
Control of B2 bradykinin receptor gene expression.

by

Elizabeth Wilier B.Sc.

A thesis presented for the degree of 

Doctor of Philosophy in the 

University of London

Department of Pharmacology 

University College London



ProQuest Number: 10017298

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10017298

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract.

In order to determ ine those factors which direct 
expression of the B2  bradykinin receptor, we have analysed 
the structure of the gene and its promoter. To characterise the 
regulatory elements which control B2 bradykinin receptor gene 
expression, a mouse cosmid clone was isolated containing exon 
1 (an untranslated exon), approximately 35kb of sequence 
upstream  as well as approxim ately  5kb of sequence 
downstream to transcription initiation site 1. This clone was 
mapped and a 2 .6 kb region of upstream  sequence, together 
with transcription initiation site 1 and 31bp of exon 1 was 
subcloned into a luciferase reporter vector (pGL2_Basic). 
Transient transfection studies demonstrated that this construct 
was capable of driving rep o rte r gene expression  in 
neuroblastoma x glioma NG108-15, (a cell line which expresses 
an endogenous B2 bradykinin receptor). Deletional analysis of 
this construct demonstrated that a region encompassing 162bp 
of 5 ' sequence, transcription initiation site 1 , and 31bp of exon 
1 contained an active promoter. The presence of two additional 
downstream transcription initiation sites was shown to have no 
effect upon reporter gene expression in NG108-15 cells.

E lectrom obility  sh ift assay d e m o n s tra te d  two 
protein/DNA interactions in the region from -203bp to +31bp 
using nuclear protein extracted from NG108-15 cells, whereas 
only a single protein/DNA interaction was shown using nuclear 
protein extracted from CHO cells (which do not express an 
endogenous B2 bradykinin receptor). The NG108-15 specific 
protein/DNA interaction was localised to a 44bp region, 47bp 
upstream from transcription initiation site 1. The protein/DNA 
complex running at the same position for both NG108-15 and 
CHO nuclear protein was localised to a region within 20bp of 
transcription initiation site 1. Southwestern analysis of the 
-203bp to +31bp region of the prom oter dem onstrated two 
protein/DNA interactions of identical m olecular weights 
(llS kD a and 106kDa) using nuclear protein extracted from 
NG108-15 and CHO cell lines.
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B2 BRADYKININ RECEPTORS.

1.1 History of bradykinin research.

The year 1909 marked the beginning of the history of 
kinin research when the French surgeons Abelous and Bardier 
intravenously injected fractions extracted from human urine in 
a man and witnessed a transient decrease in blood pressure. In 
1928 the name "Kreislaufhormon" was given to a substance 
perceived by Frey and Kraut as being responsible for this 
hypotensive effect. Kallikrein, the enzyme which breaks down 
circulating kininogens, was inadherently discovered in the 
pancreas during the search by Frey and Kraut for the gland of 
origin of this hormone. By 1937, kinin research had begun to 
intensify with Werle et al. demonstrating that kallikrein reacts 
with a plasma component to release a small molecule capable 
of stim ulating ra t uterus as well as being active in the 
cardiovascular system.

Bradykinin was finally purified in 1955 by Rocha E Silva 
et al., six years after their discovery that blood incubated with 
trypsin releases a substance that produces a slow contraction of 
the guinea-pig ileum. The precise amino-acid sequence of 
bradykinin was published in 1960 by Boissonnas et al. enabling 
the synthetic m anufacture of this nonapeptide and greatly 
facilitating the study of the biological actions of bradykinin. 
The employment of synthetic bradykinin in functional studies 
revealed many new, diverse and unexpected roles, together 
w ith in itia ting  the unravelling of num erous complex 
biochem ical pathways a ttribu ted  to bradykinin  activity. 
Nevertheless the pharmacological study of bradykinin subtypes 
was delayed until the late 1970s when the introduction of 
synthetic ligands selective for B2 bradykinin receptors by 
Barabé et al. (1977) and Regoli et al. (1977a) provided the 
means with which to gain a greater understanding of receptor 
subtypes and their respective function (Regoli and Barabé 
1980).

12



1.2 Bradykinin.

Bradykinin is a nonapeptide, the amino acid sequence of 
which is Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg. Bradykinin is 
formed by the action of kallikrein proteases on high molecular 
weight precursor kininogens found in biological fluids, 
including plasma and various tissues. Kallikreins are produced 
by the liver, exocrine glands and the kidney where they are 
stored in the ir inactive form known as prekallikreins. 
Inhibitory proteins present in these tissues prevent any 
activity during storage. Following tissue damage or the contact 
by blood of negatively charged surfaces several proteolytic 
enzymes in plasma, which mediate the body's cellular and 
vascular responses for defence and repair, are activated by the 
Hageman factor (Regoli and Barabé 1980). These include 
kallikrein which is then able to generate Met-Lys_bradykinin, 
Lys_bradykinin and bradykinin by the proteolytic cleavage of 
HMW kininogen. The binding of kinins and kinin metabolites to 
cell surface receptors activates various intracellular signalling 
pathways including activation of phospholipases C and A2 . 
Rapid degradation of kinins by angiotensin converting enzyme 
and o ther proteases prevents any further activity (Roberts 
1989).

1.3 Pharmacology.

Bradykinin receptors were classified into B1 and B2 
subtypes by Regoli and Barabé, by their differing affinities for 
bradykinin, des-Arg^-bradykinin and the bradykinin analogue 
[Tyr-(M e)8]-bradykinin (Regoli and Barabé 1980). The B1 
bradykinin receptor is preferentially activated by the agonist 
des-Arg9-bradykinin. Bradykinin and its analogue [Tyr-(Me)8]- 
bradykinin have a low affinity for B1 bradykinin receptors as 
compared to their affinity for B2 bradykinin receptors. The 
agonist with the greatest potency at B2 bradykinin receptors is 
[Tyr-(Me)8]-bradykinin (Barabé et al. 1977; Gaudreau et al. 
1981a,b). The next in the series of B2 bradykinin receptor 
agonists is bradykinin, followed by the B1 bradykinin receptor
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prim ary agonist des-Arg^-bradykinin which shows severely 
reduced affinity for the B2 bradykinin receptor. B2 bradykinin 
receptors are selectively antagonized by D-Arg-[Hyp3,Thi5,8,D- 
Phe^]-bradykinin. The antagonist Hoe-140 (icatibant), D-Arg- 
[Hyp3,Thi5,D-Tic7,Oic8]-bradykinin, developed by the Hoechst 
Pharmaceutical Company (Hock et al. 1991; Wirth et al. 1991) 
was found to be at least 1 0 0 -fold more potent an antagonist 
than the comparable predecessor antagonist analogues based 
on [D-Phe7]-bradykinin (Field et al. 1992; Griesbacher and 
Lembeck 1992; Rhaleb et al. 1992).

1.4 Receptor effector coupling.

The B2 bradykinin  receptor is a m em ber of the 
superfamily of G-protein coupled receptors, which mediate 
their actions through the activation of guanine nucleotide- 
binding proteins (G-proteins) (McEachern et al. 1991). The 
binding of bradykinin to the B2 bradykinin receptor activates 
several secondary messenger pathways including activation of 
membrane bound phosphatidylinositol specific phospholipase C 
and phospholipase Az.

P hospho lipase  C ca ta lyses the  h y d ro ly sis  of 
phosphatidylinositol-bisphosphate generating inositol 1,4,5- 
trisphosphate (IP3 ), and diacylglycerol (Francel and Dawson 
1988; Perney and Miller 1989; Farmer and Burch 1992). IP3 

releases Ca^+ from  in tracellu lar stores, increasing the 
concen tra tion  of in tracellu lar calcium ([Ca^+Ji), which 
consequently opens Ca^+ activated K+ channels and induces 
hyperpolarisation of the membrane (Higashida and Brown 
1986). Cleavage of diacylglycerol releases arachidonic acid 
which is a component in the synthesis of prostaglandins and 
related lipid signalling molecules. The allosteric actions of 
d ia c y lg ly c e ro l to g e th e r  w ith  th e  p h o s p h o lip id  
phosphatidylserine activate protein kinase C (PKC) (Hall 1992) 
which phosphorylates various proteins.

B2 b radyk in in  recep to r m ediated  ac tivation  of 
phospholipase A2 results in the cleavage of diacylglycerol and 
the release of arachidonic acid which subsequently may be
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used in the aforem entioned diacylglycerol transduction  
pathw ays. The release of [Ca2 + ]i may also activate 
phospholipase A2 (Farmer and Burch 1992).

1.5 Physiological functions of B2 bradykinin receptors.

The physiological actions of bradykinin are diverse, 
ranging from vasodilation, increasing vascular permeability, 
sm ooth m uscle con trac tion  and involvem ent in the  
inflammatory process to the mediation of pain by sensory 
neurones. Several of the actions of bradykinin appear to be 
potentiated by the actions of prostaglandins stimulated by B2 
bradykinin receptor activation.

Nevertheless, despite all of these physiological actions of 
bradykinin, mice homozygous for the targeted disruption of the 
gene encoding the B2 bradykinin receptor had no visible 
phenotype. This indicates that the B2 bradykinin receptor gene 
is not essential to the developm ental process in mice 
(Borkowski et al. 1995).

1.5.1 Circulatory system.

Research into the effects of bradykinin begun with the 
investigation into the considerable effects of bradykinin on the 
circulatory  system. The ability of bradykin in  to cause 
vasodilation as well as an increase in vascular permeability, via 
the activation of B2 bradykinin receptors, and resulting in a fall 
in systemic blood pressure was and still is of great interest to 
medical researchers (Regoli and Barabé, 1980; Margolius 1989; 
Gavras and Gavras 1991). Bradykinin induced vasodilation is a 
result of the ability of bradykinin to alter the contractile state 
of smooth muscle via the activation of B2 bradykinin receptors, 
and thereby relax the walls of veins and arteries (Roberts 
1989). Vasodilation is prolonged by bradykinin induced release 
of prostaglandins (Needleman et al. 1975). The activation of B2 
bradykinin receptors, triggered by inflammation, increases the 
perm eability of vascular endothelium  to fluid and plasma
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proteins resulting in oedema formation (Schachter et al. 1987; 
Cirino et al. 1991; Murray et al. 1991).

1.5.2 Gastrointestinal system and urinary tract.

Bradykinin induces both smooth muscle contraction and 
relaxation in colon, ileum, and urinary  b ladder via the 
activation of B2 bradykinin receptors (Hall 1992). The 
stimulation of B2 bradykinin receptors by bradykinin has been 
dem onstrated to influence intestinal electrolyte transport 
processes, inducing the secretion of Cl' ions (Baron et al. 1987; 
Perkins et al 1988; Gaginella and Kachur 1989). These 
responses to bradykinin are perpetuated via the production of 
prostaglandins (Walker et al. 1979; Hall 1992).

1.5.3 Reproductive systems.

Bradykinin has a potentially important role in the female 
reproductive system as stimulation of B2 bradykinin receptors 
causes contraction of uterine smooth muscle (Birch et al. 1991; 
Perkins et al. 1991; Schriefer et al. 1993), involving an indirect 
effect by prostaglandins released from the endom etrium  
(Whalley et al. 1978). The actions of bradykinin in the male 
reproductive system are potentially equally as im portant 
considering that bradykinin has been demonstrated to increase 
sperm  motility via activation of B2 bradykinin receptors 
located in the sperm membrane (Schill et al 1992; Miska et al.
1994).

However, mice homozygous for the targeted disruption of 
the B2 b radyk in in  recep to r gene were fe rtile . This 
demonstrated that any roles the B2  bradykinin receptor plays 
in reproduction are not imperative for fertilisation (Borkowski 
et al. 1995).

