. The order of formyl peptide potencies was:
fnLLFnLYK (EC 4nM) > fMLF (EC
5 0

>10'"^ M) > fMF (EC

5 0

5 0

112nM) > fMLFK (EC

5 0

501 nM) > fMLFF (EC

50

>10'^ M). EC S were not obtained for fMLFF and fMF because
5 0

of the difficulty in solubilising these hydrophobic molecules at the high
concentrations required.
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Figure 4.7 Specific ligand binding.
Standard assay conditions were used at the [^^^l]-fnLLFnLYK concentrations
indicated. At least three experiments were carried out in triplicate and the
S.E.M. was never greater than + 5%.
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Figure 4.8 Scatchard transformation.
Scatchard transformation of the binding data. At least three experiments were
carried out in triplicate and the S.E.M. was never greater than + 5%.
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Figure 4.9 Comparison of receptor affinities for a series of formyl peptides.
Inhibition of [^^^Ij-fnLLFnLYK binding by the various peptides was determined
under standard binding assay conditions. fnLLFnLYK (Q1), fMLFK (02), fMLF
(03), fMLFF (04), fMF (05). Each data point on the graph represents the mean ±
S.E.M. of at least three experiments carried out in triplicate.
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4.8 [^^^l]-fnLLFnLYK binding to various cell lines
Figure 4.10 shows the results obtained when using WEHI-3b cells as negative
controls. It can be clearly seen that the WEHI-3b cells express a formyl peptide
receptor although the amount of binding was much less than that to the FDCP cells.
WEHI-3b cells have two growth stages in their life cycle. Initially the cells adhere,
spreading out to form a monolayer. But when confluence has beenreached the cells
start to bud, producing cells that are rounded and in suspension. Cells taken from
a monolayer, from a suspension culture and a mixed culture (where confluency had
been reached and cells had started to bud) were assayed for [^^®l]-fnLLFnLYK
binding. Figure 4.11 shows that it is the cells from the monolayer that bind the
iodinated peptide.
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Figure 4.10 Comparison of [^^^l]-fnLLFnLYK binding in different cell lines.
FDCP differentiated (A) and undifferentiated (B) were compared to WEHI-3b cells
(C) under standard conditions for their ability to bind [^^^l]-fnLLFnLYK. Each data
point on the graph represents the mean + S.E.M. of at least three experiments
carried out in triplicate.
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Figure 4.11 Comparison of p^^l]-fnLLFnLYK binding to WEHI-3b cells at various
stages of growth.
FDCP differentiated (A) and undifferentiated (B) were compared to WEHI-3b cells
(C, D and E) under standard conditions for their ability to bind [^^^l]-fnLLFnLYK.
Sample C contains adherent cells, sample D contains cells in suspension, and
sample E contains a mixture (i.e. cells from a flask containing adherent and
budding cells). Each data point on the graph represents the mean + S.E.M. of at
least three experiments carried out in triplicate.
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4.9 Discussion

In this study we optimised the G-CSF concentration and time required to
differentiate FDCP cells into neutrophils which bind the maximum amount of f^®l]fnLLFnLYK. The increase in binding of the iodinated peptide could be due to the
cells either expressing more receptors as they differentiate, or that the G protein
coupled to murine FPR is differentially expressed.

The muFPR showed high and low affinity binding sites for pH]-fMLF with
of 2.0 and 0.71 pM, respectively. The

values

value of 132 000 receptors per cell, with

32% high affinity demonstrated in this study is in good agreementwith other studies
on isolated neutrophils (Kermode e t al., 1991; Sklar eta!., 1984; Koo atal., 1982).

Using p^^l]-fnLLFnLYK muFPR showed high and low affinity binding with
of 3.7 and 22.6 nM, respectively. The

values

value of 79 000 receptors per cell, with

25% high affinity I report in this study, agrees well with other studies on isolated
neutrophils (Kermode etal., 1991; Sklar ef a/., 1984; Koo etal., 1982).

The kinetics of the receptor for the two peptides do not agree but are comparable.
This is because of the different conditions and the different affinities of the two
peptides. In addition,

pH]-fMLF gave a higher, but inconsistent ^estimation of

receptor numbers than [^^®l]-fnLLFnLYK. This may be due to possible proteolysis
and cell agglutination, since 2x10® cells were used for [®H]-fMLF and 4x10® with
P"®l]-fnLLFnLYK.
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To date, two other groups have studied the murine FPR. Gao and Murphy (Gao and
Murphy, 1993) have cloned and expressed one muFPR isoform in Xenopus
oocytes, and Sasagawa and co-workers (Sasagawa etal., 1992) have studied the
chemotactic response of blood-isolated neutrophils to fMLF. The DNA sequence of
the most homologous muFPR to the huFPR is 76% identical and is published, while
the other five isoforms have between 54% to 67% homology. To characterise the
expression product of the muFPR Gao and Murphy (Gao and Murphy, 1993) co
injected oocytes with the muFPR transcript plus total RNA from undifferentiated HL60 cells, and assayed Ca^"^ efflux in response to fMLF, obtaining an EC

5 0

of lOOnM.

As a control they repeated the experiment with the huFPR mRNA transcript and
obtained an EC of 0.5nM. The EC of the expressed muFPR (lOOnM) agrees with
50

50

the pH]-fMLF binding studies (Ky 10 ®-10'^ M, see Figure 4.1), (Mitrophanous and
Charalambous, 1993)), and an EC

50

of 112nM for the competitive binding of fMLF

in the presence of [^^®]-fnLLFnLYK. Furthermore, Gao and Murphy (Gao and
Murphy, 1993) found a greater response when mRNA from undifferentiated HL-60
cells was co-injected, suggesting that additional co-factors were required that are
not present in oocytes.

However, fMLF-stimulated chemotaxis of murine

polymorphonuclear cells determined in a Boyden chamber indicated an EG

50

in the

micromolar range (calculated from Sasagawa ef a/s data (Sasagawa etal., 1992)).

A comparison of the FPR binding affinities to fMLF, determined by the direct binding
of radiolabelled peptide to the receptor, reveals that the huFPR has a high affinity
site (Kj

2

. nM) and a low affinity site (K^ 23nM) (Williams et al., 1977; Koo et al.,
2

1982). The lagomorph rabFPR has fMLF binding affinities of 0.4nM (high affinity)
and 5.8nM (low affinity) (Kermode et al., 1991; Ye et al., 1993), which are
approximately ten fold greater than the huFPR. Other workers have used the
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hexapeptide fnLLFnLYK to characterise huFPRs because it has an approximately
10-fold greater binding affinity (1.3nM with fnLLFnLYK - (Niedel et a/., 1979); 13nM
with fMLF binding - (Williams et al., 1977)). This means that lower ligand
concentrations can be used in the binding assay, reducing the nonsaturable binding
from 25 to 30% to 5 to 10%. In addition, this hexapeptide can be iodinated which
results in specific activities

1

to

2

orders of magnitude greater than tritiated peptides.

This means that lower numbers of cells can be used, resulting in decreased ligand
proteolysis and cell agglutination during the assay. Neidel and co-workers (Niedel
etal., 1979) reports an EC

50

of 1 3nM for the saturable binding of fnLLFnLYK, 10-

fold greater than Williams etal. (Williams etal., 1977). This value does not take into
account the presence of high and low affinity receptors. The approximated EC S for
50

binding would be about 0.2 to 0.4nM for the high affinity and 2 to 4nm for the low
affinity.

The relative potencies for other oligopeptides were established (Figure 4.9) and
found to be similar to that reported for the huFPR (Niedel etal., 1979), but different
from that reported for the rabFPR (Kermode etal., 1991). The relative potencies of
the peptides are as follows for muFPR: fnLLFnLYK > fMLF > fMLFK > fMLFF > fMF.
For huFRP they are: huFPR: fnLLFnLYK > fMLF > fMLFK (Freer et al., 1980). For
rabFPR they are; fMLFF > fMLF (Freer etal., 1982; Kermode etal., 1991).

Cytokine-differentiating FDCP cells, as indicated from the NBT assay of the
respiratory burst, the glass adherence assay, and the radiolabelled peptide binding
assays, begin to respond physiologically to N-formyl peptide stimulation after three
days, with a maximum response after six days, at which point the response
decreases, and may be indicative of apoptosis (Crompton, 1991).
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Although WEHI-3b cells are a monocyte derived cell line they expressed an FPR
(Kajigaya etal., 1990). The binding was lower than in the FDCP cells and this may
be due either to a different isoform of the receptor being expressed or that the cells
are only minimally expressing it.
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CHAPTER 5

HIGH STRINGENCY SOUTHERN BLOT
HYBRIDIZATION WITH huFPR

Screening of Murine Genomic DNA with huFPR
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5.1 Introduction

At the time this particular aspect of the project was begun little information was
available on murine FPR. Heyworth and co-workers had shown that FDCP cells
differrentiated to neutrophils expressed and a N-formyl peptide receptor (Heyworth
etal., 1990a). Probing the murine genome with the human huFPR probe revealed
one strongly hybridizing band Eco RI and with Hind\\\ (Bao etal., 1992). The
kinetic analysis of muFPR discussed in section 4 showed that, unlike the human
(huFPR) and the rabbit receptors (rabFPR) it had a low affinity for fMLF. By cloning
and sequencing muFPR a comparison between the different species may provide
a way to further characterize peptide binding. Studies using chimeras have shown
that there is no definitive domain for N-formyl peptide binding. Dramatic differences
are seen between huFPR and FPRL1 in fMLF binding, even though they are 69%
identical at the amino acid level. By using the kinetic data produced in this study in
conjunction with sequence comparisons the critical regions within the receptor for
peptide binding may be pinpointed and used in structure and function analysis.

Most of the chemoattractant receptors have been cloned by expression cloning. This
involves making cDNA out of mRNA isolated from a cell line expressing the gene of
interest. The cDNA is then ligated into an expression vector and appropriate cells
transfected with the constructs. These cells are then screened for the binding of the
labelled ligand of interest. This technique is not feasible for the cloning of murine
FPR because sufficient mRNA cannot be obtained from murine blood neutrophils.

In order to clone the murine FPR gene a restriction map was first constructed. This
provides information on the number of potential genes and their degree of homology
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to the probe being used. The mapping was done by Southern blot analysis with the
appropriate probe. The banding pattern obtained was also analyzed for the
restriction enzymes which would be suitable for cloning the gene. The gene can be
cloned either by screening a complete phage or cosmid library, or the band or bands
which give the strongest hybridization signal can be purified and subcloned into
appropriate vectors (plasmid or phage) to make a partial library. Positive clones can
then be sequenced to identify the gene.

As described earlier, the majority of chemoattractant receptor genes lack introns
within the open reading frame (ORF) but have at least one large intron between the
points of transcription and translation (Gao etal., 1993; Murphy etal., 1993; Gerard
etal., 1993; Mutoh et al., 1993; Libert etal., 1989). The few exceptions to this are
the tachykinin receptors which have multiple introns (Gerard et al., 1991b; Gerard
etal., 1991a). This information is useful for cloning the receptor ^esince a strongly
hybridizing band is more likely to contain the whole ORF than a gene containing a
number of large introns. Therefore, a partial library could be constructed with a high
probability of obtaining the entire coding region. By using a number of restriction
enzymes with different restriction sites, an appropriate band or bands could be
isolated and made into a partial library. Multiple digests could be carried out to
further characterize the gene.

5.2 Southern blot analysis of murine genomic DNA

Murine genomic DNA was prepared from non-differentiated FDCP, WEHI-3b cells,
and murine brain samples. Human genomic DNA was prepared from HL-60 cells to
be used as a positive control. Non-differentiated FDCP, HL-60, and WEHI-3b cells
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were used for genomic DNA preparations as these are easy to obtain in large
numbers. In addition cell lines give purer DNA as they contain less extracellular
protein as in the case of tissue samples. The genomic DNA from murine brain
samples was used to validate the DNA isolated from the murine cell lines FDCP and
WEHI-3b (data not shown).

FDCP genomic DNA was restricted with a variety of endonucleases. These were
size fractionated on a 0.7% w/v agarose gel and transferred by capillary action onto
nylon membrane. DNA probes were labelled with [a-^^P] dCTP by random priming
(see Section 2.5.7). Two probes were used. The first, P1, was a full length cDNA
clone of huFPR (a kind gift from P. M. Murphy) which includes upstream and down
stream untranslated DNA as well as the coding region (Murphy and McDermott,
1991),. The second, P2, was an Nco \/Pst I fragment (770bp) of the huFPR cDNA
coding region. High stringency washes were employed to identify the most
homologous sequences. Figure 5.1a shows a typical genomic digest sizefractionated on an agarose gel (Figure 5.1a). The gel contains DNA from the size
range of 3.0 to 30 kb. Larger sized DNA will not enter the agarose matrix. The DNA
was restricted by various enzymes to give a large number of fragments, which
appear as a smear of DNA. Xho I did not cut the DNA frequently, thus generating
large fragments which do not readily enter the gel (lane 5). The DNA was transferred
to a nylon membrane, probed with P , and autoradiographed (Figure 5.1b). The
2

human genomic DNA (positive control) when restricted with Eco RI and probed,
gave three fragments with the expected sizes of 5.7, 3.8 and 2.8 kb (lane 13). The
strongest hybridization band was the 2.8kb, which is the huFPR gene, FPR1. The
Hind III digest of murine DNA gives six large bands from 11.0 to 3.0 kb of which the
7.8kb band gave the strongest murine signal (lane 3). No hybridization to the A
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markers was seen, indicating that the binding was specific. The hybridization pattern
seen with Eco RI and Hind\\\ restricted murine DNA digests matches that published
by other groups (Bao et al., 1992). To further characterize the murine genome with
respect to FPR different enzymes were used. Figure 5.2a shows another set of DNA
digests. The DNA was DNA transferred to a nylon membrane, probed with P I , and
autoradiographed (Figure 5.2b). Tables 5.1 and 5.2 give a summary of the
hybridization patterns obtained with single and double digests, respectively. The
figures in bold indicate the bands which gave the strongest signals and are thus
more homologous to huFPR. The different enzymes generate many bands which
add up to a gene greater than 1kb (the size of the expected ORF) indicating that
there may be more than one copy of the murine FPR gene; multiple copies of a
single gene; or a number of isoforms. There is also the possibility of large introns.
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Figure 5.1 Genomic mapping using P2
(A). Size fractionation of genomic DNA restricted with a variety of endonucleases.
Lane 1, XJHind III markers, lane 2, Eco Rl, lane 3, Hind III, lane 4, Eco R\/Hind III,
lane 5, Xho I, lane , XJHind III markers, lane 7, XJHind lll/Eco Rl markers, lane ,
Eco RMXho I, lane 9, Pst I, lane 10, Pst MXho I, lane 11, XJHind III markers, lane
12, Pst \IHind III, lane 13, Hind lll/Eco Rl, lane 14, human/Eco Rl and lane 15,
XJHind III markers. All the digests were of FDCP genomic DNA except lane 13
which was HL-60 genomic DNA. 15pg of genomic DNA was used.
6

8
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Figure 5.1 Genomic mapping using P .
^
(B). Autoradiograph of sSuthern blot probed with P . The lan^s contents are
as described in Figure 5.1a.
2
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SIZE (kb)

ENDONUCLEASE

Human

E g o Rl (G^AATTC)

5.7, 3.8, 2.8.

Murine

Bam HI (G^GATCC)

19.0, 17.0, 15.0, 7.5, 6.0, 2.6, 1.8, 1.0.

Murine

E g o Rl (G^AATTC)

17.0, 8.0, 7.6, 7.3, 2.6.

Murine

HindlW (A^AGOTT)

12.0, 8.7, 7.8, 4.5, 4.0, 3.6

Murine

Hpa II (C^CGG)

DNA ~ 30-8kb.

Murine

Psf 1(GTGCA^G)

12.0, 8.5, 7.6, 7.4, 5.7, 1.5, 1.0.

Murine

Satv 3AI (AGATC)

1.5, 1.4, 0.9, 0.5.

Murine

Sea 1 (AGTAACT)

11.0, 7.9, 6.0, 4.8, 0.9.

Murine

Sm i (AGG^CCT)

11.0, 6.0, 4.2, 2.6.

Murine

Taq 1 (T^CGA)

20.0, 9.5, 7.5, 5.5, 2.7.

Murine

Xba 1(T^CTAGA)

15.0, 9.5, 8.0, 7.0, 4.5, 3.2, 3.0, 2.2.

Murine

Xho 1(O TCG AG )

Above 30kb.

Table 5.1 Restriction patterns obtained with single digests of murine DNA.
Genomic DNA was restricted with a variety of endonucleases and size
fractionated on 1.0 to 0.7% w/v agarose gels. The bands were sized using
the hybridization pattern generated by Eco Rl restricted human genomic DNA
as markers (5.7, 3.8 and 2.8 kb). The figures in bold indicate the bands which
gave the strongest signals and are thus more homologous to huFPR.
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SIZE (kb)

Murine

Bam H\/Hind III

7.9, 3.2, 2.6, 2.3.