1.5.4 Respiratory tract.

Bradykinin mediated stimulation of peripheral endings of 
sensory neurones via the activation of B2 bradykinin receptors
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(Ichinose et al. 1990), in both upper and lower respiratory 
airways, results in reflex bronchoconstriction, coughing and 
neurogenic inflam m ation. Bradykinin stim ulation of B2 
bradykinin receptors has been shown to play a key role in the 
pathogenesis of inflammatory disease of the upper airways, ie. 
asthma (Barnes 1992; Polosa et al. 1992; Trifilieff et al. 1993) 
and is capable of inducing the symptoms of sore throat and 
rhinitis (Rajakulasingam et al. 1992). Bradykinin has been 
dem onstrated to be a potent bronchial vasodilator and is 
capable of stimulating mucus secretion and microvascular 
leakage with oedema formation (Barnes et al. 1988).

1.5.5 Nervous system and immune system.

Neurotransmitter.

In traven tricu lar injection of bradykin in  has been 
demonstrated to cause behavioural changes (Capek 1962). This 
evidence together with the identification of B2 bradykinin 
receptors in the mammalian brain led to the proposal that 
bradykinin may act as a neurotransmitter (Snyder 1980; Sharif 
et al. 1991; Privitera et al. 1992). Evidence of the presence of 
bradykinin in the mammalian brain further corroborates this 
hypothesis (Perry and Snyder 1984; Miller et al. 1987), 
a lthough  release from  nerve endings has no t been  
demonstrated.

Pain and inflammation.

There is currently compelling evidence for a major role 
for B2 bradykinin receptors in pain and hyperalgesia. Local 
generation of bradykinin at the site of tissue damage and the 
presence of bradykinin in damaged tissues at concentrations 
sufficient to cause pain together with the localisation of 
bradykinin binding sites to neuronal pathways associated with 
nociception (Steranka et al. 1988) strongly indicates that 
bradykinin  plays a role in eliciting pain and associated 
inflammatory hyperalgesia (Dray and Perkins 1993).
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Bradykinin has been demonstrated to be both algesic and 
hyperalgesia in its actions (Armstrong et al. 1952,1953; 
Steranka et al. 1988) and these effects are mediated via B2 
bradykinin receptors which trigger a cascade of reactions 
concluding in the activation of nociceptive neurones and the 
perception of pain. The stimulation of prim ary afferents by 
bradykinin results in the release of other pro-inflammatory 
m ediators including tachykinins, calcitonin gene-related 
peptide, enhancing inflam m atory responses (Hall 1992). 
Bradykinin, acting via B2 bradykinin receptors, has been 
suggested to be a primary mediator in inflammatory arthritis 
(Uhl et al. 1992).

1.5.6 Mitogenesis.

There is evidence which points to an influential role for 
bradykinin in the stimulation of proliferation of some tum our 
cells. Bradykinin has been dem onstrated to act as a mitogen 
either alone (Owen and Villereal 1983; Straus and Pang 1984; 
Marceau and Trembley 1989) or in synergy with growth 
factors (Olsen et al. 1988; Pandiella and Meldolesi 1989). Local 
concentrations of bradykinin in inflamed tissue, as opposed to 
basal levels of bradykinin, are sufficiently high to trigger 
proliferation in response to malignant invasion. The linkage of 
oncogenic transformation by ras and dbl with an increase in 
B2 bradykinin receptor expression (Parries et al. 1987; 
Downward et al. 1988; Roberts and Gullick 1989; Ruggiero et al. 
1989; Hembree and Leeb-Lundberg 1996) provides a potential 
mechanism for mediating bradykinin mitogenesis (Roberts 
1989).

1.6 Localisation of B2 bradykinin receptors.

B2 bradykinin receptors have been found to be present 
in the m ajority of mammalian tissues with relatively few 
exceptions. There have been numerous methods employed to 
establish the precise sites of both the RNA and protein  
expression of B2 bradykinin receptors as well as to investigate
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the possibility of subtypes of this particular receptor. Methods 
used range from Northern blotting, reverse transcription-PCR 
of mRNA, to radioligand binding studies and antagonist 
displacement binding studies, all of which can provide a crude 
indication as to the regional localisation of the receptor.

To date, there have been no published reports of the 
successful use of in situ hybridisation to establish the mRNA 
distribution. This is likely to be a consequence of the very low 
levels of B2 bradykinin receptor gene expression in most 
tissues combined with a lack of appropriate sensitivity in the 
protocols currently available. The technique of in situ PCR may 
resolve the problems associated with low levels of gene 
expression.

1.6.1 RNA distribution.

McEachern et al. (1991) were the initial group which 
began to determine the tissue distribution of B2 bradykinin 
receptor mRNA using Northern blot analysis. These results 
revealed that ra t uterus is by far the richest source of B2 
bradykinin receptor transcript. B2 bradykinin receptor mRNA 
is also present in vas deferens, kidney, ileum, heart, lung, testis 
and brain. Three distinct transcripts were detected of 4.0, 5.7 
and 6 .5kb. The only B2 bradykinin receptor transcript found in 
all tissues was the 4.0kb message, with the 5.7kb mRNA being 
present in every tissue except heart and testis and the 6.5kb 
mRNA being exclusively in uterus and kidney (McEachern et al.
1991). The demonstration of multiple messenger RNA species 
may represent different splicing precursors.

An extensive study of the tissue d istribution of the 
messenger RNA for the B2 bradykinin receptor in mouse 
tissues using reverse transcription-PCR dem onstrated wide 
diversity in the pattern  of expression for this gene. Tissues 
analysed included liver, spleen, heart, intestine, pancreas, 
brain, kidney, lung, hypothalamus, pituitary gland, vein, aorta, 
prostate, ovary, adrenal gland, uterus, testes and salivary 
gland. Transcripts were found to be in all tissues investigated 
with the exception of liver and spleen. The level of expression
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of the B2 bradykinin receptor gene in the majority of tissues is 
relatively low. Tissues found to have the greatest concentration 
of B2 bradykinin receptor mRNA were the intestine, lung, 
pancreas, uterus, adrenal gland and pituitary gland (Ma et al.
1994).

1.6.2 Radioligand binding studies.

There have been numerous attem pts to establish the 
pattern of binding of bradykinin since the mid-1960's, but the 
employment of a num ber of different probes and protocols 
renders direct comparison of all the results difficult. Binding of 
tritia ted  bradykinin ([^H]-BK) to solubilised m em brane 
preparations has generally produced the most consistent data. 
High-affinity, saturable B2 bradykinin receptor binding of pH]- 
BK to membrane preparations has been dem onstrated for 
epithelial, cardiac muscle, intestinal, tracheal, respiratory tract 
and uterine smooth muscle tissues, as well as to various brain 
regions. Binding of [^Hj-BK to membrane preparations has also 
been shown for a wide variety of cultured cell lines, including 
lines derived from endothelial, epithelial, neuronal, smooth 
muscle and fibroblast cells (Hall 1992). The displacement of B2 
bradykinin receptor binding by [D-Phe^]-BK analogues has 
been shown in several rat and guinea-pig tissues including 
lung, trachea, nasal turbinale, ileum, uterine myometrium, 
mesangial cells and various brain regions (Hall 1992).

The majority of studies using radiolabelled bradykinin 
identify a single, saturable binding-site, but the presence of a 
second site in a num ber of tissues has been suggested by 
several studies (Reissmann et al. 1977; Odya et al. 1980; 
Manning et al. 1986; Trifilieff et al. 1991) and data from 
functional studies corroborates this conclusion (Hall 1992). The 
affinity of bradykinin among different tissues and species is 
variable, which could represent either different subtypes of the 
B2 bradykinin receptor, different affinity states of the same 
receptor, binding to non-bradykinin receptors or potential 
species differences. There is a growing body of pharmacological 
and genetic evidence (Rhaleb et al. 1992; Borkowski et al.
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1995) which suggests that this variability is not due to 
d iffe ren t sub types of the  B2 b rad y k in in  recep to r. 
Pharmacological characterization of B2 bradykinin receptor 
knockout mice indicated that a single gene is responsible for 
conferring bradykinin-sensitivity, as bradykinin  failed to 
produce a response in all tissues analysed (Borkowski et al.
1995).

The com bined results from  studies of the mRNA 
distribution, together with those from radioligand binding 
studies demonstrates the diverse tissue distribution of the B2 
bradykinin receptor and the relative dearth of tissues which do 
not express this receptor both at a mRNA and a protein level, 
but tell us nothing of the mechanisms that determ ine and 
regulate this widespread distribution.

1.7 Regulation of B2 bradykinin receptors.

There are various lines of evidence linking oncogenes to 
the altered expression of B2 bradykinin receptors in several 
cultured cell lines. Transfection of cells with the ras oncogene 
has been shown to increase the num ber of B2 bradykinin 
receptors on the cell surface (Parries et al. 1987; Downward et 
al. 1988; Roberts and Gullick 1989). This effect of ras has been 
proven not to be a consequence of transformation (Downward 
et al. 1988). Similarly, transfection of NIH 3T3 cells with the 
hum an diffuse B-cell lymphoma oncogene (dbl)  has been 
shown to increase, to a similar extent as ras, the expression of 
B2 bradykin in  receptors. However, an increase in B2 
bradykinin receptor expression was not found following 
transfection of cells with the oncogenes v-src, v-abi, v-mos, v- 
ra f and v-fos (Ruggiero et al. 1989).

These effects of ras and dbl may be mediated by several 
possible mechanisms. The ras induced increase in cell-surface 
receptors may be a consequence of ras  receptor m ediated 
signal transduction (Casey and Gilman 1988; Wakelam et al. 
1986), an increase in the efficiency of receptor phospholipase 
coupling (Roberts 1989) or due to an increase in mRNA 
synthesis or transcrip t stability. However, recent evidence
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suggests that ras increases B2 bradykinin receptor mRNA 
(Hembree and Leeb-Lundberg 1996) and that this is mediated 
via an increase in receptor promoter activity (Hembree et al. 
1997).

In terleukin-1 (Batbon et al. 1992), p latelet-derived 
growth factor (Dixon et al. 1996) and cAMP-elevating agents 
(Etscbeid et al 1991; Dixon 1994) bave also been shown to 
increase B2 bradykinin receptor expression. In the case of 
platelet-derived growth factor and cAMP-elevating agents, this 
upregulation is paralleled by increases in receptor mRNA. Dray 
and Perkins (1993) hypothesised tha t cytokine induced 
upregulation of bradykinin receptor underlies the persistant 
state of hyperalgesia that accompanies chronic inflammation. 
This hypothesis is further supported by the demonstration that 
interleukin can potentiate the effects of B2 bradykinin receptor 
agonists on sympathetic neurones, which are believed to induce 
prostanoid expression during inflammation (Seabrook et al.
1995). In contrast, B2 bradykinin receptor expression is 
decreased following application of glucocorticoids (Roscher and 
Manganiello 1984) and tum or necrosis factor (Sawutz et al.
1992).

Clearly, the expression of the B2 bradykinin receptor is 
regulated by several factors in both a positive and a negative 
manner. Further studies are necessary to decipher the exact 
mechanisms of regulation of this receptor and to examine the 
possible control by other factors. Examination of the gene 
stru c tu re  and its p rom oter will greatly  con tribu te  to 
understanding the transcriptional regulation of this gene.

1.8 Cloning of the B2 bradykinin receptor gene.

Mahan and Burch in 1990 observed a characteristic 
bradykinin induced increase in ^sca-efflux (EC50 =15nM) and 
IP3 accumulation in Xenopus oocytes preloaded with and 
injected with mRNA from murine Balb/cSTS fibroblast clone 
SV-T2. This type of clonal selection technique was employed by 
McEachern et al. (1991) when they became the first to succeed 
in isolating a cDNA encoding a functional B2 bradykinin
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receptor from a rat uterus library. The cDNA isolated was 
sequenced and found to be 4111 bp in length with an open 
reading frame of 1266 nucleotides. Methionine codons were 
located at nucleotides 78 and 168 with the second methionine 
relative to the 5' end of the cDNA isolated postulated to be the 
consensus translation start sequence and therefore the first 
amino acid of the prim ary translation product. Sequence 
analysis predicted a molecular mass of 41,696 Da, consisting of 
366 amino acids and a hydrophobicity profile indicative of a 
structure consisting of seven transm em brane domains, the 
hallmark of G-protein coupled receptors.

The greatest overall degree of homology was ascertained 
to be to the canine histamine-2 receptor at 25% and 23% 
homology to the neurotensin receptor, tachykinin receptors 
(substance P, substance K and neuromedin K) as well as to the 
carboxyl-half of the luteinizing horm one/hum an chorionic 
gonadotrophin receptor. Muscarinic receptors, adrenergic 
receptors and the visual rhodopsins exhibit a lower degree of 
homology of 19-23%. The subsequent cloning of the human B1 
bradykinin receptor (Menke et al. 1994) dem onstrated that 
this subtype of the bradykinin receptor possesses the highest 
degree of homology to the B2 bradykinin receptor, being 36% 
homologous at the amino acid level.

Southern blot analysis indicated that the B2 bradykinin 
receptor is encoded by a single gene in the rat, mouse, guinea- 
pig and human genomes (McEachern et al. 1991; McIntyre et al.
1993). Furthermore, pharmacological characterisation of mice 
homozygous for the targeted disruption of the B2 bradykinin 
receptor gene suggested the B2 bradykinin receptor is encoded 
by a single gene (Borkowski et al. 1995).

The cloning of the rat B2 bradykinin receptor cDNA 
(McEachern et al. 1991) was shortly followed by the cloning of 
the mouse B2 bradykinin receptor genomic clone (McIntyre et 
al. 1993; Ma et al. 1994; Hess et al. 1994) and the human B2 
bradykinin receptor gene (Eggerickx et al. 1992; Hess et al. 
1992; McIntyre et al. 1993; Kammerer et al. 1995). Cloning of 
the B2 bradykinin receptor gene paved the way for the search
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for the regulatory elements involved in the transcriptional 
control of expression of the gene.

1.9 Structure of the rat B2 bradykinin receptor gene.

Whilst the studies described here were being carried out, 
Pesquero et al. (1994) published the complete structure of the 
rat B2 bradykinin receptor gene, including the sequences of the 
exon-intron boundaries, flanking genomic regions and 
alternative splicing patterns of the B2 bradykinin receptor 
gene. They dem onstrated that the rat B2 bradykinin gene 
consists of 4 exons and spans greater than 28kb. The coding 
region and the 3' untranslated region were found to be present 
only on the fourth exon, in contrast to the 5’ untranslated 
region which is distributed over all 4 exons. The presence of 
two differentially spliced mRNAs was shown in several tissues 
(uterus, brain, lung, liver, jejunum and kidney). The most 
abundant transcript lacked exon 3. Five AUG codons (+7, +145, 
+185, +193, +344) in the 5'-untranslated region were detected, 
one of which is located in exon 3, but none of them exhibited a 
consensus Kozak sequence (Kozak 1987, 1991).

A region containing l . lk b  of 5' flanking genomic 
sequence was shown to be capable of driving reporter gene 
expression in NG108-15 cells. Two transcriptional start sites 12 
bases apart were dem onstrated with the m ost 5' being 
preferentially used in rat uterus. Sequence analysis showed 
that there is a GC-rich region directly adjacent to the most 5' 
transcriptional start site. Data base analysis of the proximal 
prom oter detected a num ber of consensus motifs. (1) at 
position -644, a consensus sequence for the binding of 
transcription factors containing the homeodomain of Antp. (2) 
at -1041, -553, -349 and -270, LBP-1 boxes involved in human 
immunodeficiency virus transcriptional regulation. (3) An HI 
box that is im portant for S-phase specific transcription of the 
histone HI gene was found at -294. (4) at -553 the sequence 
TGGCA which binds transcriptional activators of the CTF/NF-1 
family was shown to be present. However, as yet, there is no
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functional evidence to prove the relevance of any of these 
consensus motifs.

The entire coding domain of the B2 bradykinin receptor 
is contained in exon four and is followed by a long 3' 
untranslated region. The function of this 3’ untranslated region 
is unknown, but sequence analysis showed the presence of a 
number of motifs. Two AUUUA motifs known to be involved in 
the destabilization of mRNAs were located at positions +1889 
and +2010. A consensus polyadenylation signal, AAUAAA, was 
found at position +4119 in the 3' untranslated region. This was 
followed 13 bases downstream by the 3' end of the mRNA 
(McEachern et al. 1991) and by a GT-rich sequence GGTGTTTC 
which is similar to a sequence (YGTGTTYY) frequently found 3’ 
of polyadenylation signals. These results suggested tha t 
Pesquero et al. (1994) had located the 3' end of the B2 
bradykinin receptor gene, as well as the 5' transcrip tion  
in itiation site and therefore established the full exonic 
structure of this gene.
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1.10 Regulation of gene expression.

1.10.1 Transcriptional regulation.

To enable the diversity of cell types which constitute a 
higher organism to undergo regulated development, it is crucial 
that gene expression is strictly regulated both temporally and 
spatially. There are billions of potential combinations of genes 
which may be expressed and it is this potential for diversity in 
expression that enables the creation of complex organisms. 
Throughout development a highly complex system of gene 
regulation is required, with some genes being switched on and 
remaining active in all cell types, other genes being expressed 
in specific types, whilst others are induced in response to 
specific developmental and external signals.

The mechanism of activation in vivo involves activator 
proteins binding to upstream  (or downstream) regulatory 
elements, the interaction of the transcriptional complex with 
the core promoter and the binding of RNA polymerase II to the 
transcription initiation site. RNA polymerase II is unable to 
recognise prom oters or initiate transcrip tion  on double
stranded DNA. A m ultiprotein complex Swi/Snf, contained 
within the RNA polymerase II holoenzyme, has the capability 
to disrupt nucleosomes and so potentially plays a role in the 
unwinding of double-stranded DNA (Struhl 1996).

The core prom oter m ediates the assem bly of the 
initiation complex, which contains RNA polymerase II and 
several general transcrip tion factors (TFIIA, TFIIB, TFIID, 
TFIIE, TFIIF and TFIIH) and can, even in the absence of 
activators, direct, in vitro, a low level of basal transcription 
(Conaway and Conaway 1993; Zawel and Reinberg 1992; 
Buratowski 1994). Core prom oters recognised by RNA 
polymerase II generally possess either a TATA box (generally 
located at -25 to -30) (Maniatis et al. 1987) and /o r an initiator 
elem ent (consensus sequence PyPyA+iNT/APyPy) which 
overlaps the transcription initiation site. The initiator element 
is capable of specifying the transcription initiation start site if 
there is no TATA box present, bu t the lack of both these
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elements may result in a weak promoter. The first initiator 
element to be identified was found to direct expression of the 
TATA-less lymphocyte-specific terminal deoxynucleotidyltrans 
ferase gene. This 17bp element, containing the transcription 
start site, was shown to be essential for basal transcription 
both in vitro and in vivo (Smale and Baltimore 1989). There is 
evidence that o ther DNA sequences contribu te to basal 
prom oter strength and although there are as yet no sequence 
m otifs identified, they are often located im m ediately  
downstream of the transcription initiation site.

Activation of transcription in vitro from a core promoter 
containing a TATA box requires the stepwise assembly of 
TFIIB, TFIID, TFIIE, TFIIF, TFIIH, RNA polym erase II, and 
TFIIA on the promoter. The initial stage involves the binding of 
TFIID, a complex containing the TATA-binding protein (TBP) 
and approximately ten TBP-associated factors (TAFs), to the 
TATA element. TAFs appear to be responsible for mediating 
the actions of activators (Tjian and Maniatis 1994) as TFIID, 
but not TBP, can respond to activators in in vitro transcription 
assays. Distinct TAFs in teract with d ifferent classes of 
activation domains. Multiple contacts between activation 
domains and TAFs can strongly increase TFIID binding to the 
TATA element and synergistically activate transcription (Sauer 
et al. 1995).

Transcription of a gene may be directed from more than 
one transcription initiation site, with each being initiated from 
a different core promoter. The presence of multiple initiation 
sites is often a characteristic of TATA-less promoters. These 
multiple promoters may be active in different cell types or at 
distinct stages of development and confer even greater scope 
with which to regulate the expression of a gene. The use of 
multiple prom oters in the regulation of transcrip tion  was 
observed for the rat alB  adrenergic receptor gene. This gene 
was shown to possess three distinct promoters (PI -127,-49 ; 
P2 -813,-432 ; P3 -1363,-1107) which direct expression from 
five transcription initiation sites. These prom oters share no 
similiarities in their constitutive regulatory elements. There 
were no known regulatory elements found for PI. P2 lacks a
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TATA box, is GC-rich, and contains various other elements 
including a cAMP response element. P3 contains a putative 
TATATA and CCAAT box and is flanked by a liver-specific 
element and a binding site for the hepatocyte nuclear factor 5. 
The differential control of expression from each prom oter has 
been proposed to underlie the heterogeneity of the mRNA for 
this gene in the liver and in the developmental and cell type 
specific expression (Gao and Kunos 1994).

Activation or repression of transcription is generally 
directed by the binding of sequence-specific DNA-binding 
factors to proxim al and distal regu la to ry  elem ents. 
Transcription factors are either activated or synthesised in a 
particular cell type where genes they regulate are active or 
repressed. The combination and arrangem ent of regulatory 
elements is unique to each gene and DNA bound transcription 
factors interact synergistically or competitively with each 
other, directly or indirectly affecting the stability or the 
activity of the transcriptional complex. There are regulatory 
factors which do not bind to DNA but in teract with the 
prom oter by protein-protein interactions. The transcription 
factor SClP/Tst-1 has been proposed to activate the prom oter 
of the neuronal nicotinic acetylcholine receptor a3 gene 
through protein-protein interactions with other transcription 
factors that act directly on the promoter (Yang et al. 1994).

A ctivators or repressors may in te rac t w ith the  
transcriptional m achinery directly or via interaction with 
coactivators or corepressors. The ubiquitous transcription 
factor Sp-1 binds to a GC-rich element which plays a role in the 
regulation of expression of numerous genes. Sp-1 contains two 
glutamine-rich transcriptional activation domains (A and B) 
that mediate specific binding to the transcription factor TFIID 
via TAFiillO, as well as mediating synergistic interactions 
between multiple Sp-1 proteins. Sp-1 also contains a zinc- 
finger DNA-binding domain tha t in teracts with TAFn5 5 
(Persengiev et al. 1995; Dynan and Tjian 1985). The interaction 
of the activation domain of Sp-1 with TAFullO (coactivator) is 
essential for transcription (Tanese and Tjian 1993).
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The effects of a transcription factor upon the expression 
of a gene, ie. whether they activate or repress transcription can 
be dependent upon interactions with other factors (Levine and 
Manley 1989). Dimérisation of a transcription factor can switch 
it from an activator into a repressor by altering it's interactions 
with other factors. At high concentrations the transcription 
factor Kruppel dimerises and via interactions with TFIIEb 
represses transcrip tion , whereas at low concentrations 
monomeric Kruppel activates transcription through interactions 
with TFIIB (Sauer et al. 1995).