Murine

Bam HUEco Rl

16.0, 7.5, 7.0.

Murine

Bam Hl/Psf 1

11.0, 8.0, 7.6, 6.2, 5.9, 5.4, 4.5, 3.6, 3.4,
1.5,1.1.

Murine

E g o R\/Hind\\\

7.8, 5.6, 3.4, 2.2.

Murine

E g o Rl/Sca 1

15.0, 7.6, 6.2, 6.0, 3.8, 1.7, 1.4, 1.2, 1.1.

Murine

E g o Rl/Pst 1

12.0, 7.8, 7.2, 6.2, 6.0, 5.9, 2.6, 1.0.

Murine

E g o R\/Xho 1

19.0, 8.5, 7.4, 2.6.

Murine

H/nd lll/Eco RV

9.0, 8.0, 4.5, 4.2, 3.6.

Murine

Hind lll/A/co 1

9.0, 8.0, 4.5, 4.2, 3.6.

Murine

Hind \\\I Pst \

6.0, 5.6, 4.0, 2.4, 1.2,1.1.

Murine

Hind WUSpe 1

6.2, 4.5, 3.5, 2.5, 2.3.

Murine

Hind IW/Stu 1

6.2, 4.4, 3.8, 2.8, 2.7, 2.5.

Murine

Hind IW/Xba 1

8.0, 4.5, 3.7, 2.6, 2.4.

Murine

Pst l/Sca 1

3.8, 1.4, 0.9.

Murine

Pst y Xho 1

12.0, 7.6, 5.9, 5.7, 1.5, 1.0.

Table 5.2 Restriction patterns obtained with double digests of murine DNA.
Genomic DNA was restricted with a variety of endonucleases and size
fractionated on 1.0 to 0.7% w/v agarose gels. The bands were sized using
the hybridization pattern generated by Eco Rl restricted human genomic DNA
as markers ( . , 3.8 and 2.8 kb). The figures in bold indicate the bands which
gave the strongest signals and are thus more homologous to huFPR.
5

7
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Figure 5.2 Genomic mapping using PI
(A). Size fractionation of genomic DNA restricted with a variety of endonucleases.
Lane 1, Pst I, lane 2, Eco Rl, lane 3, Eco R\/Pst I, lane 4, Eco Rl/Bam HI, lane 5,
Eco RUHind III, lane ,Eco R\/Xho I, lane 7, Pst \/Xho I, lane , X/Hind III markers,
lane 9, Pst \/Hind III, lane 10, Pst \/Bam HI, lane 11, Pst l/Sca I, lane 12, Eco
Rl/Sca I, lane 13, Sea I, lane 14, human/Eco Rl and lane 15, X/Hind III markers.
All the digests were of FDCP genomic DNA except lane 14 which was HL-60
genomic DNA. 15pg of genomic DNA was used.
(B). Autoradiograph of southern blot probed with P2. The lanes contents are as
described in Figure 5.2a.
6

8

Screening of Murine Genomic DNA with huFPR

149

5.3 Restriction enzyme mapping of murine genomic DNA

Since murine DNA from FDCP, WEHI-3b and brain DNA gave identical restriction
patterns (data not shown), and as it was easier to obtain large amounts of DNA from
WEHI-3b, cells these were used. To establish which bands the coding region probe
(P2) hybridizes, and which hybridize to both the upstream, downstream, and coding
regions (P1), further experiments were carried out. This would give an indication of
the length of the entire gene not just the open reading frame. Digests were scaled
up from 15pg to 30pg and the samples loaded onto an agarose gel (Figure 5.3a).
The Hind III band of 7.8kb

again hybridized strongly (Figure 5.1 b lane 3) and

I therefore decided to construct a partial library of this size region of DNA. HindWl
digests were carried out with other enzymes to give a smaller and more easily
clonable fragment. The restricted DNA was size-fractionated in duplicate on a 0.7%
w/v agarose gel and transferred by capillary action to nylon membranes and cut into
two. The two membranes were then probed with PI and P2 and autoradiographed
(Figure 5.3b). The agarose gel shows the same DNA pattern between the two sets
of samples. However, the autoradiograph shows some differences. The HindWUStu
I gave two extra hybridization bands, a 3.8 and 2.5 kb when probed with PI as
compared to P . In general though the differences are very few. Table 5.3 gives a
2

summary of the differences between PI and P2.
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Figure 5.3 Genomic mapping using PI and P .
(A). Size fractionation of genomic DNA restricted with a variety of endonucleases.
Lane 1, human/Eco Rl, lane , HindlW, lane 3, Eco Rl, lane 4, Hind Ill/Spe /, lane
5, Hind lll/A/co I, lane , Hind lll/Eco RV, lane 7, Hind \\\/Xba I, lane , Hind
Ill/Earn HI, lane 9, Hind\\\/Stu I, lane 10, K/Hind III markers, lane 11, X/Hind III
markers, lane 12, human/Eco Rl, lane 13, H/nd III, lane 14, Eco Rl, lane 15, Hind
Ill/Spe /, lane 16, Hind\\\/Nco I, lane 17, Hind lll/Eco RV, lane 18, HindWl/Xba I,
lane 19, Hind Ill/Earn HI, lane 20, Hind \\\/Stu I, 15pg of Wehi-3b DNA was used.
(B). Autoradiograph of southern blot. The lanes contents are as described in
Figure 5.3a. The left blot was probed with P2 and the right with P I .
2

2
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DNA
Human

ENDONUCLEASE
Eco Rl

PROBE 1 (PI)
8.0. 7.5. 5.7. 3.8.
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PROBE 2 (P2)
5.7, 3.8, 2.8.

2.8.
Murine

E go Rl

17.0, 8.0, 7.6, 7.3,
2.6.

17.0, 7.6, 7.3, 2.6.

Murine

Hind \\\/Stu 1

6.2. 4.4. 3.8. 2.8.
2.7, 2.5.

6.2, 4.4, 2.7, 2.5.

Table 5.3 Comparison of PI and P2 banding patterns. The figures in bold
indicate the bands which gave the strongest signals and are thus more
homologous to huFPR.
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The digests with HindlW/Xba I, HindWUBam HI and HindWl/Stu I (Figure 5.3, lanes:
7,

8

, 9 and 18, 19, 20) with both probes gave an unusually strong hybridization

signal in the size range of 3.4 - 4.0 kb. During the purification of genomic DNA,
no RNA usually co-purifies. However, in this case some RNA may have done
so leading to the unusually strong hybridization bands. Normally an RNAse step is
not necessary and so is not done. To produce long

I and intact genomic DNA the

less manipulation of it the better. To determine whether it was an mRNA
contamination, the DNA was RNAse treated and an identical set of digests were
carried out and probed with P I . Figure 5.4a shows the agarose gel and Figure 5.4b
shows the autoradiograph. The strongly hybridizing band found in Figure 5.3 is
absent, indicating that the band was due to mRNA and not to murine genomic DNA.
The band may have been a contaminant from some of the plasmid containing the
huFPR probe, but this seems unlikely since the DNA in all the lanes came from the
same DNA preparation and the hybridized band was absent in the single digests of
the same enzymes.
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Figure 5.4 Genomic mapping of WEHI-3b DNA after an RNAase step.
(A). Size fractionation of genomic DNA restricted with a variety of endonucleases.
Lane 1, K/Hind III markers, lane 2, human/Eco Rl, lane 3, Hind III, lane 4, Xba I,
lane 5, Bam HI, lane , Stu I, lane 7, Hind\\\/Xba I, lane , Hind Ill/Bam HI, lane
9, Hind\\\/Stu I and lane 10, K/Hind III markers. The blot was probed P I.
(B). Autoradiograph of southern blot. The lane contents are as described in
Figure 5.4a. The blot was probed with P I .
6
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5.4 Construction of a Partial Murine Genomic DNA Library

A partial genomic library was constructed using plasmid vectors. The upper size limit
for transforming bacteria with plasmids is ~

1

2

kb and, since pUC19 is 2.7kb,

fragments of up to 7-8 kb can be cloned. Plasmid libraries are easier to screen since
fewer steps are required in their construction and screening as compared to phage
or cosmid libraries.

Four hybridized bands were purified: 8.7 and 7.8 kb identified from a HindWl digests,
and 7.6 and 5.7kb identified from a Pst I digest. Figure 5.1 lanes 3 {Hind III) and 9
(Pst I) shows the bands to be cloned.

5.4.1 Isolation of genomic j^raaments
30pg of genomic DNA was digested with each of Hind III and Pst I, and sizefractionated on a 0.7% w/v agarose gel (Figure 5.5). The bands were cut out of the
gel and purified (see Section 2.7.1). To confirm the presence of the band which
hybridized the probe a tenth of the sample was loaded onto a gel size-fractionated
(Figure 5.6a), transferred by capillary action to nylon membranes, and probed with
P2 (Figure 5.6b). To increase the chances of isolating the coding regions, P2 was
used instead of P I. Lanes 2 and 3 contain the Pst I 5.7 and 7.6 kb bands,
respectively. Lanes 4 and 5 contain the HindlW 7.8 and 8.7 kb, respectively. The Pst
I purification was the more successful as there is a slight cross contamination of the
two Hind III bands with each other.
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Figure 5.5 Purification of DNA for library construction.
Lanes 1 and 2 contain Pst I digested DNA, lane 3 contains h/HInd
and lanes 4 and 5 contain HindWl digested DNA.

markers,
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Figure 5.6 Characterizing purified DNA.
(A). Size fractionation of purified genomic DNA. Lane 1, K/Hind III markers, lane
2, Pst I 5.7kb, lane 3, Pst I 7.6 kb, lane 4, Hind III 7.8kb, lane 5, Hind III 8.7kb,
lane , huFPR (positive control).
(B). Autoradiograph of Southern blot. Lanes areas in Figure 5.6a. Probed with P2.
6
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5.4.2 Subcloning into plasmid
The purified DNA restriction fragments were cloned into pUC19 which had been cut
with either Hind III or Pst I and the S' ends and dephosphorylated to prevent self
ligation (see Section 2.7.4.).

5.4.3 Screening of plasmid library
To identify colonies containing clones of muFPR, colony hybridization with P was
2

carried out (see Section 2.8). This involved the plating of bacteria containing the
pUC19 recombinant on an agar plate with ampicillin and incubating overnight to give
bacterial colonies. These colonies were transferred to a nylon membrane and the
DNA fixed after cell lysis. The DNA was analyzed by hybridization with P2. The
original culture plate was left to regrow and any positive colonies identified by the
screening could then be picked and re-screened (see Section

2

. ). From 3 000
8

colonies 200 positive clones were identified. These were re-screened after streaking
onto a nylon membrane (Figure 5.7). Both a negative (plasmid with no insert) and
a positive (pBluescript containing huFPR) were also placed onto the filter. The
negative control gave a very weak signal as compared to the positive.
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Figure 5.7 Screening of Plasmid Library.
Two filters containing colonies from four ligations (Figure 5.6). Positive and
Negative colonies are marked.
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The final screening involved preparing plasmid DNA from the strongly hybridizing
clones and digesting it with HindWUEco Rl in order to excise the insert. These were
then size-fractionated on a 0.7% w/v agarose gel (Figure 5.8a). Lanes 2 to
lanes

8

6

and

to 10 are digests of plasmid containing the Hind III 7.8kb band. Lanes 11,

12 and 14 to 18 are digests of plasmid containing the HindlW 8.7kb band. Lanes 21
to 24 are digests of plasmid containing the Pst I 7.6kb band. Lanes 26, 27 and 29
to 31 and 32 to 34 and 35 to 36 are digests of plasmid containing the Pst I 5.6kb
band. Only inserts of up to 5kb have been cloned with the majority being 3 to 4 kb
in length. This was probably due to the low transformation efficiency of large plasmid
constructs. The DNA was transferred by capillary action and probed with P2 (Figure
5

. b). Several strongly hybridizing bands are visible in addition to the vector DNA
8

(2.7kb). The vector

hybridized because a slight contamination of the probe with

vector DNA occu|;ed even though the probe was size-fractionated and purified. No
hybridization to the A phage DNA markers was visible. In contrast the probe
hybridized to the plasmid. This is probably due to a contaminant, in the probe,
present from the probe purification from its plasmid. Both plasmids contain the lac
Z gene sequences. The non-plasmid bands which gave strong hybridization signals
were partially sequenced (data not shown). None of these bands had any homology
to any FPRs known or to any other sequences in the EMBL database.
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Figure 5.8 Screening recombinant plasmids.
(A). Size-fractionation of plasmid DNA restricted with HindWl/Eco Rl.
Lanes 2 to and lanes to 10 are digests of plasmid containing the Hind III
7.8kb band. Lanes 11,
and 14 to 18 digests of plasmid containing the
Hind III 8.7kb band. Lanes 21 to 24 are digests of plasmid containing the Pst
I 7.6kb band. Lanes 26, 27, 29 to 31, 32 to 34 and 35 to 36 are digests of
plasmid containing the Pst I 5.k band. Lanes 1 and 37 are K/Pst I markers.
Lanes 7, 20, 21 and 33 are K/Hind lll/Eco Rl markers. Lanes 14 and 28 are
K/Hind\\\ markers.
(B). Autoradiograph of Southern blot. The lane contents are as described in
Figure 5.8a. The blot was probed with P2.
6

8

1 2

Screening of Murine Genomic DNA with huFPR

161

5.5 Construction of other murine genomic libraries

Figure 5.9 and Figure 5.10 show other attempts at making a library. Figure 5.9
shows the pattern obtained with three endonucleases having a recognition site of
four bases {Sau 3AI, Taq I and Hpa II). These enzymes were used to produce a
phage library. Sau 3AI partially cut DNA was size fractionated on a sucrose gradient
to obtain 10 - 20kb fragments (Figure 5.10) for the construction of a A phage library.
Only 1x10® plaques were obtained in total. After carrying out several screenings
with P2 no positive clones were identified.

Additional libraries were constructed in phage vectors, using DNA purified by
sucrose gradients and electroporation, but these also led to the cloning of
unidentifiable DNA. Finally, a murine cosmid library was screened but at this time
the sequence of murine FPR was published (Gao and Murphy, 1993).

As an alternative strategy, PCR primers were designed from the published
sequence and used to attempt the amplification of the gene from murine genomic
DNA. This would then be used in the characterization of the FDCP expressed FPR
(see Section 6.3).
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Figure 5.9 Genomic mapping with frequent cutting endonucleases.
Autoradiograph of Southern blot. Lane 1, A/H/ndlll markers, lane 2, human/Eco
Rl, lane 3 to lane , Sau 3AI (0.4, 1.2, 3.0, 8.0, 10.0 and 12.0 units), lane 9 to 13,
Taq I (0.4, 1.2, 3.0, 8.0 and 12.0 units), lane 14 to lane 18 Hpa II (0.4, 1.2, 3.0,
8.0 and 12.0 units) and lane 19 A/H/ncf III markers. ISpg of FDCP DNA was used.
The digests were carried out for one hour and then the reaction was stopped. The
blot was probed with P I .
8
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Figure 5.10 Size-fractionation of genomic DNA on a sucrose gradient.
Lanes , 12 and 16 are hlHind III markers. Lanes to , 13 to 15 and 17 to
20 contains fractions from the sucrose gradient on which genomic DNA partially
cut with Sau 3AI was fractionated.
7
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5.6 Discussion

To characterize and enable the cloning of the murine FPR gene, genomic DNA was
restricted with a variety of endonucleases, Southern blotted, and analyzed with the
two probes P1 and P2. Human genomic DNA digested with Eco Rl gave three
bands of 2.8, 3.8 and 5.7 kb as expected (Murphy et a/., 1992). These three
correspond to huFPR, FPRL1, and FPRL2, respectively. The hybridized human
genomic DNA provided a positive control and the A phage markers acted as a
negative control.

There has only been a single publication on the analysis of murine genomic DNA
with the enzymes Eco Rl, Pst\ and Hind\\\ (Bao etal., 1992) and this data was not
very clear. The Eco Rl digest gave a single faint band of approximately 12kb, the
Hind III two faint bands of 7 and

6

kb, and the Pst I digest gave no hybridization.

Endonucleases cut DNA with a frequency dependent on their recognition site. The
DNA is infrequently cut with endonucleases, having a recognition site containing a
cytosine/guanosine (CpG) doublet (Hpa II and Xho I) (Maniatis etal., 1982). This is
because mammalian DNA contains methylated cytosine ('"®C) residues. These are
mainly found at the 5' end ofj guanosine residues. This méthylation is highly celltype specific. The hybridization pattern obtained with Hpa II and Xho I indicates that
the DNA used is highly methylated at these doublets as these enzymes have a GC
recognition sequence and they restricted the DNA infrequently.