Transcriptional repression is an im portant factor in the 
regulation of many genes. There are three major classes of 
m echanism s for transcrip tional repression, which are; 
inhibition of DNA binding, blocking of activation and silencing 
of gene expression (Renkawitz 1990; Cowell 1994). Repression 
of transcription may be brought about by the inhibitory 
in teractions of a repressor on an activator involved in 
transcription or through the direct actions of a repressor on the 
transcriptional complex. These effects of a repressor may be 
either dependent or independent of DNA binding. Repression of 
the R-interferon prom oter is achieved by the binding of a 
negatively acting factor to a region of DNA that also binds two 
positively acting factors and so prevents gene activation. 
Following viral infection, the negative factor is inactivated, 
allowing the positively acting factors to bind and activate 
transcription (Latchman 1990).

Silencing elements are characterised by their ability to 
confer repression independently  of th e ir position and 
orientation. Silencer elements were originally discovered in 
yeast, but non-yeast silencer elements have subsequently been 
proposed  (Renkawitz 1990). The tran sc rip tio n  facto r 
REST/NRSF binds to a 23bp silencer element, REl/NRSE, and 
through this interaction mediates the restriction of expression 
of the type II voltage-dependent sodium channel gene to 
neurons. This silencer element is active in non-neuronal cells 
and subpopulations of neurons th a t do not express the 
endogenous type II sodium channel gene. Silencing through the 
REl/NRSE seems to be only in conjunction with a subset of
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promoters, all of which lack a conventional TATA box (Mori et 
al. 1992; Kraner et al. 1992; Chong et al. 1995). The REl/NRSE 
silencer element has also been shown to be responsible for 
restricting expression of the SCGIO, synapsin I and m4 
muscarinic acetylcholine receptor genes to neural cells (Mori et 
al. 1992; Li et al. 1993; Wood et al. 1996).

Transcriptional repression is increasingly being shown to 
be equally as im portant as transcrip tional activation for 
contro lling  cell type-specific gene expression  during  
embryogenesis. For example; the Drosophila homeobox gene 
zerknüllt encodes a homeobox protein expressed in the dorsal 
regions of early embryos, where it is essential for the 
differentiation of the amnioserosa (a derivative of the dorsal 
ectoderm ). The expression of z e r k n ü l l t  is in itiated  by 
ubiquitously expressed activators, but is repressed in ventral 
and lateral regions by the dorsal-protein gradient. Dorsal, 
although an activator, in other contexts acts as a repressor. This 
switch of dorsal from an activator to a repressor occurs as a 
result of protein-protein interactions with a factor bound to an 
adjacent negative regulatory element (NRE) (Gray and Levine 
1996).

The ability to induce expression of specific genes in 
response to changes in metabolic activity, environm ental 
conditions and hormonal signals is a widespread phenomenon. 
There are three general pathways, all of which involve the 
reversible phosphorylation of proteins, that enable signals 
generated by growth factors, cytokines and hormones to elicit 
changes in gene expression in mammalian cells. These include 
( 1 ) the activation of cytoplasmic kinases by phosphorylation, 
enabling their translocation to the nucleus where they alter the 
DNA-binding ability or transactivation function of target 
transcription factors, (2) the phosphorylation of inactive 
transcription factor in the cytoplasm by a membrane receptor 
or protein kinase resulting in their activation and translocation 
to the nucleus where they activate or repress gene expression, 
(3) release of transcription factors from cytoplasmic anchor 
proteins or the disruption of inhib itory  pro tein -pro tein  
interactions by phosphorylation, enabling their translocation to
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the nucleus, and binding to their respective DNA regulatory 
elem ent or interaction with o ther factors directing gene 
expression. There are some signal-responsive regulators of 
gene expression that use more than one pathway to direct 
expression (Edwards 1994).

In mammalian cells, the activation of G-protein coupled 
receptors that stimulate adenylyl cyclase results in an increase 
in intracellular levels of the secondary messenger cyclic 3’, 5’- 
adenosine m onophosphate (cAMP). cAMP binds to protein 
kinase A, releasing the catalytic subunit from the regulatory 
subunit of protein kinase A (PKA). The catalytic subunit then 
translocates from its cytoplasmic and Golgi complex anchoring 
sites to the nucleus and phosphorylates serine residues present 
in a num ber of cytoplasm ic and nuclear substra tes. 
Transcription factors phosphorylated by PKA include members 
of the cAMP-response-element-binding (CREB) factors and 
activating-transcription-factor (ATE) family that are bound at 
cAMP response elements (CRE). The phosphorylation of CRE- 
bound CREE on serine 133, a critical position within its 
activation dom ain, results in a large increase in CREE 
transcriptional activity leading to activation of CRE-containing 
promoters. A fall in cAMP levels results in the inactivation of 
the catalytic subunit of PKA by the binding of the regulatory 
subunit and CREE is inactivated by dephosphorylation. In non
stimulated cells, CREE binds constitutively to CREs but fails to 
activate transcription and under certain circumstances acts to 
repress transcription (Karin 1994; Lalli and Sassone-Corsi 
1994).

Regulatory elements may be located very close to the 
transcription initiation site or up to thousands of bases away. 
For example; all the necessary regulatory elements required to 
drive cell type-specific expression of the mouse peripherin 
prom oter in cell lines are contained within a 98bp region 
upstream  of the transcription initiation site (Desmarais et al.
1992). In contrast, the study of 5.8kb of the prom oter of the 
human dopamine R-hydroxylase (DEH) gene in transgenic mice 
showed that regulatory elements required for cell type-specific 
expression are present in the region between -1.5 kb and
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-5.8kb. The study also showed that elements either farther 5', 
within or 3' to the gene are required to prevent ectopic 
expression of the reporter gene (Mercer et al. 1991; Hoyle et al. 
1994).

The ability of distant regulatory sequences to affect 
tran sc rip tio n  is m ediated  via long-range ch rom atin  
interactions. For example; a dynamic looping mechanism has 
been proposed to enable interaction between each of five 
hum an F»-globin genes and a locus control region (LCR), 
contained on a 20kb DNA fragment, positioned over 50kb 
upstream. These genes are organised in the order that they are 
expressed developmentally (e-GT-Ay-ô-R) and the LCR, which is 
required for high-level expression, activates only one gene at a 
time resulting in transcriptional competition between genes 
and the LCR (Wijgerde et al. 1995; Tewari et al. 1996).

1.10.2 Chromatin structure and regulation of gene 
expression.

Chromatin is the physiological template of transcription 
and chromatin structure together with histone proteins play an 
active role in the regulation of transcription. Chromatin is a 
dynamic structure and the positioning of histones and DNA is 
not constant. Activation of transcription requires changes in 
chromatin structure to permit transcription factors to interact 
with their respective regulatory elements. The ability of 
histones to fold DNA can assist the staged assembly of 
chromatin and the transcriptional complex by bringing together 
widely separated regulatory elements.

T ranscribed  regions of DNA are no t devoid of 
nucleosom es. Histone octam ers are d isplaced by RNA 
polymerase as it enters the nucleosome, but maintain contact 
with the DNA and reattach to the DNA template behind the 
polymerase. Repression of transcription may be caused by the 
masking of DNA regulatory elements involved in the activation 
of gene expression into nucleosomes. The d isruption  of 
repressive histone-DNA complexes is necessary for the 
activation of transcription from many genes. This may be
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achieved by the interaction of regulatory molecules with 
nucleosomal DNA (Wolffe 1994).

There is growing evidence tha t specific regions of 
chromatin, as well as individual regulatory elements, influence 
the expression of a gene. A locus control region (LCR) (as 
described previously) is a regulatory site (or cluster of sites) 
required for the appropriate expression of a group of linked 
genes. LCRs confer high level expression on linked genes by 
initiating and m aintaining a stable tissue-specific open 
chromatin structure of a locus. This ability of LCRs to overcome 
heterochrom atin silencing is independent of position in the 
genome (Milot et al. 1996).

Domains of DNA, termed insulators, have been shown to 
prevent activation or repression from spreading and so protect 
neighbouring genes from being influenced by transcriptional 
states of adjacent genes. Insulators are cis-acting elements. The 
hsp70  locus of Drosophila melanogaster is protected from the 
effects of neighbouring chromatin by two sequences ses and 
ses’, tha t bind the transcription factor known as BEAF-32 
(Lewin 1994).

1.11 Im portance of study o f the B2 bradykinin  
receptor gene.

The wide range of im portant physiological functions 
which have been associated with the activation of B2 
bradykinin receptors justifies the reason for studying this 
receptor. Furthermore, there are various lines of evidence 
suggesting that the B2 bradykinin receptor may be a candidate 
gene for the common genetic diseases of hypertension, ischemic 
heart disease and allergic asthma (Pesquero et al. 1994; Braun 
et al. 1996). Elucidation of the gene structu re and the 
regulatory elements that bind the factors tha t control B2 
bradykinin receptor gene expression further enables the search 
for polymorphic markers. These are essential to family linkage 
studies of hereditary disease, providing the tools required to 
examine whether a gene plays a significant role in a hereditary 
disease and may also indicate the cause of a genetic disease.
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For example; four polymorphisms in the hum an B2 
bradykinin receptor gene (Braun et al. 1995; 1996) were 
detected in a population study of unrelated individuals of 
South German origin. A cytosine to thymidine transition was 
located in the promoter region, 58bp upstream to the putative 
transcrip tion  initiation site (ti 1), and in exon 1, 12bp 
downstream of ti 1, a tandem repeat polymorphism was shown. 
These polymorphisms may all have different effects upon the 
level of transcription. In contrast, a polymorphism located in 
the coding exon (a cytosine to thymidine transition) produces 
an altered polypeptide, that may change the receptors affinity 
for bradykinin or the efficiency of the signal transduction 
pathway. The fourth polymorphism detected was a tandem  
repeat polymorphism in the 3' non-translated region of the 
coding exon. This may alter the stability of the mRNA and 
therefore affect the level of receptor protein generated in each 
cell.

The ability to detect m utations of the B2 bradykinin 
receptor gene responsible for genetic disease will enable the 
prediagnosis of persons at highest risk of disease. Research 
leading to the ability to provide prediagnosis is beneficial to 
both the medical establishment and to the patient, allowing 
them the opportunity to undertake preventative steps prior to 
the onset of symptoms. The benefits of such measures, both in 
terms of health and economics, are increasingly recognised by 
the medical profession. Infact, the growing recognition of the 
importance of the prevention of disease has been reflected by 
preventative medicine becoming the main ethos for the 
medical profession as we approach the 21st century.
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Summary.

A fundam ental and widespread mechanism in signal 
transduction is the activation of G-protein coupled receptors. 
The ability of G-proteins to regulate cellular functions through 
specific receptors is exploited by num erous horm ones, 
neurotransmitters, autocrine and paracrine factors. Receptors 
which mediate the actions of G-proteins are characterised by 7 
alphahelical transm em brane domains and are encoded by 
members of a gene superfamily. The bradykinin receptor is a 
m em ber of this huge superfam ily of G-protein coupled 
receptors.

Bradykinin receptors are divided into the El and B2 
subtypes according to their pharmacological profile. The B2 
bradykinin receptor is coupled via G-proteins to several 
signalling pathways and activation of these pathways results in 
a wide range of physiological effects. The B2 bradykinin 
receptor is expressed in numerous, but not all, tissues and its 
expression is regulated by various agents, including the ras and 
dbl oncogenes. Gene expression is controlled by cis-acting 
regulatory elements and their corresponding transcription 
factors which mediate their actions through a core promoter. 
These regulatory  elements may be located upstream  or 
downstream of the transcription initiation site and may even 
be within the transcribed region of the gene.

Knowledge of the transcriptional regulation of G-protein 
coupled receptors is of fundam ental im portance to the 
understand ing  of those mechanisms underlying cellular 
signalling.
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Aims of project.

There are two main aims of the project;

(1.) To identify the promoter of the B2 bradykinin receptor 
gene responsible for driving expression in the neuroblastoma x 
glioma cell line NG108-15.

(2.) To identify nuclear proteins which are involved in the 
transcriptional regulation of the B2 bradykinin receptor gene 
and their sites of binding (DNA regulatory elements) to the 
promoter.
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Chapter 2. Materials and Methods.
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EXPERIMENTAL METHODS. 

2.1 Library screening.

A mouse genomic library  (Stratagene, mouse liver 
genomic library in the cosmid pWE 15 vector) was screened at 
moderate stringency using an a^^P-dATP 289bp cDNA probe. 
The probe was derived from a 600bp cDNA product generated 
from NG108-15 mRNA using 5' RACE PGR (McIntyre et al.
1993). The primers B2R 197 (GACATCACCGGCCAGCCCTTG) and 
B2R 198 (GGTGACGTTGAACATTTCGAT) were used to PGR 
amplify the cDNA. The PGR product was labelled by a random 
priming method using the Stratagene Prime-It kit.

Replica filters were prehybridised overnight at 42°G in 
buffer containing 5x SSG (Ix SSG = ISOmM NaGl, 15 mM sodium 
citrate, pH 7.5), 0.1% SDS, 50% formamide, 5x D enhardt's 
reagent, 500gg/ml denatured salmon sperm DNA. Following 
prehybridisation, the labelled probe was denatured by boiling 
for 5 minutes, quenched on ice for 1 minute and added to a 
concentration of 1x10^ dpm/ml. Hybridisation was carried out 
overnight at 42°G. The filters were washed twice in 2x SSG; 
0.1% SDS at room tem perature for 20 minutes and twice in Ix 
SSG; 0.1% SDS at 55°G for 30 minutes. The filters were dried by 
blotting and exposed to X-ray film for between 5-10 days at 
-70°G. Golonies that hybridised to both replica filters were 
picked and further screened at higher stringency (washed in 
O.lx SSG; 0.1% SDS at 55-65°G).

2.2 Mapping and sequencing.

A single positive clone was purified, mapped and probed 
using the  289bp cDNA random  prim ed  p robe and 
oligonucleotide probes labelled with a^^P-dATP by 3’ tailing. 
This clone was named cosmid A. The primers B2R 197 and B2R 
198 were used to make the oligonucleotide probes. B2R 197 
hybridised to both a 2kb Pst I fragment and a 5kb Hind III 
fragment. Gonsequently these fragments were subcloned into 
pKSII(+) (Stratagene) and pUG 18 (Boehringer Mannheim)
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respectively, mapped and sequenced using a combination of 
the Sequenase version 2.0 kit (United States Biochemical Corp.) 
and cycle sequencing using Taq  polym erase and dye 
term inators on an Applied Biosystems automated sequencer. 
Double stranded DNA was used for sequencing. The sequence 
was analysed for consensus transcription factor binding sites 
using IBI M a c V e c t o r ™ ^  Eastman Kodak Company’s sequence 
analysis software for Macintosh, gcg analysis and TRANSFAC 
analysis. B2R 198 did not hybridise to cosmid A although it did 
hybridise to cosmid B containing the B2 bradykinin receptor 
coding domain but missing exon 1 (figure 3.9).

The isolated cosmid (cosmid A) and cosmid B were 
probed with oligonucleotide probes, labelled with a^^P-dATP 
by 3’ tailing, of the primers B2R 324 (GCCGGACAAAGAGGAGTG 
AG), B2R 334 (CTTCCAGGAGCAGGGCATTTG) and B2R 335 
(CATGGGCTCATGCACCGACAG), as well as a random  primed 
probe, labelled with a^^P-dATP using the Prime-It kit, of a 
600bp Xba I fragment from the upstream region of cosmid B. 
The 600bp Xba I fragment was shown to hybridise to a 1.4kb 
Eco RI fragment which mapped to the 3’ end of cosmid A. This 
1.4kb Eco RI fragment was subcloned into pKSII(+). This clone 
and clone 184, which mapped to the 5’ end of cosmid B, were 
sequenced using an oligo derived from clone 184 and named 
B2R 325 ( G AAAGG ACCC AG AT ATAGCTG ). Sequencing was 
performed using the Sequenase version 2.0 kit (United States 
Biochemical Corp.) and using double stranded DNA.

2.3 Reporter Plasmid Construction.

The primers B2R337 (TGGGGAGGTCTTTCTTTCCCAC) and 
B2R 317 (GCTCATCTTTCAAGGGCTGGC) were used to generate a 
2.6kb PGR fragment containing the prom oter region, together 
with transcription initiation site 1, as defined by 5’ RAGE PGR of 
NG108-15 RNA (McIntyre et al. 1993), and 31bp of exon 1 of 
the mouse B2 bradykinin receptor gene. Restriction enzyme 
sites (Hind III) were included on the 5’ ends to facilitate 
cloning of PGR products.
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This 2.6kb PCR fragment was gel isolated and cloned into 
the vector pGL2_Basic (Promega) to generate the construct 
pGL2 -2.6/+0.031. A series of deleted promoter constructs were 
generated by digesting the original B2 bradykinin receptor 
promoter construct, pGL2 -2.6/+0.031, with Nhe I, Bgl II, Pst I 
and Nco I. The constructs cut with Pst I and Nco I were also 
digested with Bgl II and blunted. The deleted constructs were 
religated and named pGL2 -1.3/+0.031, pGL2 -0.58/+0.031, 
pGL2 -0.20/+0.031 and pGL2 -0.16/+0.031 respectively (figure 
2 . 1 ).

Two luciferase reporter gene constructs were generated 
by the addition of Ikb of downstream sequence onto pGL2 
-1.3/+0.031 and (the equivalent of) pGL2 -0.20/+0.031 (figure 
2.1). pGL2 -1.3/+0.031 was digested with Bgl II (-0.58kb) and 
Hind III (3’ cloning site). The resulting construct was gel 
isolated from the deleted region and a 1.58kb Bgl II to Ssp 1 
fragment (-0.58kb to +1.0kb) was ligated into the construct. 
This construct, named pGL2 -1.3/+1.0, was digested with Mlu 1 
(S' multiple cloning site) and Pst 1 (-0.20kb), gel isolated from 
the deleted region and ligated to form the construct pGL2 
-0.20/+1.0.

All constructs were checked for the presence of 'in frame' 
ATG triplets which could lead to false transcription starts and 
stops. This would lead to a false skewing of the data. 
Examination of the B2 bradykinin receptor proximal promoter 
dem onstrated there were no 'in frame' ATG triplets present 
(figure 2.2). Furthermore, the demonstration that all constructs 
drove expression to an equal level suggests that this was not a 
problem (figure 3.15).
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Figure 2.1 Construction of B2 bradykinin receptor  
reporter constructs.

Shows the m ethod used to construct and verify the 
reporter constructs generated for the deletional analysis of the 
B2 bradykinin receptor prom oter (section 3.7). The strategy 
used to create the constructs generated to analyse the effects of 
the presence of transcription initiation sites 1, 2 and 3 upon 
promoter activity (section 3.8) is also shown.

(i) Shows the construction and verification of the initial 
reporter construct generated, pGL2 -2.6/+0.031. (ii) Shows the 
construction and verification of constructs pGL2 -1.3/+0.031, 
pGL2 -0.58/+0.031, pGL2 -0.20/+0.031 and pGL2 -0.16/+0.031. 
These constructs were generated by deletion of pGL2 
-2.6/0.031. (iii) Shows the construction and verification of 
pGL2 -1.3/+1.0 and pGL2 -0.20/+1.0. The construct pGL2 
-1.3/+1.0 was generated by the addition of Ikb of downstream 
sequence onto pGL2 -1.3/+0.031. This construct was digested 
with Mlu 1 and Pst 1, blunted and religated to create pGL2 
-0 .20/ + 1.0 .

41



F ig u r e  2 . 1

(i) Construction of B2 bradykinin receptor reporter constructs.

1. pGL2-zaA0.031

Verification of pGL2-2.6/+0.031

(i) X Nhel 7 k b  
1 Okb 
0 2 k t>

8 2 k b

(ii) X N h e  I +  Hhnd III
5 6 (c b  
1 4 k b  
1 Okb 
0 2 k b

0  2 k b

(iii) X B g ll 6 .2 k b  
2 0 k b  

8  2 k b

(iv) X B gl II + H in d  III 5 6 k b
2 0 k b
0 6 k b

8 2 k b

( V ) 5 6 k b
2 6 k b

8 2 k b
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F ig u r e  2 . 1

(ii) Construction of B2 bradykinin receptor reporter constructs.

2. pQL2-i.3/-f0.03i Verification of c o n stru c ts .

X I X B g l II +  N h e  I 6 2kb 
0 7kb

6  9 k t)

3. pGL2-0.S8M).031

X B gl II

09iw30Htt

X B gl II +  H in d  III 5 6kb 
0 6kb

6 2kb

4. pGL2-0 2W*0 031

X P s t  I +  B g l II

Munt *

•020iM>031tt>

X N h e  I *  H in d  III 56kb
02kb

5 8kb

6. pO l>0.1«A 0.031

X N c o  I +  B gl II X N»ie I ♦  H in d  III 5.6W5
0 1 6 k b

5  76K b
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Figure 2.1

(iii) Construction of B2 bradykinin receptor reporter constructs.

6. pGL2-1 0

I-------------------- I - J . — J . -----------J X 0 g « I U S « p l

X B g l  II ♦ H tfx J  III

J
I _____ I0

Verification of c o n s tru c ts .

X B g l  II ♦ M lu  I ----------- /2kb 
0 7kb

/<ikb

X B g l  II + O a I -  ------- » •  4 9kb
3 k b

7  9 k b

7 pGL2-0 .a y + 1.0

X M lu  I ♦ P s i  I X S a c  I ♦  O l a  I
4 ? k b  
1 5 k b  
I I k b

6  8 k b



Figure 2.2 Examination of the B2 bradykinin receptor 
proximal promoter for the presence of 'in frame' ATG 
triplets with respect to the luciferase coding region.

Shows sequence of the region encompassing the cloning 
site between the B2 bradykinin receptor prom oter and 
pGL2_Basic (constructs pGL2 -2.6/+0.031, pGL2 -1.3/+0.031, 
pGL2 -0 .5 8 /+ 0 .0 3 1 , pGL2 -0 .2 0 /+ 0 .0 3 1  and  pGL2 
-0.16/+0.031). Sequence of exon 1 (31bp) is in pink type, the 5' 
flanking region is in dark blue and the 3' cloning site (Hind III) 
is highlighted in red. Sequence of the pGL2_Basic vector is in 
purple type, with the coding region of the luciferase gene 
boxed. Transcription initiation site 1 (ti 1) of the B2 bradykinin 
receptor gene is indicated by an arrow.