When these enzymes are used in double digests they enhance the bands that
would be obtained from singe enzyme digests. This is because they cut the DNA
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into large pieces (greater than 30kb) and so grant other endonuclease better access
to the DNA.

The two probes generated very similar hybridization patterns. This is probably due
to the method used: random primed labelling. This method involves the synthesis
of probe DNA with a radiolabelled nucleotide. But, because DNA polymerase only
acts in a S' to 3' direction, the amount of probe made from the 3' end would be under
represented. Also the S' untranslated region is ~60bp and the 3' is ~200bp, as
compared to the lOSObp coding region. The coding region would therefore generate
more probe.

At least six putative murine FPR genes were identified with the Hind III digests by
high stringency hybridization analysis. This was because of the large band sizes
detected. However, this could also be due to the presence of large introns. The PCR
results (see Section 6.3.3) would indicate that no introns are present in muFPR, but
that they may be present in the other five putative genes. After sequencing the
muFPR genes, Murphy and co-workers analyzed them for introns and exons (Gao
and Murphy, 1993). They found that the entire reading frame is in one exon, as is
the case for the human FPR genes (Bao etal., 1992). Figure S.1b shows that Hind
III generates six bands of 11.0, 9.S, 6.7, 4.4, 3.8 and 3.0. Since the coding region
of muFPR is only 1.Okb and due to the fact that six genes have been found to have
a high homology to huFPR (S4% to 76%), it is highly probable that the six Hind III
bands correspond to the six genes. Since the 7.8kb gave the strongest hybridization
signal when compared to the other bands it is probably muFPR (76%) (Gao and
Murphy, 1993). Because high stringency conditions were used, signal strength
correlates with the degree of homology between the probe and the target DNA.
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The construction of a cDNA library was ruled out because of the difficulty in isolating
enough messenger RNA. For a cDNA library at least 10pg of cDNA is required.
Assuming 100% efficiency in the reverse transcriptase this means lOpg of mRNA.
A typical cell has 10'^pg of mRNA. Therefore 10® cells are required. This is too
difficult to isolate from mice and it was too prohibitive to produce them by the in vitro
system used in these studies. In the in vitro system typically 5x10® cells.mM can
be obtained (see section 3.2, Figure 3.3). To obtain lOpg of mRNA, 200mls of these
cells would be needed. Since only approximately 80% of cells are neutrophils (see
Section 3.4.2, Figure 3.6), and more than lOpg of mRNA would realistically be
needed, the amount of cytokines required to differentiated enough cells would be
prohibitive.

The library construction using plasmid was not successful because bacteria can only
be transformed with a high efficiency by small plasmids. This biased the transformed
colonies to recombinant plasmids with small inserts. Only a few of the plasmids
contained inserts above 4kb. A phage vector should overcome this problem, so the
construction of a partial phage library was also attempted using HindlW restricted
DNA fragments.

However, this too was unsuccessful in isolating the 6.7kb Hind III band from a gel.
This method would only give a twenty times increase in purification over a total
genomic; library. The HindlW restricted genomic DNA was size-fractionated over
10cm of an agarose gel. 0.5cm of this contained the 6.7kb Hind III fragment. For a
genome size of 3 x 10®bp, 3x10® clones have to be screened if the gene is 1.Okb
in size. Because of the additional inefficiency in cloning DNA purified from agarose
gels (due to damaged DNA termini) the number of clones to be screened would still
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be in the order of 10®. So although there is a theoretical advantage in screening a
partial library in practise there is not a great deal of difference to that of screening
a complete genome library. This is because because there were six genes and
assuming Ikb in length only 5x10® clones would need to be screened to obtain a
clone. In fact it was this method which was used to clone the murine FPR genes
(Gao and Murphy, 1993).

In hindsight, the construction of a partial library should not have been attempted.
The gene which was cloned by a group headed by Murphy (Gao and Murphy, 1993),
was isolated by screening 1x10^ plaques. Nineteen positive clones containing six
putative genes (of which only one has been published) were isolated. It was
therefore consistent with this that the phage library constructed, which contained
only lO^^plaques, was unsuccessful.
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PCR Cloning of muFPR

6,1. Introduction

The aim of this aspect of the project was to determine the primary structure of the
murine FPR by cloning and sequencing the gene. Work had been carried out to
characterize the receptor at the protein level, but because of the two different
affinities demonstrated by FPR it, was not known whether it was a single receptor
or two and whether it was a single polypeptide or i

multiple polypeptides.

HL-

60 differentiated to neutrophil-like cells were to be used to isolate the human FPR
and N-terminal sequence it. The human FPR cDNA could then be cloned by
screening a cDNA library made from differentiated HL-60 cells. This sequence
information could be used to PCR amplify the FPR gene from murine genomic DNA
or screen a murine genomic library.

The human FPR gene was cloned by another group just before the work was begun
(Boulay et, a!., 1990a). The sequen^ information was therefore used to design PCR
primers in order to clone the human FPR gene. This could be used to screen a
murine genomic library (see Section 5) and attempt to isolate the murine FPR gene.

6.1.1 Cloning of the human FPR (huFPR)
The human leukemic cell lines, HL-60 and U937, have been used to study the
receptors which bind chemotactic factors (Collins at al., 1977; Harris and Ralph,
1985). They can be differentiated to neutrophil-like cells with dibutyryl-cAMP.

In 1990 two huFPR cDNA clones (fMLP-R98 and fMLP-R26) were isolated from a
cDNA library constructed from HL-60 neutrophil mRNA (Boulay etal., 1990a). fMLPR26 differed from fMLP-R98 in the following respects: the 5' untranslated region of
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fMLP-R98 showed a 16bp deletion at position -39 as compared to fMLP-R26; the
sequence also diverged in the S' untranslated region, at position 1175 and 12191220 (see Appendix 2). In addition, the S' untranslated sequence of fMLP-R98 was
extended by 661 bp. In the coding region there were two base substitutions C to G
at position SOI and C to A at position 10S7, resulting in the replacement of Va^^
and Glu^^® in fMLP-R26 by Leu'°' and A la ^ in fMLP-R98.

In 199S another cDNA clone of huFPR was isolated from U9S7 cells, differentiated
to neutrophils, and designated UF1 (Haviland etal., 199S). UF1 had an extra 16bp
on the S' untranslated sequence as compared to fMLP-R98 and fMLP-R26. In
addition it had a combination of the variations found in fMLP-R98 and fMLP-R26.
UF1 was identical to fMLP-R26 in the S' untranslated sequence, the nucleotide SOI
(non-silent variation) and was polyadenylated at the same nucleotide position. UF1
was identical to fMLP-R98 at the nucleotide position 10S7 (non-silent variation) and
at position 117S (base pair deletion). All the cDNAs encoded for a SSO amino acid
polypeptide. The differences between fMLP-R26, fMLP-R98 and UF1 are assumed
to be due to allelic variations and that the only non-allelic difference, the additional
S' untranslated sequence of fMLP-R98, is due to different polyadenylation of the
primary transcript (Haviland etal., 199S; Murphy etal., 199S). The differences are
thought to be allelic variations as genomic and Southem mapping data demonstrate
a single-copy gene with no evidence for multiple coding exons. In addition I have
established, through PCR, that there are no introns within the coding region of the
FPR gene. In 1992 De Nardin and co-workers published the same observation (De
Nardin etal., 1992).
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The gene for FPR was designated FPR1 and its gene product huFPR (Murphy et
a!., 1992). The structural organization of the huFPR gene was established by two
groups; Haviland and co-workers, and by Murphy and co-workers. Haviland and co
workers showed that the gene is approximately 7.5kb in length with two exons
separated by a 5.0kb intron. Exon one encodes 66bp of the 5' untranslated
sequence and exon two encodes 11 bp of the 5' untranslated sequence, the coding
region and the 3' untranslated sequences (Haviland etal., 1993). Murphy and co
workers showed that the gene is organized over 6kb with three exons and two
introns. The coding region was found to be 4909bp form the transcription start point
and consisted of three exons and two large introns (Murphy etal., 1993). Thus, the
5kb intron found by Haviland and co-workers was shown by Murphy and co-workers
to contain another exon.

6.1.2 The cloning of human FPR homologues
In 1992 a homologue to huFPR was identified from a cDNA library constructed from
HL-60 neutrophil mRNA by two groups. Ye and co-workers isolated a 1.65kb
transcript having a 69% homology, in the ORF, to huFPR encoding a polypeptide
of 351 amino acids (Ye et al., 1992). Murphy and co-workers isolated a 2.6kb
transcript having a 69% homology, in the ORF, to huFPR encoding a polypeptide
of 351 amino acids (Murphy etal., 1992). The only differences between the clones
from the two groups was an extra 733bp in the 5' untranslated sequence and 256bp
in the 3' untranslated sequences. The coding region was identical. This clone was
designated FPRL1 and its gene FPRL1 (FPRL1 - human formyl peptide receptor
like-1).
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Through screening of genomic DNA with huFPR and FPRL1 another putative gene,
designated FPRL2, was identified. Ye and co-workers also found a third transcript
expressed by neutrophil HL-60 cells possibly FPRL2. Murphy and co-workers did
not identify any transcripts that could be FPRL2 even though they followed the same
basic procedure. In the same year Bao and co-workers isolated three clones using
a human genomic library (Bao et a/., 1992). They isolated and sequenced these
clones which they designated FPRH1 and FPRH with homology to huFPR of 69%
2

and 56%, respectively. FPRH1 has 98% homology with FPRL1. There is an amino
acid change in FPRL1 from Ser^® to Thr^® and ThF^ to an Ala^®®, as compared to
FPRH1. In addition, FPRL1 has an extra Gly at position 264. This would indicate
that FPRL1 and FPRH1 are allelic variants and that FPRH2 is probably the FPRL2
identified by Ye and co-workers and by Murphy and co-workers. The FPR genes
cluster at chromosome 19q13.3 (Gerard etal., 1993).

6.2 Cloning of Human FPR (huFPRI

The method chosen to clone the human huFPR gene was a polymerase chain
reaction (PCR) procedure using degenerate primers (Saiki etal., 1985). PCR is an
in vitro method of generating sufficient quantities of DNA for cloning. It allows for the
physical separation of any particular sequence of interest from its context, and then
provides for an in vitro amplification of this sequence which is virtually without limit.
It can provide enrichment of a specific DNA fragment by a factor of 10®-10® fold
(Saiki et al., 1986). The ability of oligodeoxynucleotides to bind tightly and
specifically to their complementary nucleic acid sequences, discriminating between
hundreds of thousands of sites, accounts for the success of PCR. The process
involves replicating a specific segment of DNA by repetitive cycles of melting the
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DNA, annealing a set of primers that flank the DNA fragment to be amplified, and
DNA synthesis/extension from these primers with a DNA polymerase. The primers
anneal to opposite strands of the target DNA, and are orientated so that DNA
synthesis proceeds across the region between the primers. Each cycle of
amplification doubles the amount of target DNA synthesised, since the extension
products are complementary and capable of annealing to the primers. This results
in an exponential production of DNA, (approximately 2", where n is the number of
cycles). Further, the use of a thermostable polymerase has allowed the process to
be automatically cycled without additions of fresh polymerase after each thermal
dénaturation step (Saiki eta!., 1988).

Although PCR is a very powerful and rapid procedure circumventing the need to
construct a library, screen it and then identify and clone the gene into a suitable
vector, it is prone to two main disadvantages. The first is the infidelity and error rate
of the Taq polymerase, which is about 1 in 400 bases after 30 cycles. The second
is the possibility of DNA contamination in the reaction mixture, particularly if similar
sequences of target DNA are used. Due to the possible presence of intron
sequences in eukaryotic genomic DNA, another difficulty in PCR cloning may be the
length of DNA to be amplified. Reliable PCR can only occur over a length of
approximately 3kb.

The success of PCR is dependent on the production of a specific band. Multiple
bands due to non-specific priming can effect the subsequent PCR cycles, DNA
analysis of the bands, and subcloning of the correct fragment. To reduce this
problem, the specificity of the primers to their target sequences should be optimized.
Of particular importance is the concentration of both the magnesium ions and the

PCR Cloning of muFPR

174

primers. Decreasing the magnesium ion concentration increases the specificity of
annealing. Magnesium ion concentrations at around 1 to 5 mM are normally used.
In addition, the primer and nucleotide concentration can be lowered but these tend
to reduce the yield. The temperature of annealing provides a cruder method of
increasing specificity.

To prevent any primer/DNA complexes which form at low temperatures, and are
thus non-specific, from being extended 'hot start' PCR can be used (D'Aquila et al.,
1991) (see Section 2.6.7). All primer sets were optimised with respect to primer
concentration and especially magnesium ion concentration as this was found to be
the most important factor in specificity. Figure 6.1 shows the approximate positions
of the primers chosen in relation to the coding region of huFPR.
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361AF

360CV

Figure 6.1 The positions of primers used in this study.
The arrows in red represent primers with degeneracies. The arrows in green
represent primers with inosine. The arrows in black represent primers with no
degeneracies or inosine.
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With the availability of the DNA sequence of human FPR it was possible to amplify
the gene by PCR. The strategy employed was to make cDNA from differentiated HL60 messenger RNA using a fifteen base thymidine oligonucleotide (Oligo d l) primer.
This was subsequently used as target for a PCR reaction using a primer specific to
the 5' end of the huFPR gene FPR1 and the Oligo dT primer. The final step would
be to clone the amplimer obtained and to confirm its identity by DNA sequencing.

6

.

2 . 1

cDNA Synthesis

As described in section 3, HL-60 cells express FPR when differentiated to
neutrophil-like cells. Total RNA was isolated from both differentiated and non
differentiated HL-60 cells. The non-differentiated RNA was used as a negative
control. The total RNA (200ng) was reverse transcribed using Oligo dT. The
resultant cDNA was labelled by adding 10% of the total dATP as ^^P-dATP.
Following the reverse transcriptase step, a sample of the reaction was sizefractionated on a 1.0% w/v agarose gel (Figure 6.2a). Only the samples in lanes 3
and 7 contained reverse transcriptase. Lanes 2 and

6

acted as negative controls.

From the agarose gel it is clear that the reverse transcriptase step generated DNA
spanning sizes of 0.1 to 4 kb as compared to the negative controls

(reverse

transcriptase). The ribosomal RNA is clearly visible and indicates that no RNAses
were present in the reaction. When this agarose gel was autoradiographed, the
incorporation of ^^P-dATP, and hence the synthesis of cDNA, could be seen in lanes
3 and 7 (Figure 6.2b). There were equal amounts of total RNA in the reverse
transcriptase reactions, but the autoradiograph indicates that much more cDNA has
been synthesised from the differentiated RNA than the non-differentiated RNA. This
means that a smaller percentage of the total RNA is present as mRNA in nondifferentiated cells. Since the transcripts for FPR are known to be 1.6-1.7, 2.3 and
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3.1 kb in length (Boulay et a/., 1990a) the cDNA produced was of the required
length.
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$

Figure. 6.2 (A). cDNA synthesis of non-differentiated and differentiated HL-60
total RNA.
Lane 1 , 4 , 8 contains k Hind III markers; lane 5 contains k Bgl II. Lanes and
3 contain total RNA from non-differentiated HL-60 cells. Lanes and 7 contain
total RNA from differentiated HL-60 cells. Lanes 3 and 7 contain material with
reverse transcriptase. All the samples had ^^P-dATP. Only lanes 3 and 7
contained reverse transcriptase.
2
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Figure 6.2 (B). Autoradiograph of cDNA synthesis of non-differentiated and
differentiated HL-60 total RNA. Lanes as in Figure 6.2a: lane 1 , 4 , 8 contains
A Hind III markers; lane 5 contains A Bgl II. Lanes 2 and 3 contain total RNA
from non-differentiated HL-60 cells. Lanes
and 7 contain total RNA from
differentiated HL-60 cells. Lanes 3 and 7 contain material with reverse
transcriptase. All the samples had ^^P-dATP. Only lanes 3 and 7 contained
reverse transcriptase. Film exposed for 48 hours.
6
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6.2.2 Amplification of cDNA with degenerate primers
Primers were designed for the 5' and 3' ends of the coding region. The primer
corresponding to the 5' end was designated METN and should anneal to position
1 to 12. Certain degeneracies were added to the oligonucleotide thus allowing |for the
possibility of using this primer to clone the gene from other species which might
have similar DNA sequences as does FPR at their 5' ends. This is based on the fact
that the Pg-^drenergic receptor family shows homologous 5' and S' termini (see
Appendix 3). In addition to the METN primer, another primer NLAVA, was designed,
which corresponded to the conserved region 210 to 195 (based on sequence
alignments between the chemotactic complement CSa receptor and FPR). The
NLAVA primer also contained degeneracies as it was to be used for the cloning of
other chemotactic receptor genes such as the PAF and LTB, receptors. The fifteen
base oligonucleotide, Oligo dT was chosen for the 3' primer. This corresponds to the
3' end of all mRNA transcripts having a polyadenylated tail and would also anneal
at position 1205 to 1220 of huFPR. Like METN and NLAVA,this could also be used
to clone FPRs from other species.

The primer sequences are shown below. The numbers on the right hand-side refer
to the position of the nucleotides with respect to the open reading frame. The sense
sequence of the Oligo dT primer is shown.
huFPR
M ETN (d g

= 1 6 )

huFPR
NLAVA

(d g

huFPR
O lig o

dT

=

2048)

5'
5'

ATG
ATG

GAG A C A A A T
GAR ACN A A Y

3'
3'

5'
5'

AAC
AAY

C T G G CC
Y T N RCN

G TG
GTN

5'

AAA
AAA

AAA AAA
AAA AAA

A AA AAG
AAA AAA

12

GCT 3 '
GCN 3 '
3'

210

1250

N = A, C, G or T, R = A or G, Y = C or T. dg = degeneracy.
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The cDNA was used as the target material in a PCR amplification using the
METN/Oligo dT primer set. Figure 6.3a the shows optimization of the concentration
of the METN primer. This was found to be 7.5pM, a higher concentration
(approximately 8.3 times) as compared to that of the Oligo dT (0.9pM) primer. This
was because of the METN primers degeneracy for, theoretically, only one in sixteen
of the species in the METN primer mix would anneal. Two amplicons of 1 .Okb and
1

.4kb were obtained. The expected amplicon size would be either 1.2kb, if Oligo dT

annealed to position 1220, or greater if Oligo dT annealed to any part of the
polyadenylated 3' end (Figure 6.16). Therefore, the 1.4kb amplicon was the most
promising candidate for huFPR. This amplicon was cut out of the gel, purified (see
Section 2.7.1), and reamplified (Figure 6.3b). However, the purified 1.4kb amplicon
as target gave two extra amplicons, of 1.Okb and 1.3kb. This indicates that the
purified 1.4kb amplicon gives rise to the 1.0 and the 1.3kb amplicons. To identify
these amplicons suitable restriction enzymes were chosen based on the analyses
of the published huFPR DNA sequence (Figure 6.4a), and a secondary, nested PCR
reaction with the NLAVA/Oligo dT primer set was performed (Figure 6.4b). Figure
6.4a shows fragments generated by the restriction enzymes used to digest the DNA.
Three endonucleases were selected to map the amplicons: Rsa I, Pvu II and Bel I.
Rsa I should give three fragments of 224, 276 and 550 bp. Pvu II should give two
fragments of 260 and 881 bp. Bel I should give two fragments of 424 and 650 bp.
It is clear that the 1.Okb amplicon has not been cut. The 1.3 kb amplicon has been
cut to give fragments of 1.Okb with Pvu II, and at least four fragments with Bel I. Rsa
I did not cut any of the amplicons. Bel I was the only enzyme to cut the 1.4kb
amplicon, giving a doublet of 750 and 650bp.
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To further confirm the identity of both the 1.4 and I.Okb amplicons from the
METN/Oligo dT primer set a nested PCR with the NLAVA/Oligo dT primer set was
carried out (Figure 6.4b). As can be seen in lane 1 the NLAVA/Oligo dT secondary
PCR produced a number of amplicons. The amplicons of around 900bp (with the
1.4kb as the target DNA) would be expected if the Oligo dT was annealing to
different parts of the polyadenylated tail. If the Oligo dT annealed at position 1220
then an 870bp amplicon would be produced. This is clearly seen in lane 1. Extra
bands are visible, of around 300bp, which may be due to non-specific annealing of
the primers. As a control the 1.4kb amplicon was reamplified with the original
METN/Oligo dT primer set (lane 3). This reaction resulted in two bands (1.4 and
I.Okb) instead of the expected, original 1.4kb amplicon. This indicates that there
may be internal 'METN' and Oligo dT priming sites on the 1.4kb amplicon. The 1.3kb
amplicon (see Figure 6.3b: lane 1) does not appear when reamplified with the
METN/Oligo dT primers, or with NLAVA/Oligo dT. This indicates that it was not a
true amplicon but an artifact of PCR, possibly a single-strand molecule of the 1.4kb
amplicon. Various modifications to the PCR protocol were carried out to increase the
specificity (such as lowering the magnesium, primer and dNTP concentration,
raising annealing temperatures, and lowering cycle times). However, none of these
could overcome the inherent problem of the degeneracy and insufficient length of
the primers. To summarise, the restriction digests produced ambiguous results,
which may be due to partial cutting or that the amplicon was not huFPR. Although
the nested PCR with the NLAVA/Oligo dT primers gave a main amplicon of 870bp
(which was the expected size if the 1.4kb amplicons was the FPR), it also gave
several minor amplicons.
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To detect and clone other chemoattractant receptors, a PCR amplification was
carried out with NLAVA/Oligo dT using differentiated HL-60 cDNA as target (Figure
6.5). The main amplicon obtained (1.7kb) was cloned and sequenced. A search of
the EMBL database failed to identify any homologuess.

Since both the DNA endonuclease digests, and the nested PCR reactions were
inconclusive, I proceeded to subclone, and sequence the 1.4 and 1.0 kb amplicons.
Neither the

1

. , nor the 1.4 kb amplicon matched the FPR sequence. In fact
0

a

search of the EMBL DNA database failed to find any homologies to known
sequences.
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1

3

Figure 6.3 PCR amplification of HL-60 cDNA.
(A). Lanes 1 and contains A Hind III markers; lane 3 contains A Bgl II. Lanes
6

2, 4, 5, , contain cDNA which has been PCR amplified using METN/Oligo dT
(the concentration of Oligo dT was 0.9pM while METN was 0.9, 1.2, 7.5 and
14.0 pM). Lane contains no cDNA. The bands were purified and reamplified.
(B). Lane 3 contains A Hind III markers. Lanes 1 and 2 contain the reamplified
products from the 1.4 and 1.0 kb products and lane 1 contains no DNA.
6

8
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Figure 6.4 Verification of amplicon identity; restriction mapping and secondary
PCR.

(A). The purified material from Figure 6.3b was cut with a variety of
endonucleases. Lanes 1 and 16 contain A Hind III markers; lane
and 11
contain A Bgl II. Lanes 2-5 contain the I.Okb fragment (order of digests: Rsa
I, Pvu II, Bel I, Control). Lanes 7-10 contain the 1.3kb fragment (order of
digests: Rsa I, Pvu II, Bel I, Control). Lanes 12-15 contain the 1.4kb fragment
(order of digests: Rsa I, Pvu II, Bel I, Control).
(B). Nested PCR with NLAVA using METN produced DNA as template. Lane
5 contains A Hind III markers. Lanes 1 and 3 contain the 1.4kb fragment as
template with NLAVA/Oligo dT and METN/Oligo dT primers respectively.
Lanes
and 4 contain NLAV/VOIigo dT and METN/Oligo dT respectively but
no target. Lanes
and 7 contain the I.Okb fragment as template with
NLAVA/Oligo dT and METN/Oligo dT primers respectively. 9pM NLAVA,
7.5pM METN and 0.9pM Oligo dT were used.
6

2

6
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Figure 6.5 PCR of HL-60 cDNA with the internal primer NLAVA.
Lane 2 contains A Hind III markers. Lanes 1 and 3 contains NLAVA/Oligo dT
(the concentration of Oligo dT was 0.9pM and NLAVA 9.0 pM). Lane 3 contains
cDNA from differentiated HL-60 cells. Lane 1 contains no cDNA.
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In conclusion the probable reasons that human FPR (huFPR) was not succesfully
cloned were the length and the high degeneracy of the primers. No specificity was
conferred by the Oligo dT primer, and the METN primer was only twelve bases long
of which the first codon is ATG, the most common of the two start codons. Out of
the rest of the nine bases two were degenerate for two bases while a third was
degenerate for all four bases. Because of the degeneracy, higher primer
concentrations were needed as only one in sixteen of the primer species could
anneal. However, this also increases the potential for non-specific binding, and
fifteen of the primer species could anneal to other sequences.

Because the METN primer is only twelve bases long, conditions of low specificity
were needed to obtain a product. For example, since there was only a degeneracy
of two in the first six bases, half the species in the primer mix could anneal to the
first six bases of the target site. Thus, these primers could act as competitive
inhibitors to the correct primer species. In summary, the degenerate primers
because of their high concentration, would produce more non-specific bands and
would inhibit the production of the correct amplicon by blocking access to it by the
'correct' primers. This problem of degeneracy would also apply for the NLAVA
primer.

The problems caused by degeneracy and insufficient primer length were not known
at the time the primers were made. The degeneracies were designed into the primer
to allow the cloning of other FPRs (METN) and other chemotactic receptors
(NLAVA). It would have been better to use inosine at points of degeneracy as this
can anneal to all the nucleotides found in DNA. This would mean that all the species
in the primer mix could anneal to the target sequence.

-| 8 8
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6.2.3 Amplification of huFPR with specific primers
Two new sets of primers were designed, with no degeneracies, that corresponded
to the published human FPR sequence. The aim was to use these primers to
amplify the coding region of FPR and then to use this clone to screen a genomic
library. It also offered the possibility of directly amplifying the murine gene if the
primers corresponded to conserved regions within this gene. The primers were
designed to anneal to positions -14 to 9 (14PRMR) and to 1121 to 1065 (PAPS)
(see Figure 6.16). This data is shown below. The numbers on the right hand-side
refer to the position of the nucleotides with respect to the open reading frame. The
sense sequence of the PAPS primer is shown.

huFPR
14PR M R

5 ' C C A G G A G C A GAC AA G A T G GAG A C A
5 ' C C A GGA G C A G AC AA G A T G GAG A C A

huFPR
PAPS

5'

CAG G C A A A G
CAG GCA AAG

TGA
TGA

GGA GGG AG C
GGA GGG AG C

TGG
TGG

3'
3'

9
9

3'

1065

The PCR was carried out with human genomic DNA as target at various magnesium
concentrations (Figure

6

. ). This resulted in a I.Okb amplicon which, when
6

subcloned and sequenced, matched the coding region of the

1

.

3

5

kb transcript

fMLP-R26, as published by Boulay and co-workers (Boulay et ai, 1990a). The entire
clone was sequenced and shown to contain no introns. This was as expected | for
a G protein coupled receptor (GPCR).
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Figure 6.6 Optimization of PCR with 14PRMR/PAPS using human genomic
DNA as target.
Lane 1 contains A Hind III markers. Lanes 2-5 contain human genomic DNA.
PGR was carried out using 14PRMR/PAPS. Lane 1 contains no genomic DNA.
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6.3 Cloning of muFPR

In sections 3 and 4 I have shown that the murine model of FPR (murine pluripotent
stem cells - FDCP) expressed a formyl peptide receptor. To further characterise the
receptor at the structural level, it was necessary to clone and sequence the gene for
this receptor. This would also allow the study of gene expression during cell
differentiation. A structural analysis of the translated sequence could be made by
alignment to the human and rabbit FPRs. This would highlight conserved regions
that may be important in structure and/or function.

PCR and the screening of a genomic library (see section 5) was used to attempt to
clone the muFPR gene. The primers used to succesfully clone the huFPR were
used to PCR murine genomic DNA. The putative G protein coupled receptors are
reported to have no introns, or if they do, they would be relatively small and outside
the coding region (Libert eta!., 1989). It should therefore be possible to PCR amplify
the whole open reading frame of muFPR from genomic DNA.

6.3.1. PCR with a varietv of Primers - 14PRMR. NLAVA. PAPS and Olioo dT
Using murine genomic DNA as target, the PCR protocol was optimized in various
magnesium concentrations (Figure 6.7). This resulted in a I.Okb amplicon which,
when analysed by sequencing, was shown to have no homology to huFPR or
rabFPR. In fact, a comparison with the EMBL DNA database found no sequences
of significant homology.
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Figure 6.7 Optimization of IVIgClg in PCR with 14PRMR/PAPS using murine
genomic DNA as target.
Lane 1 contains A Hind III markers. Lanes 2-5 contain murine genomic DNA.
PCR was carried out using 14PRMR/PAPS. Lane 6 contains no genomic DNA.
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The possibility existed that one of the primers used was annealing to the correct
sequence,!

Therefore a different combination of the primers

available (NLAVA, 14PRMR, Oligo dT and PAPS) was used in the PCR.
Amplification was carried out using different sets of primers in the following
combinations; NLAVA/Oligo dT, NLAVA/PAPS, NLAVA/PAPS and 14PRMR/PAPS.
This strategy was used with murine genomic DNA and with huFPR acting as a
positive control (Figure . ). Lanes 1 through to 4 contain murine genomic DNA as
6

8

target. No bands were produced with these primers. The smear in lanes 1 and 2 is
in the correct size range expected when using NLAVA as the 5' end primer (i.e
750bp with NLAVA/PAPS and 870bp for NLAVA/Oligo dT). With NLAVA/PAPS and
14PRMR/PAPS the DNA smear was spread over a larger size range. The PGR, with
huFPR as target, gave amplicons only with NLAVA/PAPS and 14PRMR/PAPS.
Since in the presence of a high concentration of huFPR the Oligo dT failed to give
the correct amplicon, the possibility of it doing so from genomic DNA, where it is at
a relative abundance of one part in a million, is negligible. Therefore, using Oligo dT
for the amplification of muFPR was abandoned. The PCR was also optimised with
respect to N LAV/VP APS and 14PRMR/PAPS but no amplicon could be obtained
(data not shown).

In conclusion, from the absence of a PCR product the sequence of murine FPR
must be different to that of huFPR at the primer sites chosen (the 5' and the 3' ends
of the ORF). There is also the possiblity that cloning failed because of the presence
of introns within the coding region, but this is unlikely (Libert etal., 1989).
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# #

Figure 6.8 PCR with a variety of primers with the human and murine genomic
DNA as target.
Lane 9 contains A Hind\\\ markers. Lanes 1 and 5 contain primer NLAVA/Oligo
dT, lanes 2 and 6 contain NLAVA/PAPS, lanes 3 and 7 contain 14PRMR/Oligo
dT and lanes 4 and 8 contain 14PRMR and PAPS. Lanes 11, 12, 13 and 14
contain NLAVA/Oligo dT, NLAVA/PAPS, 14PRMR/Oligo dT and 14PRMR and
PAPS respectively but no DNA. Lanes 1-4 and 5-8 contain murine genomic
DNA and huFPR respectively.
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6.3.2 PCR withNEWT/ITOADS
New primers were designed taking into account the data from previous PCR
experiments with METN and NLAVA (see Section 6.2.2). That is, they were
designed with inosine at positions of redundancy and their lengths increased. The
primers corresponded to the 5' and 3' ends of the coding region, to positions 1 to 26
(NEWT) and to 1053 to 1020 (ITOADS).