The B2 bradykinin receptor proximal prom oter was 
checked for the presence of 'in frame' ATG triplets which could 
lead to false transcription starts and stops. ATG triplets in the 
region 5' to (and including) the luciferase start codon are 
underlined and highlighted in yellow. The 5' cloning site (Nco I) 
of construct pGL2 -0.16/+0.031, is highlighted in blue. The 
sequence of the restriction enzyme site of Nco I contains an 
ATG triplet.
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F ig u r e  2 . 2

-2 4 6  GTG m  AÀC ÀCÀ GGC ATT CAC GTC GTC TCC GTG GCT GTT CGA GCT OCA GGG GAA ACA TTT

* N c o  I
-1 8 6  ÀCC ÀGC CTÀ GGC TCC GGG ACC CGA CCATGG TCT GCÀ CCC ACG GGG GÀC AAC CTG TGG CCA

-1 2 6  TCC TGA r r r  GGC CTC CGC AGC TAG GAG GTC CÂÀ AÀG CAC CAC CGC TAÀ GAA CTG CTG CTG

- 6 6 ATC CCG GAG GGÀ GCC TGG AGC TGA TCT CGA CTÀ GAG GTG GAG GGG GGA GOT GCC CAG GAG

t i  1

r * "
: H l M  I I I

AGT GAT AC A T : ACC OCC CAG CCC TTC ÀÀÀ Gn i  A G CÂÀ GCT TGG CAT TCC GGT ACT GTT

o G L 2 - B a G i c   -----------

GGT AAA Â ÎS  GAA GAC GCC AAA AAC ATA AAG AAA GGC CCG GCG CCA TTC TAT CCT CTA GAG

GAT GGÀ ACC GCT GGA GAG CAA CTG CAT AAG GCT ATG AÀG AGA TAC GCC CTG, GTT CCT GGA

---------------- -- - . ----- -  • -------- -—----- -------------- •

ACA ATT GCT TTT ACA GAT GCÀ CAT ATC GAG GTG AAC ATC ACG TAC GCG GAA TAC .
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2.4 Cell Transfections.

Constructs were analysed for prom oter activity by 
transfection into (1) NG108-15 neuroblastoma x glioma cell line 
and (2) NSO myeloma (B) cells. Transfection of pGL2_Basic was 
used to monitor background activity of the promoterless vector 
and pGL2_Control (Promega) which contains the luciferase 
reporter gene under the control of the simian virus 40 (SV40) 
prom oter served as a positive control for luciferase activity. 
Cotransfection of the vector pCMVB» (Clontech), containing the 
lacZ gene under the control of the cytomegalovirus (CMV) 
promoter, with each construct provided an internal control to 
normalise for variation in the transfection efficiency. Luciferase 
activities were normalised to the lacZ activities of the same cell 
extracts. The experiment was performed between three and 
seven times (depending upon the construct analysed) in 
quintuple and using two different isolates of each clone.

DNA was purified using Qiagen columns. Transfection was 
carried out using O.Sgg of luciferase plasmid DNA, 0.2gg of 
pCMVB, and 5gl of Lipofectamine (Bethesda Research 
Laboratories) /  35mm dish for 8 hours. Cells were harvested 
48 hours following transfection in lOOgl of Ix Reporter lysis 
buffer (Promega); fu rther lysed by a freeze /thaw  step; 
centrifuged at ISOOOrpm for 15 seconds at room tem perature 
and the supernatant was stored at -8Q0C. Luciferase activity 
was quantified using the Promega luciferase assay system, 
according to manufacturers instructions, and using a Turner 
TD-20e luminometer. p-galactosidase activity was measured 
using an o-nitrophenyl-p-D-galactopyranoside (ONPG) assay 
(Sambrook et al. 1989).

2.5 Protein isolation.

Nuclear protein was extracted from cultured cell lines 
using a protocol described by Dent and Latchm an 
(Transcription Factors; A Practical Approach, pp. 1-26). Briefly, 
cells were harvested, resuspended in 5 volumes of buffer A 
(lOmM Hepes (pH 7.9), 1.5mM MgClz, lOmM KCl, 0.5mM DTT,
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0.5mM PMSF) and incubated on ice before homogenization to 
release the nuclei. Nuclei were pelleted and resuspended in 
1ml of buffer C (5mM Hepes (pH7.9), 26% glycerol, 1.5mM 
MgClz, 0.2mM EDTA, 0.5mM DTT, 0.5mM PMSF). NaCl was 
added to a final concentration of SOOmM. Nuclei were 
incubated on ice, centrifuged at 4°C, aliquoted and stored in 
liquid nitrogen. A Dc protein assay kit (Bio-Rad) was used to 
determine the concentration of proteins. CHO nuclear protein 
was generously donated by Ian Wood.

2.6 Electrophoretic m obility shift assay (EMSA).

To generate each double stranded  DNA probe, an 
oligonucleotide was end-labelled using [y-^^P]dATP and T4 
polynucleotide kinase and used to construct an endlabelled 
probe using PCR. Competitor DNA fragments were generated by 
PCR using the 234bp fragment and the same 3' primer, B2R 
317 (GCTCATCTTTCAAGGGCTGGC) but different 5’ primers, such 
that a series of deleted fragments of the promoter region were 
generated (figure 3.17). The 5' oligos used were B2R 332 
(CATTTACCAGCCTAGGCTCC), B2R 331 (CACCACCGCTAAGAACTGC 
TG), B2R 360 (CTGATCTGGACTAGAGGTG), B2R 330 (GAGGTGCCC 
AGGAGAGTG), B2R 197 (GACATCACCGGCCAGCCCTTG).

Labelled PCR products were isolated by spinning through 
a G50 column. All PCR products were run on a 5-8% non
denaturing acrylamide gel and purified by spinning through 
glass wool and precipitating the DNA. Nuclear protein (20gg) 
was preincubated on ice, with or without competitor DNA (lOOx 
molar excess), for 20 minutes in 19gl of solution containing 
20mM HEPES (pH 7.9), lOOmM KCl, 5mM MgClz, 8% glycerol, 
and Igg of poly(dl.dC). Following addition of 10-20,000 cpm of 
radioactive probe each reaction was incubated at room 
tem perature for a further 20 minutes. The reactions were run 
on 0.5 X Tris borate/EDTA polyacrylamide gel, fixed, dried and 
exposed to X-ray film.
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2.7 Southwestern blotting.

Nuclear protein (100|ig) was denatured in SDS-PAGE 
loading buffer. Proteins were resolved on a 5% SDS-PAGE gel, 
before transfer to nitrocellulose using a Trans-blot cell (Bio- 
Rad). The transfer of nuclear proteins to nitrocellulose was 
carried out by Ian Wood (Wood et al. 1996). Following transfer 
to nitrocellulose, all steps were carried out at 0-4°C. The 
membrane was incubated with gentle shaking, in denaturing 
solution containing 6M guanidinium chloride for 10 minutes. 
This step was repeated. Proteins were renatured by gradually 
decreasing the concentration gradient of guanidinium chloride 
to O.IM, by washing the membrane in buffer with decreasing 
concentrations of guanidinium chloride for 10 minutes with 
gentle shaking (Vinson et al. (1988)). The membrane was then 
washed twice in buffer without guanidinium chloride.

Non-specific binding sites on the membrane were blocked 
using a 5% non-fat dried milk solution and the membrane was 
washed in binding buffer. The buffer was replaced with 10ml 
of binding buffer containing 1x10^ dpm of a^^P-dATP random 
prim ed probe of the -203bp to +31bp region of the B2 
bradykinin receptor promoter and incubated for 30 minutes at 
room tem perature. The membrane was washed 3x for 25 
minutes in buffer containing no guanidinium chloride before 
exposure to X-ray film.

2.8 Cell culture.

NG108-15 cells were cultured in 10% CO2 at 37°C in 
DMEM (4.5g/litre glucose) containing 2mM L-glutamine, 5% 
foetal calf serum and 3gmM hypoxanthine.

NSO cells were cultured in 5% CO2 at 37°C in DMEM 
(4.5g/litre glucose) containing 2mM L-glutamine, 10% foetal 
calf serum.
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2.9 RNA Analysis.

Reverse transcription-polymerase chain reactions (RT- 
PCR) were carried out as described by Steel and Buckley 
(1993). Total RNA was extracted according to the method of 
Chomczynski and Sacchi (1987). RNA was reverse transcribed 
using AMV-RT (Seikagaku) and subsequently amplified using 
Taq polymerase (Promega). The primers used for amplification 
of the B2 bradykinin receptor transcript were derived from 
cDNA sequence (McIntyre et al. 1993; EMBL database accession 
number X69682). Primer sequences were B2R 197 (GACATCAC 
CGGCCAGCCCTTG) and B2R 198 (GGTGACGTTGAACATTTCGAT). 
Primer sequences to the constitutively expressed enzyme 
hypoxanthine-guanine phosphoribosyl transferase (hprt) gene 
were hprt 231s (CCTGCTGGATTACATTAAAGCACTG) and hprt 
576a (CCTGAAGTACTCATTATAGTCAAGG). The hprt gene was 
used as a standard control.
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Chapter 3. Results.
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Introduction.

The great variation in size and structure of genes found 
within the mouse genome means that the search for elements 
that regulate the expression of a gene can prove to be a 
complex endeavour. Functional analyses of the prom oters of 
other genes have indicated that the region with the highest 
probability of containing regulatory elements is upstream  to 
the transcription initiation site (Maniatis et al. 1987; Minowa et 
al. 1992a,b), although regulatory elements are also found 
dow nstream  (Grosveld et al. 1987; Vidal et al. 1990; 
Zimmerman et al. 1994; Vanselow et al. 1994). A core promoter 
which mediates the assembly of the initiation complex and is 
able to drive in vitro  a low level of basal transcription is 
located in a region within lOObp of the transcription initiation 
site (Maniatis et al. 1987; Conaway and Conaway 1993; Zawel 
and Reinberg 1992; Buratowski 1994). Regulatory elements 
responsible for modulating the cell type-specific expression of 
a gene may be located either within close proximity to the 
transcription initiation site (Ching and Liem 1991; Desmarais et 
al.1992; Zhou et al. 1992; Reeben et al. 1993; Faraonio et al. 
1994) or in more distal regions (Mercer et al. 1991; Hoyle et al.
1994).

The most logical place to embark upon the search for the 
regulatory elements which control the expression of the B2 
bradykinin receptor gene was the 5’ flanking region directly 
upstream  to the transcription initiation site. Therefore the 
prim ary objective was to confirm the precise location of the 
most 5' transcription initiation site (transcription initiation site 
1 ).

3.1 Locating transcription initiation site 1 of the B2 
bradykinin receptor gene.

Initial evidence indicating the position of transcription 
initiation site 1 was derived from sequence of a mouse cDNA 
clone generated from NG108-15 RNA using 5' RACE PGR. 
Further evidence corroborating the position of transcription

52



initiation site 1 was obtained from the analysis of NG108-15 
RNA reverse transcribed using random  prim ers and PCR 
amplified using nested 5' primers and the same B2R 198 3' 
primer (figures 3.1 and 3.2). The most 5' primer to generate a 
PCR product was B2R 197. The first base of B2R 197 
corresponds to transcription initiation site 1 as defined by 5’ 
RACE PCR (figure 3.1 and 3.11).
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Figure 3.1 Location of nested 5' primers and the 3 ’ 
primer used to define transcription initiation site 1 of 
the B2 bradykinin receptor gene.

Shows the structure and sequence of the mouse B2 
bradykinin receptor gene and the location of the nested 5' 
primers and 3' prim er used to define transcription initiation 
site 1 (ti 1). Intronic sequence is denoted by lower case and 
exonic sequence by boxed upper case. The most 5' transcription 
initiation site (ti 1) defined by 5' RACE PCR of NG108-15 RNA is 
indicated by an arrow.
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F i g u r e  3 . 1

Location of nested 5 ' primers and the 3' primer used to 
define transcription initiation site 1.