This data is shown below. The numbers on the right hand-side refer to the position
of the nucleotides with respect to the open reading frame. The sense sequence of
the ITOADS primer is shown.

huFPR
NEW T

5'
5'

ATG
ATG

GAG A C A A A T
G A I ACT A A I

huFPR 5 '
IT O A D S

CCT
CCI

TCT
TCI

TCC
TCI

G C A GAG G TG
GCI GAI G TI

TCT
TCI

CTC
CTI

GCG T T A
G II T T I

CGC A C
A C T AC

3'
3'

CAG G C A A A G
CAT G C I A A I

26

TGA
TGA

3'

1053

These primers were used in conjunction with 14PRMR and PAPS. Figure 6.9 shows
the optimization of these primers using human genomic DNA as target. Lanes 1 to
4 contain 14PRMR/PAPS, lanes 5-8 contain 14PRMR/IT0ADS, lanes 10-13 contain
NEWT/ITOADS and lanes 15-17 contain NEWT/PAPS. Each set of primers was
titrated with 4, 3,

2

and

1

mM magnesium. As the 1mM magnesium gave minimal

non-specific products it was used for further PCR as it. Lanes 18,19 and

2

0

contain

14PRMR/PAPS, 14PRMR/IT0ADS, NEWT/ITOADS, respectively but no DNA. The
PCRs containing the new primers gave less non-specific bands, despite the
presence of inosine, indicating that longer primers are better. All four I.Okb
amplicons obtained with each primer set were cloned and sequenced (data not
shown). All the amplicons were identified as huFPR (fMLP-R26). Therefore, these
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primers (NEWT and ITOADS) specifically amplify huFPR and if the murine gene is
conserved at the same region encompassed by the primers, it should also be
amplified.
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Figure 6.9 Optimization of PCR with a variety of primers using human genomic
DNA as target.
Lane 9 contain A H/nd III markers. Lanes 1-4 contain 14PRMR/PAPS, lanes 5-8
contain 14PRMR/IT0ADS, Lanes 10-13 contain NEWT/ITOADS and lanes 15-17
contain NEWT/PAPS. Each set of primers was titrated with 4, 3, 2 and 1
mM MgClg. The target was human genomic DNA. Lanes 18,19 and 20 contain
14PRMR/PAPS, 14PRMR/IT0ADS, NEWT/ITOADS respectively but no
DNA.
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Using murine genomic DNA and the sets of primers described in Figure 6.9, a PCR
reaction was carried out (Figure 6.10). PCR with the primer 14PRMR in the primer
set produced many non-specific bands even with human genomic DNA.
NEWT/ITOADS gave a single band of I.Okb with human DNA (lane 15).
NEWT/PAPS produced many non-specific bands with human DNA (lane 16).
NEWT/ITOADS produced a weak band only with the higher concentration of murine
DNA (lane 3). NEWT/PAPS produced a main band of I.Okb with murine DNA as
well as several longer but weaker bands (lane 4 and 10). Figure 6.11 shows the
optimization of PCR with NEWT/ITOADS (lanes 1 , 2 , 3 and 5) and NEWT/PAPS
(lanes 6, 7, 8 and 10). Each set of primers was titrated with 500, 400, 300 and
200ng of murine genomic DNA. Lanes 11 and 12 contained NEWT/ITOADS and
NEWT/PAPS, respectively but no DNA. PCR with 14PRMR in the primer set are not
shown as these did not generate any specific bands with murine DNA as target. The
main bands (0.6, 1.1, and 1.9 kb) with NEWT/PAPS were cloned and sequenced,
but did not match any of the known FPRs. Also, bands 0.8, 1.1 and 1.4 kb from
NEWT/ITOADS were purified and cloned (Figure 6.12). Figure 6.12 shows the
clones obtained after ligation into pUC 19 and digestion with Eco RI and H/nd III
(which would drop out the ligated fragment). Lanes 1-4 and 6-7 are clones from the
NEWT/PAPS PCR productligation and two types of clones can be seen (lanes 1 and
2 of 1.1 and 0.2 kb respectively). Lanes 8-9 and 11-14 were clones from the
NEWT/ITOADS PCR products ligation and two types of clones can be seen (lanes
9 and 13 of 1.1 and 1.4 kb respectively). These clones were sequenced (data not
shown) and found not to match any known sequences in the EMBL database.
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Figure 6.10 PCR with a variety of primers using human and murine genomic
DNA as target.
Lanes 6 and 12 contain A Hind lll/Eco Rl and A Hind III markers, respectively.
Lanes 1, 7 and 13 contained 14PRMR/PAPS. Lanes 2, 8 and 14 contained
14PRMR/ITOADS. Lanes 3, 9 and 15 contain NEWT/ITOADS. Lanes 4, 10 and
16 contain NEWT/PAPS. Lanes 5, 11 and 17 contain 14PRMR/PAPS. Lanes
1-5 contain 500ng murine genomic DNA as template. Lanes 7-11 contain
500ng murine genomic DNA as template. Lanes 17 contain lOOng human
genomic DNA as template. Lanes 18, 19 and 20 contain 14PRMR/PAPS,
14PRMR/IT0ADS, NEWT/ITOADS, respectively but no DNA.
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mi
Figure 6.11 PCR with a variety of primers using murine genomic DNA as
target.
Lanes 4 and 9 contain A Hind III and A Hind lll/Eco Rl markers, respectovely.
Lanes 1, 2, 3 and 5 NEWT/ITOADS, lanes 6, 7, 8 and 10 contain NEWT/PAPS.
Each set of primers was titrated with 500, 400, 300 and 200ng of murine genomic
DNA. Lanes 11 and 12 contain NEWT/ITOADS and NEWT/PAPS respectively but
no DNA.
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Figure 6.12 Cloning of the NEWT/ITOADS and NEWT/PAPS amplicons.
Lanes 5 and 10 contain A Hind lll/Eco Rl markers and A H/nd III, respectively.
Lanes 1-4 are plasmid digests of the ligation with the O.Bkb amplicon from
NEWT/ITOADS. Lanes 6-9 are plasmid digests of the ligation with the 0.8kb
amplicon from NEWT/PAPS. Lanes 11-14 are plasmid digests of the ligation
with the 1.Okb amplicon from NEWT/ITOADS. The plasmids were endonucleased
with Eco Rl and Hind III.
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6.3.3 PCR amplification of muFPR with 360CV and 361AF Primers
At this point in the project the sequence of muFPR became available. Six genes had
been identified from screening a genomic library. Of these six only one was
published (Gao and Murphy, 1993). This had 76% homology with huFPR in the
open reading frame and was designated muFPR. Of the other five the homology
was from 54% to 67%. An alignment of the known FPR (huFPR, FPRL1, FPRH1,
FPRH2, rabFPR and muFPR) sequences was carried out and two conserved
regions were used to design new primers: 360CV and 361 AF. These primers were
designed to amplify all six of the putative murine FPR genes identified by Murphy
and co-workers (Gao and Murphy, 1993). This would allow us to assay the RNA
from our model system (Sections 3 and 4) and thus identify the gene which was
transcribed and probably expressed by murine neutrophils. The amplicon expected
of SOObp could be easily cloned and sequenced. The primers corresponded to the
following positions within the coding region of muFPR; 372 to 396 (360CV) and to
893 to 869 (361 AF). The 3' end of the 360CV primer corresponds to a highly
conserved amino acid, tryptophan, which is encoded by a single codon.

The less conserved (as compared to the area around the primers) regions following
the 360CV primer and the 361 AF primer are boxed. These regions would be easily
distinguishable after PCR amplification, cloning and sequencing. By PCR amplifying
murine genomic DNA the five murine genes not yet published would be easy to
identify (by a comparison of the boxed areas), if they shared the same conserved
regions as the other FPRs. This data is shown below. The numbers on the right
hand-side refer to the position of the amino acids or to the position of the
nucleotides with respect to the open reading frame. The underlined amino acids
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correspond to the primer sequence. The sense sequence of the 361 AF primer is
shown. The boxed regions indicate sequences that are poorly

conserved.

Primer 360CV
huFPR
FPRLl
FPRHl
FPRH2
ra b F P R
m uFPR

V F L I A L I A L D R C V C V L H P V W T O N H R T V S L A K K V IIG P W V M A L L L T L P V I IR V T T V P G K
V F L I G F I A L D R C IC V L H P V W A O N H R T V S L A M K V IV G P W I L A L V L T L P V F L F L T T V T I P
V F L I G F I A L D R C IC V L H P V W A O N H R T V S L A M K V IV G P W I L A L V L T L P V F L F L T T V T I P
V Y L I T I l A L D R C IC V L H P A W A O N H R T M S L A K R V M T G L W I F T I V L T L P N F I F W T T I S T T
V F L I A L I A L D R C IC V L H P V W A O N H R N V S L A K K V IV G P W I C A L L L T L P V I I R V T T L S H P
V F L I A L I A L D R C IC V L H P V W A O N H R T V S L A K K V IIV P W I C A F L L T L P V I I R L T T V P N S

huFPR
fP R 2 A
ra b F P R
mu F PR
3 60CV

5
5
5
5
5

A m in o

'
'
'
'
'

G TT
ATT
ATC
ATT
ATT

TGC
TGT
TGT
TGT
TGT

I
C
Sequence

A c id

GTC
GTC
G TC
G TT
ÇTÇ

CTG
CTG
CTG
CTG

V

L

CAT
CAT
CAC
CAT

CCA G TC
CCA G TC
C C A G TC
CCA G TC

TGG
TG G
TG G
TG G

CTG CAT CCA CTC TCC
H

P

V

3
3
3
3
3

'
'
'
'
'

168
168
168
168
168
176

396
396
396
420

W

Primer 361 AF
I
------------------------------------- 1
huFPR
FPRLl
FPRHl
FPRH2
ra b F P R
m uFPR

AAAFFLCW
V A S F F IC W
V A S F F IC W
V A S F F IC W
VASFLLCW
VAAFFLCW

huFPR
fP R 2 A
ra b F P R
m uFPR
3 61A F

A m in o

S P Y Q W A L IA T V R IR E L L Q G M Y K E -IG IA V D V
F P F Q L V A L L G T V W L K E M L F Y G K Y K IID IL V N P
F P F Q L V A L L - A V W L K E M L F Y G K Y K IID IL V N P
F P Y E L IG IL M A V W L K E M L L N G K Y K II L V L IN P
S P Y Q I A A L IA T V R IR E L L L G M G K D L R I- V L D V
C P F Q W A L IS T IQ V R E R L K N M T P G IV T -A L K I

5
5
5
5

A c id

'
'
'
'

TTC
TTC
TTC
TTC

AAC
AAC
AAC
AAC

AGC
AG C
AG C
AG C

TGC
TGC
TGC
TGC

TTC

TTC
TTC
TTC
TTC
TTC

AAC

AÇC

TCC C T C AAC CC

F

F

N

S

C

CTC
CTC
CTC
CTC

T S A L A F F N S C L N P M LYVFM
T S S LAFFNSCLNPM L Y V FV
T S S LAFFNSCLNPM L Y V FV
T S S L A F F N S C L N P IL Y V F M
T S F V AFFNSCLNPM LYVFM
T S P L AFFNSCLNPM LYVFM

L

AAC
AAC
AAC
AAT

N

CCC
CCC
CCC
CCA

3
3
3
3

'
’
'
'

3 04
3 05
3 04
3 05
3 06
315

893
896
902
926

P

Sequence

Murine genomic DNA was used as target in PCR amplification with the primers
360CV and 361AF. Figure 6.13 shows the optimization of the magnesium
concentration using murine genomic DNA. Lanes 1, 2, 3, 4 and 6 contain
magnesium of 5, 4, 3, 2 and 1 mM, respectively. The size of the amplicon (SOObp)
was as expected indicating that no introns are present within this part of the gene
and if present are very short less than SObp. To identify the other genes, the

PCR Cloning of muFPR

203

products of three PCR reactions were subcloned and ten recombinant clones were
sequenced. The pooling of three PCR reactions prevents the biasing of the amplicon
mix which can take place in some PCR reactions. Figure 6.14 shows an example
of the isolation of clones containing the SOObp amplicon. The amplicons were ligated
into pUC19 and the insert was characterized by Eco Rl and HindlW endonuclease
cleavage. Ten clones were sequenced to determine the population of sequences
amplified by PCR. All ten clones sequenced were identical and were identified as
the published muFPR (Gao and Murphy, 1993) which has 78% homology to huFPR.

In conclusion, the fact that the PCR did not amplify the other five isoforms of muFPR
indicates that they have different sequences in the primer regions chosen. There is
also the possibility that the ether five may contain introns within the amplification
region which would prevent PCR amplification under the conditions used in this
study.
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Figure 6.13 Optimization of the MgClg concentration with 361CV and 360AF
primers.
Lane 5 contains À Hind il: markers. Lanes 1-4 and 6 contain a titration of
magnesium of 5, 4, 3, 2 c id 1 mM. The target was murine genomic DNA.
Lanes 7 and 8 contain magnesium of 5 and 3 mM but no DNA.
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Figure 6.14 Cloning of the 3610V and 360AF amplicons.
Lanes 4 and 12 contain A Hind lll/Eco Rl markers and lane 8 contains A Hind
III markers. The products of three PCR reactions were subcloned and ten
positive clones were sequenced. The plasmids were endonucleased with Eco
Rl and HindWl.
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6.4 Transcription studies of muFPR

In sections 3 and 4 I demonstrated through ligand binding assays that murine
pluripotent stem cells (FDCP) differentiated to neutrophils express a receptor which
mediates cell responses to N-formyl peptides. By determining which of the six
putative genes is expressed I can relate any kinetic differences with other FPRs to
sequence differences. This may indicate the regions responsible for different
activities of the receptor. In addition determining when the gene is transcribed and
then translated tells us which RNA transcript is used in FDCP cells. It also allows us
to design new experiments to understand other aspects of the action of FPRs upon
stimulation with N-formyl peptides, such as identifying which G protein the receptor
is coupled to and which other proteins may be expressed at the same time and are
involved in the functioning of a neutrophil as regards to FPR.

To determine which one of the six putative isoforms of murine FPR were
transcribed, I undertook RNA studies using primers 360GV and 361 AF. Even though
the other murine FPRs were not amplified by these primers when genomic DNA was
used as target (Section 6.3) it should still be possible to determine if the putative
muFPR gene is transcribed. Reverse transcriptase PCR was carried out on total
RNA isolated from differentiating FDCP cells at various times (Figure 6.15). Lanes
1-7 and 9 contain the amplicon obtained from murine total RNA (200ng) which has
been reverse transcribed and then PCR amplified from day 0 to day 7 cells; lanes
10 and 15 from 200ng of total RNA from undifferentiated FDCP cells and WEHI-3b
cells, respectively. Lane 16 (positive control) was the PCR product of genomic DNA
from undifferentiated FDCP cells. A PCR product was visualised after 2 days of
differentiation with maximum levels between 3 and 6 days. On the 7th day no PCR
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product was visualised (Figure 6.15). This data shows that after 48 hours of
cytokine-stimulated differentiation the cells are beginning to transcribe the muFPR
gene. No PCR product from the undifferentiated FDCP and WEHI-3b cells was
seen.

WEHI-3b cells did not yield a PCR product although they are a monocyte derived
cell line and may express an FPR. However, In section 4 I showed that WEHI-3b
cells expressed a receptor with either a lower affinity or lower receptor numbers than
that found in differentiated FDCP cells. As shown in section 6, when using WEHI-3b
genomic DNA for southern blots and screening with the whole huFPR gene, a
strongly hybridizing band was seen which was probably due to RNA. Therefore, two
separate pieces of evidence indicate that WEHI-3b cells express FPR at the early
part of their life cycle (see Section 4). The fact that RT-PCR did not give an
amplicon indicates that the gene expressed in these cells is probably another
isoform of muFPR not yet published.

PCR Cloning of mu FPR

208

—5 6 4 bp

Figure 6.15 Detection of the muFPR transcript by RT-PCR.
LaneB contains A HindlW markers. All lanes contain 1/10th of the PCR reaction.
Lanes 1-7 and 9 contain the reaction products of 50ng total RNA isolated from
differentiating FDCP cells from day 0 to day 7; lanes 10 and 15 from 200ng of
total RNA from undifferentiated FDCP cells and WEHI-3b cells, respectively. Lane
11 had only amplimer 361 CV, lane 12 had only amplimer 360AF, and lane 14 had
neither amplimer with 200ng of day 5 total RNA. Lane 16 (positive control) is the
PCR product of genomic DNA from FDCP cells. Lane 8 contains A Hind III
markers.
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huFPR
FPRLl
ra b F P R
in u F P R

5
5
5
5

M ETN
14PR M R
N EW T

'
'
'
'

CCA
CA G
CCA
CTA

GGA
GTG
GGT
GGA
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G C A GAC AA G A T G
C T G G C A AA G A T G
G CG GGC AA G A T G
G T C T A C AA G A T G

5 'C C A

5 'A T G
G G A G C A GAC AA G A T G
5 'A T G

GAG
GAA
G AC
GAC

ACA
ACC
AG C
ACC

GAR A C N A A Y
GAG A C A 3 '
G A I AC I A A I

huFPR
FPRLl
ra b F P R
mu F PR

5
5
5
5

'
'
'
'

AAC
AAC
AAC
AAC

CTG
CTG
CTG
TTG

GCC
GCC
GCC
GCC

G TG
CTG
TTG
ATT

GCT
GCT
G CC
GCT

GAC
GAC
GAT
GAC

NLAVA

5 '

AAY

YTN

RCN

G TN

GCN

3 '

huFPR
FPRLl
ra b F P R
m uFPR

5
5
5
5

TTA
TCA
TCA
ACT

CCT
CCT
GCG
TCC

TCT
CCT
CCA
CTT

G CA
G CA
G CA
TCT

GAG
GAG
GAG
GAA

G TG GAG T T A
A C T GAG T T A
G C T GAG T T G
AAC A C T T T A

CAG
CAG
CAG
AAT

TTI

CCI

TCI

GCI

CAG
GAI

G CA AA G
G II G II

GGA 1
CAI 1

PAPS
ITOADS

huFPR
FPRLl
ra b F P R
m uFPR

'
'
'
'

5
5
5
5

3 60CV

huFPR
FPRLl
ra b F P R
mu F PR
3 61A F

5
5
5
5

'
'
'
'

26
26
26
26

AAT
AAC
AAT 1
AAC .