(1) Structure of the mouse B2 bradykinin receptor gene.

332
331
330

197

I / /  B
163bp 104bp

>6kb

(2) Sequence of the mouse B2 bradykinin receptor gene.

catttacc agcctaggct cc

ctgcagggga aacatttacc agcctaggct ccgggacccg accatggtct gcacccacgg gggacaacct gtggccatcc tgatttggcc tccgcagcta

B2R 331 B2R 3 3 0
caccacc gctaagaact gct^ gaggtgc ccaggagagt

ggaggtccaa aagcaccacc gctaagaact gctgctgatc ccggagggag cctggagctg atctggacta gaggtggagg ggggaggtgc ccaggagagt 
ti 1(RACE PCR o f  NG108-15 RNA)

B2R 197rq GACATCA CCGGCCAGCC CTTG \  ^
qatj.:ACATCA CCGGCCAGCC CTTGAAAGAT GAGCTGTTCC CCGTGCCACT CCAGCTTCGC TCCTCAGGGG AGTGGATAGT AGGGCTGTTG GGAAGGGGT'::|

EXON 1
<163bp)

ITCAGGCAGCC GCTGAACCTG GACCGAGGGA CTCCCTACAA CACAGAACCG GCTCGCTTGA GAAAA jbtqa gtttccggca tgggctcgtt aatggagagc

gcaactatcc ngctgaaatt gagtctcggg gaactggagg aagattcctt cctcccctag gtctgagaaa tq a a  INTRON 1~
(>6KB)

r:.“. :GATCCTC ACTCCTCITT TTCCGGCGTC CAAATGCCC : il.'TGCTGGAA G::TA..:T :GGG TTTCTGTCGG TGCATGAGCC CATGCCCACC GCGGcu ivĉ ,
EXON 2

(104bp)

rrTGGtataaqt caggggatct ccagctcacc atcggtgact ccagggcagg cagtgtcctg ttgtgggtca tggt  INTRON 2 ►
(3.1KB)

B2R 19 8
ATCGAAATG T7TCAACGTCA CCz______________

ICATCGAAATG TTCAACGTCA CCACACAAGT CCTCGGGTCT GCTCTTAACG G
EXON 3(CODING EXON)

(3.7kb)
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Figure 3.2 Reverse transcription-polym erase chain  
reaction (RT-PCR) analysis of NG108-15 RNA using  
nested 5* primers, in conjunction with the 3 ’ primer 
B2R 198, to define transcription initiation site 1.

(1) Shows the results of the RT-PCR analysis of NG108-15 
RNA using the nested 5’ primers (sense) B2R 332, B2R 331, B2R 
330 and B2R 197 in conjunction with the 3’ primer (antisense) 
B2R 198 (figure 3.1). (2) Shows the most 5' transcription 
in itia tion  site (ti 1) as indicated by RT-PCR. This site 
corresponds to that defined by 5' RACE PCR of NG108-15 RNA 
(figures 3.1 and 3.11).
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F ig u re  3 .2

( 1 )  R e v e r s e  t r a n s c r i p t i o n - p o l y m e r a s e  c h a i n  r e a c t i o n  a n a l y s i s  o f  N G 1 0 8 -1 5  RNA.

Antisense primer

I

Sense primer o

I I

28‘)bp

( 2 )  L o c a t i o n  o f  t r a n s c r i p t i o n  i n i t i a t i o n  s i t e  1 ( t i  1 ) ,

E V A # 3 (coding exon) '__
163bp 104bo

>6Jcb 3 Ifcb

L».
* ti I (dcliiH-d l>\ B2R 1 97)
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3.2 Cloning of the B2 bradykinin receptor gene.

The 5’ upstream region of the B2 bradykinin receptor 
gene was isolated from a mouse cosmid library (pWE 15) using 
a 289bp cDNA probe, spanning from the most 5' transcription 
initiation site (transcription initiation site 1 ) as indicated by the 
longest S' RACE clone, to the S' region (22bp) of the coding exon 
(exon 3(4)) (figures 3.10 and 3.11). The results of the initial 
screen of approximately 1 x 1 0  ̂ recom binants at m oderate 
stringency indicated that five colonies hybridised to the B2 
bradykinin receptor specific probe. Subsequent screening at 
higher stringency resulted in the isolation of a single positive 
colony.

Restriction enzyme and Southern blot analysis was 
carried out to characterise and to confirm the identity of the 
clone. The clone was mapped using the restriction enzymes Xho 
I, Cla I, Sal I and Not 1 (figure 3.3). Southern blots were probed 
independently with the oligo (B2R 197) and oligo (B2R 198) 
used to amplify the 289bp cDNA. B2R 197 was derived from 
the most S' region of exon 1, whereas B2R 198 was derived 
from the sequence at the start of the coding exon (figures 3.10 
and 3.11). B2R 197 was found to hybridise to restriction 
fragments of the cosmid DNA, but B2R 198 failed to hybridise 
to any fragments of the cosmid DNA (figures 3.4 and 3.S).

A 2kb Pst 1 fragment and a Skb Hind III fragment, both 
of which hybridised to B2R 197 were subcloned to enable 
further mapping of the region encompassing exon 1. The 2kb 
Pst 1 fragment was subcloned into pKSIl(+) generating the 
clone pKSIl(+) 2kb_Pst I and the Skb fragment was subcloned 
into pUC 18 to generate pUC 18 Skb_Hind III. These clones 
were mapped and partially sequenced to confirm the presence 
of exon 1 (figure 3.6) (see appendix for sequence). Sequence 
com parison between genomic DNA and S' RACE cDNA 
established that the entirety of exon 1 was present in both 
clones and that exon 1 is 163bp in size.

The failure of B2R 198 to hybridise to any restriction 
fragments of cosmid A suggested that the coding exon of the B2 
bradykinin  receptor gene was not p resent in cosmid A.
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Furthermore, restriction enzyme digests of both cosmid A and 
cosmid B (containing the coding exon, but not exon 1) were 
compared and no overlapping diagnostic fragments were found 
to be shared between the two cosmids (figure 3.9). A 1.4kb Eco 
RI fragment which had been mapped to the 3' end of cosmid A 
was shown to hybridise to a 600bp Xba I fragment from the 
upstream  region of cosmid B (figure 3.4). This 1.4kb Eco RI 
fragm ent was cloned into pKSII(+) to generate the clone 
pKSII(+) 1.4kb_Eco RI, digested and sequenced with the oligo 
B2R 325 (derived from the most upstream sequence of cosmid 
B). This gave proof of overlap between cosmid A and cosmid B, 
with the region of overlap being less than 0 .6 kb but greater 
than  0.3kb (figure 3.7). Hence, sequence com parison 
demonstrated that the DNA in the two cosmids is derived from 
contiguous genomic DNA; ie. the 5’ RACE cDNA sequence is 
indeed contiguous with the B2 bradykinin receptor open 
reading frame.
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Figure 3.3 Restriction enzyme map of cosmid A.

Restriction enzyme map of cosmid A. Cosmid A was 
mapped using the restriction enzymes Not I, Cla I, Sal I and Xho 
I. A combination of single, double and triple digests were used 
to map cosmid A. Restriction fragments were separated using 
e ither standard  gel electrophoresis or pulsed field gel 
electrophoresis. The location of exon 1 is indicated by a pink 
box. The position of the vector pWE 15 is indicated by brown 
arrows.
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RESTRICTION ENZYME MAP OF COSMID A.

O / y

20 22 24 26 28 30 32 34 36 38 — y
pWE 15



Figure 3.4 Southern blot analysis of cosmid A.
(i) Gel 1.

Shows the results of restriction enzyme analysis of 
cosmid A. Single and double digests using the restriction 
enzymes Bam HI, Xba 1, Hae III, Bgl II and Hind 111 were 
carried out to analyse cosmid A. Southern blot analysis of 
cosmid A was carried out using probes of (1) a 289bp cDNA 
(B2R 197->198), spanning from transcription initiation site 1, to 
the 5’ region (22bp) of the coding exon (figures 3.10 and 3.11), 
(2) B2R 197, derived from the most 5’ region of exon 1, and (3) 
B2R 198, derived from the sequence at the start of the coding 
exon.
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F i g u r e  3 . 4
( i )  G e l  1
Probes = B2R 197->198; B2R 197; B2R 198.

Cosmid A

1 2  3 4 S 6 7 8  ÿ 10  11 12 1 3 1 4  15

(1) Probe B2R 197->198 
Exp.= 16hrs

1 2  3 4 5 5 7 8 S 10  11 12 13  14 15

- -  bkb 

-— 4kh

(2) Probe B2R 197 
Exp.= 48hrs

(3) Probe B2R 198 
Exp.= 96hrs

2 3  4 5 6 7 0 9 1 0 1 1  12 1 3  14 15
1 2  3 4 5 ç  7 3 9  1 0  11 12 13  14 15
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Figure 3.4 
(il) Gel 2.

Shows the results of single and double digests of cosmid 
A using the restriction enzymes Sal 1, Ssp I, Xho I, Pst I and Not 
I. Southern blot analysis of cosmid A was carried out using 
probes of (1) a 289bp cDNA (B2R 197->198), (2) B2R 197, (3) 
B2R 198 and (4) a 600bp Xba I fragment. The 600bp Xba I 
fragm ent was m apped to the most 5’ region of cosmid B 
(containing the B2  bradykinin receptor coding region).
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F i g u r e  3 . 4  
( i l )  G e l  2
Probes = B2R 197->198; B2R 197; B2R 198; 600bp Xba I->Xba I.

( 1 ) Probe B2R 197->198 
Exp.= 16hrs

1 2 7 4 ç 6 7 0 y 10 11 12 17 U  15

1 2 3 4 & fi 7 8 9 lû  11 12 13 U  ÎÇ

(2) Probe B2R 197 
Exp.= 48hrs

1 2  3 4 5 S 7 e 9 1C 11 12 13 14

(3) Probe B2R 198 
E xp.= 96hrs

1 2  3 4 5 6 7 fi 9 10 11 12 13 14 15

(4)Probe 600bp Xba I->
Xba I

(Cosmid B)
Exp.= 48hrs

1 2 3 4 5 6 7 8 9 10 11 L2 13 14 Ib

2lkb

65



Figure 3.4
(iii) Gel 3.

Shows the results of restriction enzyme analysis of 
cosmid A and clone 184 (derived from the most 5’ region of 
cosmid B (figure 3.9)). A single digest of cosmid A using Eco RI 
and a series of double digestions using Eco RI together with the 
restriction enzymes Sal I, Ssp I, Xho I, Pst I and Not I were 
carried out. Clone 184 was digested using the restriction 
enzymes Bam HI, Xba I, Hae III, Bgl II, Hind III, Sal I, Ssp I, 
Xho I, Pst I and Not I.

Southern blot analysis of cosmid A and clone 184 was 
carried out using probes of (1) a 289bp cDNA (B2R 197->198),
(2) B2R 197, (3) B2R 198, (4) a 600bp Xba I fragment and (5) 
B2R 335. The primer B2R 335 is derived from sequence of exon 
2 of the B2 bradykinin receptor gene obtained from 5’ RACE 
PCR of NG108-15 RNA.
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F i g u r e  3 . 4  
( i i i )  G e l  3
Probes = B2R 197->198; B2R 197; B2R 198; 600bp Xba I->Xba I; B2R 335.

c l o n e  184
Coündd A (5 ' région oi c o s u l L ü  B)

f ̂  .g j i ^ (1)Probe B2R 197->198 
Exp.= 16 hrs

7 3 9 10 n  X7. 13 14 15 16

(2)Probe B2R 197 
Exp.= 48 hrs

(3)Probe B2R 198 
Exp.= 48 hrs

W 11 12 13 14 U  16 S 9 10 n  12 13 14 IS 16

(4)Probe 600bp Xba I->Xba I ( 5 )Probe B2R 335 (Exon 2) 
(Cosmid B) Exp.= 48 hrs Exp.= 96 hrs

10 11 12 13 14 IS 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
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Figure 3.4
(iv) Data derived from Southern b lot analysis of 
cosmid A.
Table 1.