TTC
TTT
TTC
TTT

3
3
3
3

'
'
'
'

TGA
TTI

216
216
216
240

1056
1059
1062
1098

'
'
'
1

G TT
ATT
ATC
ATT

TG C
TGT
TGT
TGT

G TC
G TC
GTC
G TT

CTG
CTG
CTG
CTG

CAT
CAT
C AC
CAT

C C A G TC
CCA G TC
CCA G TC
CCA G TC

TG G
TG G
TG G
TG G

3
3
3
3

5 'A T T

TGT

G TC

CTG

CAT

CCA G TC

TG G

3 '

'
'
'
'

TTC
TTC
TTC
TTC

TTC
TTC
TTC
TTC

AAC
AAC
AAC
AAC

AG C
AGC
AG C
AGC

TGC
TGC
TGC
TGC

CTC
CTC
CTC
CTC

AAC
AAC
AAC
AAT

CCC
CCC
CCC
CCA

3
3
3
3

5 ' TTC

TTC

AAC

AG C

TGC

CTC

AAC

CC

'
'
'
'

'
'
'
'

396
396
396
420

893
896
902
926

3 -

N = A, C, G or T, R = A or G, Y = C or T.

Figure 6.16 A comparison of the primers used and their annealing sites.
The numbers on the right hand side refer to the sequence relative to the open
reading frame. fMLP-R98 and fMLP-R26 are very close isoforms with fMLP-R26
appearing to be the most abundant transcript of huFPR (Boulay et al., 1990).
FPRLl codes for another human FPR which is 69% identical to huFPR
(Murphy at a!., 1992). rabFPR is the only rabbit FPR to be sequenced (Ye at
a!., 1992). It has a homology of 78% to huFPR. muFPR is the murine FPR
which has 78% homology to huFPR. The sequences are shown from 5' (left
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6.5 Discussion

The cloning of human FPR (huFPR), using the polymerase chain reaction, proved
to be a difficult project. At the onset of this work (1990) little was known about the
PCR technique or the gene under investigation. Within three years it had been
sequenced and homologues identified within the human, rabbit and murine genome.
PGR was only just begininng to be understood. PCR amplification using the
degenerate primers METN, NLAVA and Oligo dT failed to amplify the correct
sequence. This was probably due to the degeneracies (16) and the length of these
primers. These primers were chosen so that they could be used to isolate not only
human FPR but also FPRs from other species. The Oligo dT primer used to produce
cDNA further increased the non-specificity by reverse transcribing all polyadenylated
mRNA molecules. This strategy would have been more successful if a primer
specific to the 3' end had been used. This was the probable reason why the NLAVA
primer (15b, degeneracy = 2048) also did not work, the advantage of extra length
was outweighed by its higher degeneracy. Only when amplifying the actual cDNA
inserted into a plasmid (i.e in the presence of large amounts of huFPR) did this
primer, in conjunction with a specific S' end primer (PAPS), give the correct amplicon
(Figure 6.7). Even though the secondary PCR with NLAVA/Oligo dT gave an
amplicon of the expected size, sequencing showed this to be unidentifiable DNA.
Because of the high degeneracy these primers could not amplify huFPR and were
thus unable to amplify other FPRs or other chemotactic receptors.

When these problems became evident new primers were designed, 14PRMR and
PAPS, which were longer and did amplify huFPR. The amplicon with produced with
these primers was sequenced and identified to be fMLP-R26. It is interesting to note
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that the other isoform of huFPR that Is fMLP-R98 was not amplified. This only differs
by two bases within the opening reading frame from fMLP-R26.

For the subsequent cloning of muFPR a variety of primers were used (Figure 6.16).
From the alignment of METN primer to the subsequently published muFPR
sequence, it is clear that METN would have worked if its 5' end had been longer and
if inosine had been substituted for degeneracies. 14PRMR did not amplify the
murine FPR as in the most critical regions for PCR, the 3' end, 14PRMR was not
complementary to the murine sequence. Because of the single incompatible base
at the 3' end, a 0 not a T, NEWT failed to amplify muFPR. PAPS and ITOADS did
not amplify the correct sequence for the same reason. It is apparent that the 5' and
3' ends of muFPR are highly different to that expected. Appendix 3 shows the amino
acid sequence of pg adrenergic receptors (hamster, human, rat and mouse) and the
FPRs known (human isoforms, rabbit and murine FPR). The FPRs vary greatly with
each other when compared with other classes of G protein coupled receptors.

The outcome of the PCR experiments showed that even though conserved regions
were present in human and rabbit at the 5' and 3' ends, this was not the case in the
mouse. Published data indicates that the six putative genes of muFPR vary by 54%
to 76%. Despite alignments to determine highly conserved areas of the three huFPR
isoforms, the rabFPR, and the muFPR, and the use of inosine in positions of
degeneracy, the other five putative murine FPR genes could still not be detected by
PCR. This could be because these genes do not have the same conserved regions
or that there are multiple copies of muFPR biasing the PCR products. There is also
the possibility that they contain introns within the coding regions, although this is
unusual for G protein coupled receptors (Libert et al., 1989).
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Cytokine-differentiating FDCP cells, as indicated from the NBT, glass adherence
and the binding assays (Sections 3 and 4), begin to respond to fcrmyl peptide
stimulation after 3 days, with a maximum response after six days at which point the
response decreases, possibly due of apoptosis (Crompton, 1991). Reverse
transcriptase PCR and sequencing of the PCR products revealed that only one
mu FPR transcript appears after 2 days of differentiation. It is possible that other
FPRs are transcribed but that the primers used could not anneal to them. However,
since the muFPR transcript is present 24 hours before the receptor-mediated
responses, and mRNA is usually transcribed 12 to 24 hours before protein is
expressed this indicates that this muFPR isoform is the likely transcript for the
functional chemotactic receptor expressed in the FDCP model system.

Although WEHI-3b cells showed a functional FPR with differences to that found on
differentiated FDCP cells as observed by N-formyl peptide binding (Sections 3 and
4), it was interesting to note that the murine FPR mRNA transcript identified in
differentiated FDCP by RT-PCR cells was absent. WEHI-3b are a monocyte derived
cell line and may express a different muFPR isoform with a different phenotype
(Kajigaya et al., 1990). This tissue specific expression has been

describe in

human cells; the human isoform FPRL2 is expressed only in monocytes and not in
neutrophils while huFPR and the isoform FPRLl is expressed in both cell types
(Durstin eta!., 1994).
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7.1 Overview

When this work begOn the in vitro model system available for the study of
neutrophils was the human leukaemia cell line HL-60. The aim of this project was
to extend the work on elucidating the mechanism of action of FPR, by first
developing a good physiological model and secondly studying the receptor
expressed by murine neutrophils at both the protein and gene levels and comparing
it with the human and rabbit FPRs. The murine pluripotent stem cell line, FDCP,
which could be differentiated with physiological cytokines, was assessed for its
suitability for the study FPR.

The optimal seeding conditions for maintaining FDCP and HL-60 cells in an
undifferentiated state were established. This allowes the culture to proliferate before
the nutrients denature and waste products accumulate preventing the irreversible
differentiation of the cells. At low seeding densities the FDCP cells failed to
proliferate. This is probably due to too few pluripotential cells preventing logarithmic
growth to occur before the cytokines denature.

The effect of cytokines on cell proliferation and differentiation was studied.
Consistent with previously published observations (Spooncer et a/., 1986) in the
absence of any cytokines cells failed to proliferate and apoptose (Crompton, 1991).
G-CSF alone failed to cause cell proliferation or differentiation. High concentrations
of IL-3 (lOOU.ml"') showed the greatest proliferation and the lowest spontaneous
differentiation. Low levels of IL-3 (1 U.mM) gave very little proliferation but a doubling
in the percentage of neutrophils. GM-CSF (SOU.mM) gave the highest percentage
of neutrophils but virtually no cell increase. The combination of low IL-3 and GIVI-
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CSF gave a lower percentage of neutrophils, than GM-CSF alone, but there was an
increase in cell numbers. A combination of low IL-3, GM-CSF and G-CSF resulted
in a large percentage of neutrophils with high cell numbers. This combination of
cytokines was therefore chosen as the optimal cytokine mixture for the
differentiation of FDCP cells to neutrophils. It was also found that the commercial
source of G-CSF, as well as its concentration, had an effect on the percentage of
promyelocytes going on to form mature neutrophils. A specific stain was used in
order to determine the number of promyelocytes differenting to neutrophils. The
NBT assay was used to confirm that these were funtional neutophils. Approximately
80% of cells were found to be neutrophils after six of the initiation of differentiation.
The onset of expression of cell adhesion molecules in the presence of fMLF occui;ed
three days after cytokine-mediated differentiation. Maximal cell adherence occur^d
after six days, after which this decreased as the cells apoptosed (Crompton, 1991).
The cells also showed pseudpod formation, indicating stimulation of actin
polymerization. The respiratory burst in response to N-formyl peptide mirrored this
activity.

The mature neutrophil characteristics of differentiated FDCP and HL-60 cells were
compared. Mature neutrophils respond to N-formyl peptides in a number of ways.
N-formyl peptides activate cell adhesion molecules and actin polymerization as a
first step in neutrophil migration. Glass adherence assays were carried out to
measure this effect. Similar responses were observed in both the human and the
murine cell lines. In response to the high concentrations of N-formyl peptides
differentiated neutrophils produce a respiratory burst which generates cytotoxic
superoxide radicals. To assay this response an NBT assay was used. A similar
increase in the level of NBT reduction was observed when differentiated cells were
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compared to their undifferentiated counterparts. However, when the levels of NBT
reduction were compared between differentiated human and murine cells a hundred
fold greater NBT reduction was observed in murine FDCP cells. Other groups have
demonstrated

that

HL-60

neutrophils

are

deficient

in

the

myeloperoxidase/peroxide/halide system (Pullen and Hosking, 1985).

These findings indicate that physiologically, FDCP cells were further differentiated
than HL-60 cells, making them a more accurate system for the study of cellular
events such as FPR mediated chemotaxis. In addition to providing a more
physiologically accurate model of neutrophils, the kinetics of N-formyl peptide
binding to murine FPR, in the FDCP system, and how these compared to the
human and rabbit FPRs are of great interest.

Therefore, the kinetics of murine FPR were studied first, with pH]-fMLF and
secondly with [^^®l]-fnLLFnLYK. The differentiated FDCP cells demonstrated low
affinity for pH]-fMLF. The number of receptors was found to be 132 000 per cell,
with 32% being of high affinity. The receptor numbers obtained agree well with other
studies on isolated neutrophils (Niedel etal., 1979; Koo etaL, 1982). Human and
rabbit FPRs (Ye et a/., 1992; Koo et al., 1982) have a higher affinity for fMLF than
murine cells.

The hexapeptide fnLLFnLYK has been used to characterise huFPRs (Williams et
a/., 1977) because it has greater binding affinity than fMLF. In addition, the
iodination of this peptide results in much higher specific activities than that of
tritiated peptides. A greater affinity and higher specific activity allows lower peptide
concentration and a lower number of cells to be used. This results in decreased
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ligand proteolysis and cell agglutination during the assay. The nonspecific binding
is also lowered. Kinetic analysis of murine FPR with [^^®l]-fnLLFnLYK gave high and
low affinity binding with

values of 3.7 and 22.6 nM, respectively. The number of

receptors was found to be 79 000 cell, with 25% being of high affinity. This was 1.6
times lower than the numbers obtained with

pH]-fMLF (132 000). Isolated

neutrophils have between 55 000 to 120 000 receptors for N-formyl peptides (Niedel
et a!., 1979; Koo et al., 1982). Cytokine-differentiated FDCP cells showed
reproducible expression of receptor numbers (79 000) when assayed by the
fnLLFnLYK. In contrast, pH]-fMLF gave a higher but inconsistent estimation of
receptor numbers. This is consistent with proteolysis and cell agglutination, which
would trap the [^H]-fMLF.

The competitive displacement of the [^^®l]-fnLLFnLYK with fMLF and the direct
estimation of the affinity of pH]-fMLF for murine FPR gave comparable results. That
is, fMLF binds to murine FPR with a low affinity.

To date two other groups have studied the murine FPR. Murphy and co-workers
(Gao and Murphy, 1993) have cloned and expressed one muFPR isoform in
Xenopus oocytes, and Sasagawa and co-workers. (Sasagawa et a!., 1992) have
studied the chemotactic response of blood-isolated neutrophils to fMLF. In
agreement with the present study, these groups found that the murine FPR has a
low affinity for fMLF.

To further characterize the specificity of murine FPR, competition assays were
carried out. The relative potencies of a variety of formyl peptides for murine FPR
was as follows: fnLLFnLYK > fMLF > fMLFK > fMLFF > fMF. The relative potencies
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for the human FPR: fnLLFnLYK > fMLF > fMLFK (Freer et al., 1980), and for the
rabbit FPR; fMLFF > fMLF (Freer etal., 1982; Kermode etal., 1991). The relative
potencies of the murine FPR are similar to the huFPR (Niedel et al., 1979), but
different to the rabFPR (Kermode etal., 1991).

Phenotypic characterisation of the murine FPR had shown significant differences in
N-formyl peptide binding. In order to understand how the differences in function
related to structure, the cloning of first, the human and secondly the murine FPR
genes was undertaken.

Experiments using covalent linking of N-formyl peptides to human FPR were
planned with the aim of obtaining partial protein sequence data to be used in PCR
cloning the human FPR gene. However, the sequence of the human FPR was
published before this work was begun (Boulay et. al., 1990a). Primers were
designed based on this published sequence to clone the human FPR and use it for
the screening of a murine genomic library. Initially, short and degenerate primers
were designed to PCR amplify the human and the murine FPR. However, these
primers were too degenerate and failed to amplify the any FPRs. Longer and
specific primers were designed and used to successfully clone the human FPR. To
clone the murine FPR primers were designed to the 5' and 3' end of the coding
region, and at positions of degeneracy inosine was used. These proved
unsuccessful as the 5' and 3' end of murine FPR was not as conserved as expected
from the data on the Pg-adrenergic receptors.

In addition to the PCR strategy, the construction and screening of libraries was
carried out. A restriction map was first constructed in order to clone the murine FPR
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gene. This provided information on the number of potential genes and their degree
of homology to the huFPR probe being used. At least six genes were identified by
high stringency hybridization analysis in the murine genome, from restriction
mapping with the Hind III digests. However, attempts to clone these genes failed,
before the murine FPR gene, was cloned and sequenced by Murphy and co-workers
(Gao and Murphy, 1993). This group confirmed that there were six FPR genes and
went on to sequence them. However, they only published the sequence of the
putative murine FPR designated muFPR. This has 76% homology to huFPR. From
the restriction map analysis it is likely that the 7.8kb Hind III band, the most strongly
hybridizing, is the muFPR isoform published. The other five genes may correspond
to the rest of the Hind III bands. Of the six genes identified by Murphy and co
workers the muFPRs vary by 54% to 76% with one gene probably being a
pseudogene (Murphy, 1994).

Sequence alignments were used to determine highly conserved areas between the
three huFPR isoforms, the rabFPR and the muFPR. Using inosine in positions of
degeneracy, primers to conserved regions were designed. PCR of murine genomic
DNA with these primers failed to clone the other five genes. This could be because
these genes do not have the same conserved regions or that there are multiple
copies of muFPR biasing the PCR products.

Reverse transcriptase PCR and sequencing of the PCR products revealed that only
one muFPR transcript appears after two days of differentiation. It is possible that
other FPRs are transcribed but the primers used could not anneal to them.
However, since the muFPR transcript is present 24 hours before the receptormediated responses, and mRNA is usually transcribed 12 to 24 hours before protein

General Discussion

220

is expressed it indicates that this muFPR isoform is the likely transcript for the
functional chemotactic receptor expressed in the model system 11describe in this
project.

WEHI-3b cells are a monocyte derived cell line (Kajigaya et al., 1990), and when
these cells were assayed for N-formyl peptide binding it was found that the adherent
stage showed FPR expression. This was lower than in the FDCP cells. This may be
due to a different isoform of the receptor, or that the cells are expressing lower
receptor numbers. Reverse transcriptase PCR failed to amplify the muFPR
transcript from these cells. This may also indicate that they are expressing another
isoform. When WEHI-3b cells were used in genomic mapping of murine FPR a
strongly hybridizing band was detected. This was probably an RNA contaminant.
This would indicate that WEHI-3b cells transcribe a muFPR gene or genes and as
the RT-PCR failed to identidy the muFPR, it is probable that WEHI-3b cells are
expressing another isoform. In the human genome there are three genes. huFPR
and FPRLl are both expressed in neutrophils and monocytes. FPRL2 is only
expressed in monocytes. Tissue-specific expression of FPR may also occur in the
murine system.

7.2 Future Investigations

This study has demonstrated that the murine pluripotent cell line, FDCP, is a
powerful model for the study of promyelocyte differentiation, neutrophils, and their
receptors. Further, this study has identified which of the six | putative genes

of the

murine FPR gene is expressed in neutrophils. There are many avenues for future
investigations.
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FDCP cells can be used to characterise the differentiation process. For instance by
constructing differential cDNA libraries one can isolate cytokine-mediated gene
expression to study differentiation. The possibility of the differential expression of
FPR and G protein giving rise to the apparent increase in ligand binding seen during
differentiation can be found by studying the transcription and expression of these
genes.

The murine genome has six putative genes for FPR while the human has three and
the rabbit only one. This may be due to the need for murine cells to detect a more
variable group of N-formyl peptides, or that there is tissue specific difference in
expression. The potential of FDCP cells to produce fully differentiated myeloid cells,
in response to various cytokines, can be used to address the tissue-specificity of the
FPR genes. The monocyte derived WEHI-3b cell line appears to express a different
FPR isoform than FDCP cells differentiated to neutrophils. The FPR of
macrophages, monocytes, and eosinophils can be characterised. When the
sequence data on the five unpublished murine FPR isoforms becomes available, a
comparison of the binding data and the expression of FPR genes by the various cell
types could be carried out. The human genome contains three FPR genes which
appear to have differential expression (Durstin etal., 1994). This may also be the
case in murine cells. In addition, the binding characteristics of these other isoforms
can be studied.

Structural and functional relationships can be studied by directed mutagenesis of
FPR genes. Using the six murine genes and by isolating genes from other species,
the model of N-formyl peptide activation of FPR can be refined.
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The murine model may be used to study other mature neutrophil characteristics
such as the expression of cell surface molecules for example cell adhesion
molecules.

The heterogeneity of circulating neutrophils may be investigated. For example, are
circulating neutrophils hetegenous because they have been derived form different
stem cells, or is it due to variability in differentiation ?
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237

huFPR
FPRLl
FPRL2
ra b F P R
mu F P R

K IH K Q G L IK S S R P L R V L S F V A A A F F L C W S P Y Q W A L IA T V R IR E L L Q G M Y K E - IG IA V D V
K IH K K G M IK S S R P L R V L T A W A S F F IC W F P F Q L V A L L G T V W L K E M L F Y G K Y K IID IL V N P
K I H R N H M I K S S R P L R V F A A W A S F F IC W F P Y E L I G IL M A V W L K E M L L N G K Y K IIL V L IN P
K I H R Q G L IK S S R P L R V L S F W A S F L L C W S P Y Q IA A L I A T V R I R E L L L G M G K D L R I - V L D V
K I H R Q G L IK S S R P L R V L S F W A A F F L C W C P F Q W A L I S T I Q V R E R L K N M T P G IV T - A L K I

2 85
2 86
2 86
2 87
29 6

huFPR
FPRLl
FPRL2
ra b F P R
m uF PR

T S A L A F F N S C L N P M L Y V F M G Q D F R E R L IH A L P A S L E R A L T E — D S T Q T S D T A T N S T L P S A
T S S L A F F N S C L N P M L Y V F V G Q D F R E R L IH S L P T S L E R A L S E — D S A P T N D T A A N S A S P P A
T S S L A F F N S C L N P IL Y V F M G R N F Q E R L IR S L P T S L E R A L T E V P D S A Q T S N T H T T S A S P P E
T S F V A F F N S C L N P M L Y V F M G O D F R E R L IH S L P A S L E R A L S E — D S A Q T S D T G T N S T S A P A
T S P L A F F N S C L N P M L Y V F M G Q D F R E R L IH S L P A S L E R A L T E - - D S A Q T S D T G T N L G T N S T

343
3 44
346
3 45
3 54

h u F P R -------- E V A L Q A K
FPRLl
ETELQAM
FPRL2
ETELQAM
ra b F P R
EAELQ AI
m uFPR SLSEN TLN A M

3 50
351
353
352
3 64

Alignment of Formyl Peptide Receptor amino acid sequences. huFPR. FP R Ll. and
FPRL2 were human derived sequences from cDNA libraries. rabFPR was derived
form a rabbit cDNA library and muFPR from a murine genomic library.
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Appendix 2
R98
R2 6

CCCAG AGCAAGACCACAGCTGGTGAACAGTCCAGGAGCAGACAA
c c c a g a c c ta g a a c ta C C C A G A G C A A G A C C A C A G C T G G T G A A C A G T C C A G G A G C A G A C A A

44
60

R9 8
R2 6

GATGG AG ACAAATTCCTCTCTCCCCACG AACATCTCTGG AG G G ACACCTG CTG TATCTG C
GATGG AG ACAAATTCCTCTCTCCCCACG AACATCTCTGG AG G G ACACCTG CTG TATCTG C

104
120

R9 8
R2 6

TGG CTATCTCTTCC TG G ATA TCATCACTTATCTG G TATTTG CAG TCACCTTTG TCCTCG G
TGG CTATCTCTTCC TG G ATA TCATCACTTATCTG G TATTTG CAG TCACCTTTG TCCTCG G

164
180

R9 8
R2 6

G G TCC TG G G CAACG G G CTTG TG ATCTG G G TG G CTG G ATTCCG G ATG ACACACACA G TCAC
G G TCC TG G G CAACG G G CTTG TG ATCTG G G TG G CTG G ATTCCG G ATG ACACACACA G TCAC

224
240

R9 8
R2 6

CACCATCAGTTACCTGAACCTGGCCGTGGCTGACTTCTGTTTCACCTCCACTTTGCCATT
CACCATCAGTTACCTGAACCTGGCCGTGGCTGACTTCTGTTTCACCTCCACTTTGCCATT

2 84
300

R9 8
R2 6

CTTCATG G TCAG G AAG G CCATG G G AG G ACATTG G CCTTTC G G CTG G TTCCTG TG CAAATT
CTTCATG G TCAG G AAG G CCATG G G AG G ACATTG G CCTTTC G G CTG G TTCCTG TG CAAATT

344
3 60

R9 8
R2 6

CCTCTTTACCATAGTGGACATCAACTTGTTCGGAAGTGTCTTCCTGATCGCCCTCATTGC
C G TCTTTACCA TAG TG G A CATCAA CTTG TTCG G AAG TG TCTTCCTG ATCG CCCTCATTG C

404
420

R9 8
R2 6

TCTG G ACCG CTG TG TTTG CG TCCTG CATCCAG TCTG G ACCCAG AACCACCG CACCG TG AG
TCTG G ACCG CTG TG TTTG CG TCCTG CATCC AG TCTG G ACCCAG AACCAC CG CACCG TG AG

464
480

R9 8
R2 6

CCTGGCCAAG AAG G TG ATCATTG G G CCCTG GG TG ATG G CTCTG CTCCTCACATTG CCAG T
CCTGGCCAAGAAG G TG ATCATTG G G CCCTG GG TG ATG G CTCTG CTCCTCACATTG CCAG T

524
540

R9 8
R2 6

TATCATTCG TG TG ACTACAG TACCTG G TAAAACG G G G ACAG TAG CCTG CACTTTTAACTT
TATCATTCG TG TG ACTACAG TACCTG G TAAAACG G G G ACAG TAG CCTG CACTTTTAACTT

584
600

R98
R2 6

TTCG CC CTG G AC CAAC G A CCC TA AAG AG AG G ATAAATG TG G CCG TTG CCATG TTG ACG G T
TTCG CC CTG G AC CAAC G A CCC TA AAG AG AG G ATAAATG TG G CCG TTG CCATG TTG ACG G T

644
660

R9 8
R2 6

G AG AG G CATCATCCG G TTCATCATTG G CTTCAG CG CAC CCATG TCCATCG TTG CTG TCAG
G AG AG G CATCATCCG G TTCATCATTG G CTTCAG CG CAC CCATG TCCATCG TTG CTG TCAG

704
72 0

R9 8
R2 6

TTATG GG CTTATTG CCACCAAG ATCCACAAG CAAGG CTTGATTAAG TCCAG TCG TCCCTT
TTATG GG CTTATTG CCACCAAG ATCCACAAG CAAGG CTTGATTAAG TCCAG TCG TCCCTT

7 64
780

R9 8
R2 6

ACG G G TCCTCTCCTTTGTCGCAGCAGCCTTTTTTCTCTGCTGGTCCCCATATCAGGTGGT
ACG G G TCCTCTCCTTTGTCGCAGCAGCCTTTTTTCTCTGCTGGTCCCCATATCAGGTGGT

824
840

R98
R2 6

G G CCCTTATAG CCACAG TCAG AATCCG TG AG TTATTG CAAG G CATG TAC AAAG AAATTG G
G G CCCTTATAG CCACAG TCAG AATCCG TG AG TTATTG CAAG G CATG TAC AAAG AAATTG G

884
900

R9 8
R2 6

TA TTG CAG TG G ATGTG ACAAG TG CCCTG G CCTTC TTCAACAG CTG CCTCAA CCCCATG CT
TATTG C A G TG G A TG TG A C A A G TG C C C TG G C C TTC TTC A A C A G C TG C C TC A A C C C C A TG C T

944
960

R9 8
R2 6

CTATG TCTTCATG G G C C A G G A C TTC C G G G A G A G G C TG A TC C A C G C C C TTC C C G C C A G TC T
CTATG TCTTCATG G G C C A G G A C TTC C G G G A G A G G C TG A TC C A C G C C C TTC C C G C C A G TC T

1004
1020

R98
R2 6

GGAGAGGGCCCTGACCGAGGACTCAACCCAAACCAGTGACACAGCTACCAATTCTACTTT
GGAGAGGGCCCTGACCGAGGACTCAACCCAAACCAGTGACACAGCTACCAATTCTACTTT

1064
1080

R9 8
R2 6

ACCTTCTG CAG AG G TG G C G TTA C A G G C A A A G TG A G G A G G G A G C TG G G G G A C A C TTTC G A G
ACCTTCTG CAG AG G TG G AG TTACAGG CAAAG TG AG G AG G G AG CTG G G G G ACACTTTCG AG

1124
1140

R9 8
R2 6

CTCCCAGCTCCAG CTTCG TC TCACCTTG AG TTA GG CTG AG CACAG G CATTTCCTGC TTAT
CTCCCAGCTCCAG CTTCG TC TCACCTTG AG TTA GG CTG AG CACAG G CATTTCCTGC TTAT

1184
1200

R98
R2 6

T T T A G G A T T A C C C A C T C A T C A G A A A A A A A A A A A A A -G C C T T T G T G T C C C C T G A T T T G G G G
TTTAG GA TTA C C C A C TC A TC A G A A A A A A A A A A A A A aG C C TTTG TG TC C C C TG A TTTG G G G

1243
1260

R98
R2 6

A G A A T A A A C A G A T A T G A G T T T a tta ttg a c ttc ttttttg a ttttg g a c c tc a g c c tc g g
A G A A T A A A C A G A T A T G A G T T T ------------------------------------------------------------------------------------------------------

13 03
1281

R98
R98

g tg g tc a g g g tg g g a a a tg a ta g g a a g a a g c tg tc a tc tg c a tc c ta g tttg c c tg a a a t
g a a c c c a a a ta a ta c c c a tta tta tta g tc c tg a a tta tg a g ta g tg a a tg a ta c c c a tc

1363
1423
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R98
R9 8
R9 8
R9 8
R9 8
R98
R9 8
R98

a ttc tg g c a tc a tg a tg a g ta g tg tc c a c ttc c a ttc tg a a a a g tg c c c tg c tg tg a a a a
a ta a a tta ta ta g tc a tc c ta g g ta a a tg a a g g a g g a g g g a g a a g tg tg a a a g a g ta tg g
c tta a a tc a g a c a a g a ta ta c a a g a a g a ta c ttta ta ta g g g c a g g a g c g g tg g c tc a tg
c c tg ta a tc c c a g c a c tttg g g a g g c c g a g g c a g g c g g a tc a c c a g a g g tc a g g a a ttc g
a g a a c a g c c tg g c c a a c a tg g tg a a a c c c tg tc tc ta c ta a a a a ta c a a a a a tta g c tg g
g c g ta g tg g c a g g c tc c c g ta a tc c c a g c ta c tc a g g a g a c c g a g g c a g g a g a a tc g c tt
g g a c c tg g a a g g c g g a g g ttg ta g tg a g c c a a g a a a a c g c c a c ta c a c tc c a g c c tg g g t
g a c a g a g a g a g a c tc c g g c tc a g

241
1483
1543
1603
1663
1723
1783
1843
1866

A comparison of two human FPR allelic and splice varients of the human FPR gene
FPR1. R-98 represents fMLP-R98 and R26 fMLP-R26 (Boulay etal., 1990a).
The letters in upper case indicate identical identity of bases, those in lower case
indicate differrences between the two varients.
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Appendix 3
M ur
Ham
Rat
H um

M G P H G N D S D F L L A P N G S R A P H H D V T Q E R D E A W W G M A IL M S V IV L A IV F G N V L V IT A IA K
M G P P G N D S D F L L T T N G S H V P D H D V T E E R D E A W W G - A IL M S V IV L A IV F G N V L V IT A IA K
M E P H G N D S D F L L A P N G S R A P G H D IT Q E R D E A W W G M A IL M S V IV L A IV F G N V L V IT A IA K
M G Q P G N G S A F L L A P N R S H A P D H D V T Q Q R D E V W W G M G IV M S L IV L A IV F G N V L V IT A IA K

60
59
60
60

M ur
Ham
Rat
H um

F E R L Q T V T N Y F IIS L A C A D L V M G L A W P F G A S H T S M K M W N F G N F W C E F W T S ID V L C V T A S
F E R L Q T V T N Y F IT S L A C A D L V M G L A W P F G A S H IL M K M W N F G N F W C E F W T S ID V L C V T A S
F E R L Q T V T N Y F IT S L A C A D L V M G L A W P F G A S H IL M K M W N F G N F W C E F W T S ID V L C V T A S
F E R L Q T V T N Y F IT S L A C A D L V M G L A W P F G A A H IL M K M W T F G N F W C E F W T S ID V L C V T A S

120
119
120
120

M ur
Ham
Rat
H um

lE T L C V IA V D R Y V A IT S P F K Y Q S L L T K N K A R W IL M V W IV S G L T S F L P IQ M H W Y R A T H K K
lE T L C V IA V D R Y IA IT S P F K Y Q S L L T K N K A R M V IL M V W IV S G L T S F L P IQ M H W Y R A T H Q K
lE T L C V IA V D R Y V A IT S P F K Y Q S L L T K N K A R W IL M V W IV S G L T S F L P IQ M H W Y R A T H K Q
lE T L C V IA V D R Y F A IT S P F K Y Q S L L T K N K A R V IIL M V W IV S G L T S F L P IQ M H W Y R A T H Q E

180
179
180
180

M ur
Ham
Rat
H um

A ID C Y T E E T C C D F F T N Q A Y A IA S S IV S F Y V P L W M V F V Y S R V F Q V A K R Q L Q K ID K S E G R F
A ID C Y H K E T C C D F F T N Q A Y A IA S S IV S F Y V P L W M V F V Y S R V F Q V A K R Q L Q K ID K S E G R F
A ID C Y A K E T C C D F F T N Q A Y A IA S S IV S F Y V P L W M V F V Y S R V F Q V A K R Q L Q K ID K S E G R F
A IN C Y A N E T C C D F F T N Q A Y A IA S S IV S F Y V P L V IM V F V Y S R V F Q E A K R Q L Q K ID K S E G R F

240
23 9
240
2 40

M ur
Ham
Rat
Hum

H A Q N L S Q V E Q D G R T G H G L R R S S K F C L K E H K A L K T L G IIM G T F T L C W L P F F IV N IV H V IR D
H S P N L G Q V E Q D G R S G H G L R R S S K F C L K E H K A L K T L G IIM G T F T L C W L P F F IV N IV H V IQ D
H A Q N L S Q V E Q D G R S G H G L R S S S K F C L K E H K A L K T L G IIM G T F T L C W L P F F IV N IV H V IR A
H V Q N L S Q V E Q D G R T G H G L R R S S K F C L K E H K A L K T L G IIM G T F T L C W L P F F IV N IV H V IQ D

3 00
299
3 00
3 00

M ur
Ham
Rat
Hum

N L IP K E V Y IL L N W L G Y V N S A F N P L IY C R S P D F R IA F Q E L L C L R R S S F E T Y G N G Y S S N S N G
N L IP K E V Y IL L N W L G Y V N S A F N P L IY C R S P D F R IA F Q E L L C L R R S S S K A Y G N G Y S S N S N g
N L IP K E V Y IL L N W L G Y V N S A F N P L IY C R S P D F R IA F Q E L L C L R R S S S K T Y G N G Y S S N S N G
N L IR K E V Y IL L N W IG Y V N S G F N P L IY C R S P D F R IA F Q E L L C L R R S S L K A Y G N G Y S S N G N -

360
3 59
3 60
3 59

M ur
Ham
Rat
Hum

RTDYTGEPNTCQLGQEREQELLCEDPPGM EGFVNCQGTVPSLSVDSQGRNCSTNDSPL
k td y M G E A S G C Q L G Q E K E S E R L C E D P P G T E S F V N C Q G T V P S L S L D S Q G R N C S T N D S P L
R T D Y T G E Q S A Y Q L G Q E K E N E L L C E E A P G M E G F V N C Q G T V P S L S ID S Q G R N C N T N D S P L
T G E Q S G Y H V E Q E K E N K L L C E D L P G T E D F V G H Q G T V P S D N ID S Q G R N C S T N D S L L

418
417
418
413

Amino Acid Alignment of pg Adrenergic Receptors.
Mur = Murine, Ham = Hamster, Rat = Rat, Hum = Human.
The letters in upper case indicate identical identity of bases, those in lower case
indicate differrences between the two varients.
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A 4.1 G Protein Coupled Receptors

A large number of intracellular signals are received at the cell surface by specific
receptors. These signals include neurotransmitters, peptide hormones, autocrine
and paracrine factors. These receptors are coupled to intracellular effectors by
guanine-nucleotide-binding regulatory proteins (G proteins). For each type of
signal there may be more than one type of receptor. For example, there are five
types of muscarinic acetylcholine receptors (m^-mg).
Stimulation of these G protein coupled receptors (GPCRs) activates the G
proteins that regulate a variety of enzymes or ion channels. Changes in the ionic
composition of the cell, or the level of second messengers such as inositol
phosphates, regulate cellular responses. A cell's response to a signal depends
on the presence of the receptor and the specificity with which it interacts with
G proteins. This interaction defines the range of responses a cell can make. If
the receptor can only interact with one subtype of G protein, which in turn can
interact with only a single effector pathway, then the response of the cell will be
very specific. If the receptor interacts with many types of G protein many effector
pathways will be effected leading to a broad cellular response.

A 4.1.1 General Features of G Protein Coupled Receptors
The GPCRs are all single polypeptide chains ranging in length from 324 amino
acids {mas oncogene) to 744 amino acids (human thyroid stimulating hormone
receptor). All GPCRs have seven stretches of 20 - 26 hydrophobic amino acids
which are predicted to form membrane spanning a-helices (Strader et al., 1994).
This prediction has been supported by electron diffraction studies on
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bacteriorhodopsin and proteolytic cleavage studies of rhodopsin (Hargrave et
al., 1982, Henderson et al., 1990). The areas of greatest similarity within the
GPCRs are the transmembrane regions. The similarity varies between 85-95%,
for receptor subtypes, to 20-25% for unrelated GPCRs. The extracellular and
intracellular domains of GPCRs display more divergent amino acid sequences.
For both rhodopsin and pg adrenergic receptor the N terminus is located on the
extracellular surface and the C terminus is on the intracellular side (Wang et al.,
1989; Applebury and Hargrave, 1986). Sequence comparisons of GPCRs reveal
that there are common amino acids and common domains (Attwood et al.,
1991). It is thought that the most conserved amino acids are essential for protein
folding.
Prolines are found within transmembrane domains (TM) 4, 5, 6, and 7. These
are thought to be important to the formation of the binding pocket as they
introduce kinks in the a-helices (Findlay and Eliopoulos, 1990). Cysteines are
conserved in extracellular loops 1 and 2. They form a disulphide bridge which
imposes a constraint in the conformation of the extracellular domain. This is
probably a common structural feature as these cysteines are invariant in most
GPCRs. The C terminus of the biogenic amine receptors (P adrenergic) contains
an invariant cysteine which can be palmitylated. This is thought to anchor part
of the C terminus to the plasma membrane, thus controlling the tertiary structure
of this region (O'Dowd et al., 1989).
There are also other well conserved residues. These include a glycine, an
asparigine and a valine in TM1; a leucine, two alanines, and an aspartate in
TM2; an isoleucine in TM3; a tryptophan in TM4; a phenylalanine and a
tryptophan in TM6; and an asparigine and a tyrosine in TM7.
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The triplet Asp-Arg-Tyr is the most highly conserved intracellular sequence
adjacent to TM3 and has been implicated in signal transduction. The arginine
is invariant but the aspartate and asparagine can be conservatively replaced in
several GPCRs. The N terminal varies from seven to three hundred amino acids
in length. There is little sequence similarity in the first extracellular domain.
GPCRs usually contain at least one N-linked glycosylation consensus sequence
(Asn-X-Ser/Thr). Glycosylation is thought to be important for expression (Rands
et al., 1990). There are potential phosphorylation sites in the third cytoplasmic
loop and the C terminus. Protein kinase A and specific receptor kinases mediate
receptor desensitisation by phosphorylation of serine and threonine residues in
this region (Section A 4.4).
Three dimensional models of the structure of GPCRs have been proposed
(Baldwin, 1993). The helices pack with their lipid surfaces on the outside and the
polar groups on the inside. The helices are at small positive angles, relative to
each other, except for helix 3 and 4 which has a small negative angle. This
means that the intracellular surface has a compact structure for interaction with
the G protein and that the extracellular surface has an open structure to
accommodate the ligand.
Primary sequence alignments has led to the identification of four subfamilies
within the GPCRs. These are receptors that bind biogenic amines (dopamine
and acetylcholine), glycoproteins hormones (thyroid stimulating hormone),
neurokinins (substance P) and calcitonin (parathyroid hormones).
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A 4.2 Ligand Binding Domains

Within GPCRs, two types of binding have been identified. Small ligand GPCRs
have a binding pocket which is within the transmembrane helices. The peptide
hormone receptors have a large ligand which binds to the extracellular part of
the receptor.

A 4.2.1 Ligand Binding Domain for Small Ligands
The structure of the binding pocket in small ligand GPCRs is based on the
structure of bacteriorhodopsin which has been resolved to high resolution
(Henderson et al., 1990; Strader et al., 1989b). Large regions of the intracellular
and extracellular hydrophillic domains of pj adrenergic receptors can be deleted
without affecting the binding of agonists or antagonists. This indicates that the
determinants of ligand binding lie within the transmembrane domains (Dixon et
al., 1987). Site-directed mutagenesis studies of the pg adrenergic receptors have
identified three residues important in ligand binding among receptors that bind
catecholamine agonists but not in other GPCRs (Strader et al., 1989a). These
residues are two serines at positions 204 and 207 in TM5 and a phenylalanine
at position 290 in TM6. The serines hydrogen bond to the hydroxyls of the
catechol moiety of the catecholamine agonists giving rise to higher affinity
binding. The phenylalanine is thought to be important in stabilizing the
interaction of the catechol with the receptor. In addition, the aspartate residue
at position 113 in TM3 of Pg adrenergic receptors interacts with the amine group
of the ligand.
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In the muscarinic, a adrenergic and dopaminergic receptors, the ligand binds to
a pocket comparable to that of the Pg adrenergic receptors.

A 4.2.2 Ligand Binding Domain for Large Ligands
The GPCRs which bind large ligands can be subdivided into two families: the
glycoprotein hormone receptors and the tachykinin receptors. The ligands for
these receptors are very large compared to the other GPGR ligands.

A 4.2.3 Ligand Binding Domain of the Glycoprotein Hormone Receptors
The extracellular domains of the glycoprotein receptors are involved in ligand
binding. This became apparent when deletion studies showed that removal of
these domains leads to loss of high affinity binding (Keinanen and Rajaniemi,
1986). Further studies pinpointed the high affinity binding site for the
glycoprotein hormone receptors to be within the first cytoplasmic domain. This
domain is glycosylated and is rich in cysteines that can form disulphide bridges.
The large N terminus contains 20 amino acid repeats which are rich in leucines.
The leucine-rich repeats are known to interact with both hydrophillic and
hydrophobic surfaces.
In addition to the extracellular binding pocket, the glycoprotein hormone
receptors have also been found to have a similar binding pocket to that of the
small ligand GPCRs. However, this site is of low affinity. It is thought that the
extracellular high affinity binding site may act to capture the hormone and
present it to the intramembranous low affinity site for signal transduction (Ji and
Ji, 1991).
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A 4.2.4 Ligand Binding Domain of The Tachykinin Receptors
The three tachykinins (substance P, substance K and neuromedin K) share a
common C terminus sequence, Phe-X-Gly-Leu-IVIet-NHg. It has been proposed
that the three receptors for these ligands, designated neurokinin 1, neurokinin
2 and neurokinin 3 (NK1, 2 and 3), recognise the common C terminus and that
the specificity is determined by the divergent N terminus (Buck et al., 1988).
Chimeric studies with the NK1/NK2 have located the binding site from TM2 to
the second extracellular loop together with the N terminus (Yokota et al., 1992).
Further work with NK1/NK2 and NK1/NK3 chimeric receptors has shown that the
tachykinins do not interact with the same functional groups on each receptor
(Fong et al., 1992). However, residues have been identified which interact with
all the tachykinins, but to varying degrees. These are in position 23, 24, 25 (N
terminus), 96, and 108 (first extracellular loop) (Watling and Krause, 1993).

A 4.3 Activation of G Protein Coupied Receptors

Recent data suggest that the receptor exists in several dynamic states. The
receptor has a low affinity for both the ligand and the G protein. When the ligand
binds to the receptor an inactive complex forms which leads to the activation of
the receptor. Recent mutagenesis experiments with p adrenergic and formyl
peptide receptors have led to the production of receptors that are constitutively
active (Samama et al., 1993; Prossnitz et al., 1995). Substitution of Ala293 in
adrenergic receptor by any other amino acid creates a constitutively active
receptor (Cotecchia et al., 1990). In addition, the receptor has a higher affinity
for the ligand although its affinity for antagonists is unchanged. The receptor is
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thought to exist in equilibrium between two interconvertible states, the active and
the inactive. The conversion between the active and the inactive state can occur
spontaneously but in the absence of a ligand the equilibrium is such that the
receptor is inactive. When the ligand binds, it shifts the equilibrium towards the
active receptor causing cellular activation. Therefore, the constitutively active
mutants are due to the equilibrium favouring the active state of the receptor.
The current model of activation is as follows. The ligand binds to the receptor,
activating it through a conformational change. The receptor can only activate the
G protein when it is in this state. The G protein binding site of the receptor is
thought to be buried inside the receptor structure. When the ligand binds to the
receptor, activating it by a conformational change, this site is exposed and can
interact specifically with its G protein. This activates the G protein by allowing
it to exchange GDP for GTP. The Ala293 in the

adrenergic receptor is

thought to be important in shielding the G protein binding site from the G
protein.

A 4.3.1 Heterotrimeric G Proteins
Currently, twenty distinct G„ subunits have been identified. These have been
divided into four classes based on their amino acid similarities (Rens Domiano
and Hamm, 1995). The G^^ family mediates the hormonal stimulation of
adenylyl cyclase and the closing of Ca^"^ channels. The G^j family is generally
involved in the inhibition of adenylyl cyclase and opening

channels. The G^

and G„gu t families have not been well characterized and the effector systems
3

they activate are unknown.
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Five Gp subunits and twelve

subunits have been identified (Roth et a!.,

1991). The Gpy can act as regulators of many effectors such as

channels,

adenylyl cyclase, PI3-kinase and via ras on MAP kinase pathways (Clapham
and Neer, 1993; Faure et al., 1994). The G protein subunits G^, and G^ contain
lipid molecules. This is important in localizing these subunits to the membrane.
G„ may be myristoylated and palmitoylated. G^ can be farnesylated or
geranylgeranylated.
Recent crystallographic studies have revealed the structure of the G protein
heterotrimer (Sondek et al., 1996; Lambright et al., 1996; Wall et al., 1995). The
Gp is shaped like a seven-bladed propeller with a tapering, water filled shaft.
The Gy subunit makes contact with one side and over the face of the Gp
subunit. On the other side of Gp, the G^ subunit is tethered close to the Gy
subunit. The G^^ subunit has two major contacts with Gp subunit. The first is the
myristoylated or palmitoylated N terminus. The second is between the two
switch regions of G^^ and one of the electronegative faces of Gp. This shields
the switch domains until the activation of the receptor. The receptor acts as a
cationic lever when activated, flipping the switch domain and triggering the
conformational change in G^^. As the intracellular GTP level is much higher than
the GDP level, GDP is rapidly replaced with GTP once the G„ helical/G^
GTPase domain cleft is open. The switch domain then closes and the free G^
and Gpy subunits can interact with effectors.

A 4.3.2 G Protein Binding Domain
Proteolysis and mutagenesis studies indicate that the third intracellular loop is
the most important domain in the coupling of a, p and muscarinic receptors to
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G proteins (Strader et al., 1989b; Lefkowitz and Caron, 1988; Campbell et al.,
1991). The third intracellular loop is predicted to form amphipathic a helices
(Lefkowitz and Caron, 1988). In

adrenergic receptors, the C terminal region

of the third intracellular loop is important for the activation of phospholipase C.
Substitution of Ala293 to Leu and Lys 290 to His increases the potency of
agonists, stimulating phospholipase C by two orders of magnitude (Cotecchia
et al., 1990). In muscarinic receptors, m^, m^ and m^ are coupled to
phospholipase C and all contain a highly conserved N terminal in the third
intracellular loop, mg and m^ are negatively coupled to adenylate cyclase and do
not have this conserved sequence (Wess et al., 1989). Chimeras of the third
intracellular loop of mj and m^ have confirmed the importance of this region for
G protein coupling (Wess et al., 1990a; Wess et al., 1990b).

A 4.4 Down Regulation of the Receptor

Prolonged

exposure

to

agonist

results

in desensitization

of

receptor

responsiveness. This is a biphasic response with an initial short term component
followed by a long-term response (Hausdorff et al., 1990). Short term
desensitization occurs over a time period of seconds to minutes followed by a
rapid

recovery which

does

not require

protein

synthesis.

Long term

desensitization leads to a loss in total receptor numbers and recovery requires
de novo protein synthesis. Three main methods of desensitization have been
identified in p adrenergic receptors: phosphorylation, sequestration and
degradation. The short term desensitization is thought to be mediated by
phosphorylation of the receptor by G protein coupled receptor kinases (GRKs)
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such as rhodopsin kinase or p-adrenergic receptor kinase (PARK) (Freedman
et al., 1995) and by sequestration of the receptor away from the plasma
membrane and into vesicles that lack

(Barak et al., 1994). Down regulation

is thought to involve the degradation of the receptor via a lysosomal pathway
leading to a prolonged loss in receptor numbers from the plasma membrane.
When the ligand binds to its receptor it undergoes a conformational change. The
ligand bound receptor can either activate the G protein or it can become
desensitized. If the receptor interacts with G protein it will activate it. This
causes the dissociation of the G protein in to G^ and Gp^ subunits which can
then activate cellular pathways. If the activated receptor interacts with other
proteins, such as receptor kinases or the arrestin proteins the activity of the
receptor is shut down. Once the receptor has been activated by ligand binding,
it becomes a substrate for the cytoplasmic GRKs. There are six known members
of these. They act by binding to the conformationally active receptor and
phosphorylating multiple serines and threonines at the C terminal of the
receptor. This leads to an increase of the binding affinity of the receptor for (3
arrestins. These proteins act to down regulate the receptor by sterically
preventing it from interacting with G proteins so that the pathway leading to
cellular responses cannot be activated (Premont et al., 1995; Inglese et al.,
1993). The cytoplasmic GRKs are rapidly recruited to the membrane. Both
rhodopsin kinase and pARK can very rapidly translocate to the membrane. In
the case of rhodopsin kinase, this is achieved by its CAAX box which can
become farnesylated, thus allowing it to reach the plasma membrane and
interact with the receptor (Inglese et al., 1992). In the case of PARK, there is a
pleckstrin homology domain at its C terminus which can bind to Gp^ (Touhara
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et al., 1994). The pleckstrin domain can also bind the lipid PIPg (Harlan et al.,
1994). Therefore, when the receptor becomes activated, the Gp^ subunit and
PIPg are available to bind to PARK. This causes PARK to translocate to the
membrane, enabling it to phosphorylate the receptor and thus to down regulate
it (Pitcher et al., 1995b). The receptor is then thought to be sequestered into
endosomal vesicles, p arrestin is thought to mediate this process (Ferguson et
al., 1996). The receptor can then either be recycled or degraded. Recycling
involves the action of phosphatase on the receptor and the fusion of the vesicle
with the plasma membrane (Pitcher et al., 1995a; Yu et al., 1993). Degradation
involves the lysosomal pathway. This leads to a long term down regulation of
receptor numbers, requiring de novo protein synthesis to restore receptor
numbers.
The level of mRNA can also be controlled to regulate the number of receptors.
Following ligand stimulation there is an initial rise in p adrenergic mRNA levels.
However, if ligand stimulation occurs over hours there is a down regulation in
the level of mRNA (Hadcock et al., 1989).
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