Shows the combined results of the Southern analysis of 
cosmid A and clone 184 (figure 3.4; (i) Gel 1, (ii) Gel 2, and (iii) 
Gel 3) using probes of (1) a 289bp cDNA (B2R 197->198), 
spanning from transcription initiation site 1, to the 5' region 
(22bp) of the coding exon (figures 3.10 and 3.11), (2) B2R 197, 
derived from the most 5’ region of exon 1, (3) B2R 198, derived 
from sequence of the 5' region of the coding exon (figures 3.10 
and 3.11), (4) a 600bp Xba I fragment from the most 5’ region 
of cosmid B and (5) B2R 335 derived from sequence of exon 2 
of the B2 bradykinin receptor gene.
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T a b l e  1
F i g u r e  3 . 4
(iv) Data analysis.

(1) Cosmid A.
SIZE OF BAND (KB)

[PROBE]
Gel RE ( 1 )  B2R 1 9 7 - > 1 9 8  ( 2 )  B2R 197 ( 3 )  B2R 1 98 ( 4 )  6 0 0 b p  Xba I ( 5 )  B2R 3 3 5

_ Xb a I

1 1. Bam HI 17 No Hyb.n (N ot probed) (N ot p robed)
3 7 No Hyb.n (N ot probed) (N ot probed)
1 No Hyb.n (N ot probed) (N ot probed)

No Hyb.n (Not probed) (N ot probed)
5. Hind I I I 5 No Hyb.n (Not probed) (N ot p robed)

2 6 . Bam HI + Xba I 7 No Hyb.n (N ot probed) (N ot probed)
7 . Bam HI + Hae I I I No Hyb.n (N ot probed) (N ot probed)
8 . Bam HI + B gl II 7 No Hyb. n (N ot probed) ( Not p robed)
9 . Bam HI + Hind I I I 5 (Not probed) (N ot probed)
10. Xba I + Hae I I I (N ot probed) (N ot p robed)
11. Xba I + B gl XI No Hyb.n (Not probed) (N ot p robed)
12. Xba I + Hind I I I No Hyb.n (Not probed) (N ot p robed)
13. Hae I I I  + Bgl I I No Hyb.n (N ot probed) (N ot p robed)
14. Hae I I I  + Hind I I I No Hyb.n (Not probed) (N ot p robed)
15. Bgl I I  + Hind I I I No Hyb.n (Not probed) (Not probed)

2 1. S a l I No Hyb. n (N ot p robed)
No Hyb.n (N ot probed)
NO Hyb.n (N ot probed)
No Hyb.n (N ot probed)

5 . Not I No Hyb.n 40 (N ot probed)

2 6 . S a l I + Sap I No Hyb.n 7 (N ot probed)
7 . S a l I + Xho I No Hyb.n 14 (N ot probed)
8 . S a l I + Pat I 4 ( 4 .4 ) (N ot p robed)
9 , S a l I + Not I 21 No Hyb.n 21 (N ot probed)
10. Ssp I + Xho I 5 .6 No Hyb.n (N ot probed)
1 1 . Sap I + p a t I 1 .2 (N ot probed)
12. Sap I + Not I (N ot probed)
1 3 . Xho I + P at I 2 No Hyb.n 5 (N ot probed)
14. Xho I + Not I 12 1 2 (1 1 . 5) No Hyb.n 1 2 (1 1 .6 ) (N ot probed)

2 15, P s t  I + Not I 2 No Hyb.n 1 .8 (N ot p robed)

3 1. Eco RI No Hyb.n NO Hyb n
2. ECO RI + s a l  I 12 1 .4 No Hyb

3 3. ECO RI + Ssp I 7 . 5 7 .5 No Hyb.n 1 .4
3 4 . ECO RI + Xho I 1 2 (1 1 .6 ) 1 2 (1 1 .6 ) No Hyb.n 1 .4
3 5 . ECO RI + P at I 2 No Hyb.n 1 .4

6 . ECO RI + Not I No Hyb.n No Hyb

(2) Clone 184 (5 ' region of cosmid B ) .
7. Bam HI 5 ( f a i n t ) NO Hyb 5 NO Hyb

3
3 0 . 2 ( f a i n t )
3 0 . 4 ( f a i n t ) No Hyb

1 1. Hind I I I No Hyb
3 12. S a l I No Hyb No Hyb
3 13. Sap I No Hyb NO Hyb
3 14. Xho I 8 ( f a i n t ) No Hyb 8 No Hyb

1 . 8 ( f a i n t ) No Hyb 0 .5
8 ( f a i n t ) No Hyb 8 NO Hyb
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Figure 3.5 Summary of Southern b lot analysis of 
cosmid A.

Shows a partial restriction enzyme map of cosmid A. 
generated from the results of the Southern blot analysis (figure 
3.4). The results indicated that (1) B2R 197 (derived from the 
most 5' sequence of exon 1) hybridises to a 1.2kb region (Pst I 
to Ssp I fragm ent), and (2) the 600bp Xba I fragm ent 
hybridises to a 1.4kb region (Eco RI fragment) at the 3' end of 
cosmid A. The locations of these regions are indicated below 
the restriction enzyme map. The position of the vector pWE 15 
( 0  to +8 ) is indicated by brown arrows.
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F i g u r e  3 . 5

SUMMARY OF SOUTHERN BLOT ANALYSIS OF COSMID A

/
1 -------- 1---------1-------- 1---------1---------1-------- 1-------- 1---------1-------- 1-------- 1---------1-------- 1---------1-------- 1---------1---------r ^ “ i-------- 1---------1-------- 1---------1-------- 1-------- 1-------- 1-------- r  * I — r - * — !----------r — \--------

39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9
1---1---1---r'

7 6 5 4 3 2 1 0 +1 +2 ^3 +4 45 >6 +7 45

I t
I r*
I I
I I
I I
I I

^l .4kb .

Localisation 
o( B2R '97

p W E 1 5

Locabsatian of 
600bp Xba I -> Xba 1 
fragment 
(S' of cosmid B)



Figure 3.6 Restriction enzyme maps of cosmid A, the 3* 
region of cosm id A and the 5kb Hind III fragm ent 
u sed  to gen erate the B2 b rad yk in in  recep tor  
promoter-reporter gene constructs.

( 1 ) Shows the restriction enzyme map of cosmid A. The 
location of the vector pWE 15 (0 to +8 ) is indicated by brown 
arrows. (2) Shows the restriction enzyme map of the 3’ region 
of cosmid A. (3) Shows the restriction enzyme map of the Skb 
Hind III fragment used to generate the B2 bradykinin receptor 
promoter-reporter gene constructs (section 2.3; figure 2.1). This 
Skb Hind III fragment contains the 2kb Pst I fragm ent that 
was subcloned into pKSII(+) (section 2.2) to generate the clone 
pKSII(+) 2kb_Pst I. Exon 1 of the mouse B2 bradykinin receptor 
gene is located within both these fragments.

Blue dashed lines in (1) and (2) indicate the location of 
the Skb Hind III fragment depicted in (3). The location of exon 
1 of the mouse B2 bradykinin receptor gene is indicated by a 
pink box. The arrow denotes transcription initiation site 1 (ti 
1 ).
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F i g u r e  3 . 6

(1.) Restriction enzyme map of cosmid A.
lOkb

V

10 15 20 35 30 35 /  40 45 (4 8 )

e x o n  | i  
/  ( 1 6 3 b p )

/
/

(2) Restriction enzyme map of the 3' region of cosmid A.

I
I e

2kb

411

-1 5  -1 4  -1 3  -1 2  -1 1  -1 0  - 9  -8  -7  - 6  5

(3) Restriction enzyme map of Skb Hind

i/

<c>cP
y

III fragment.

p
2kb

73



Figure 3.7 Sequence com parison to show overlap  
between (1.) cosm ids A and B, and (2.) cosm id A, 
cosmid B and the mouse gene (Ma et al. 1994).

Sequence comparison to show overlap between: (1.) 
cosmid A and cosmid B (figure 3.9), (2.) cosmid A, cosmid B and 
the mouse gene (Ma et al. 1994). Mouse (Ma) is the genomic 
sequence of the mouse B2 bradykinin receptor gene published 
by Ma et al. (1994). Clone 184 (184) is derived from the 5’ 
region of cosmid B (figure 3.9). pKSII(+) 1.4kb_Eco RI (1.4_RI) 
is derived from the 3' region of cosmid A (figures 3.5 and 3.9). 
The primers used for sequencing were M13R (Stratagene), 
which is derived from sequence in the vector pKSII(+) and B2R 
325 which is derived from sequence of cosmid B. The sequence 
and location of B2R 325 is indicated by a red box. The 5’ 
cloning site (Bam HI) of clone 184 is underlined.
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F i g u r e  3 .7

(1)MOUSE (Ma)
(2)184
(3)1.4_RI

mouse genomic DNA (Ma et al. 1994)
clone 184 (5' region of cosmid B)
pKSII(+) 1.4kb_Eco RI (3' region of cosmid A)

(1)MOUSE (Ma)
(2)184xMl3R

CAGGGATCCA TCCCATAATC AGCTTCCAAA CGCTGACACC ATTGCATACA 1201 
.AGGGATCCA TCCCATAATC AGCTTCCAAA CGCTGACACC ATTGCATAC. 48
cloning site

1)M0USE (Ma) CTAGCAAGAT TTTCCTGAAA G .ACCCACAT ATAGCTGTCT CTTGTGAGAC 12 50
2)184xMl3R CTAGCAAGAT TTTCCljSAAA GGACCCAGAT ATAGCTGjrCT CTTGTGAGAC 98

B 2 R  3 2 5

1)MOUSE (Ma)
2)184xMl3R 
;3)1.4_RIx325

TATGCTGGGG CCTAGCAAAC ACAGAAGTGG ATGCTCACAG TCAGCTATTG 1300
TAT.CTGGGG CCTAGCAAAC ACAGAAGTGG ATGCTCACAG TCAGCTATTG 14 7

CCTAGCAAAC ACAGAAGTGG ATGCTCACAG TCAGCTATTG 40

(1)MOUSE (Ma)
(2)184xMl3R/325
(3)1.4_RIx32 5

GATGGGTCAC ACGGCCCCCA A.TGGAGGAG CTAGAGAAAG TACCCAAGGA 1349
GATGGGTCAC ACGGCCCCCA A.TGGAGGAG CTAGAGAAAG TACCCAAGGA 195
GATGGATCAC AGGGCCCCCC AATGGAGGAG CTAGAGAAAG TACCCAAGGA 90

(1)MOUSE (Ma)
(2)184x325
(3)1.4 RIX325

GCTAAAGGGA ACTACAACCC TATAGGTGGA ACAACAATAT GAAC.TAACC 1398
GCTAAAGGGA ACTACAACCC TATAGGTGGA ACAACAATAT GAACCTAACC 24 6
GCTAAAGGGA ACTACAACCC TATAGGTGGA ACAACATTAT GAAC.TAACC 139

(1)MOUSE (Ma)
(2)184x325
(3)1.4 Rlx325

AGTACCCCGG AGCTCTTGTC TCTAGCTGCA TATGTATCAA AAGATGGCCT 1448
AGTACCCCCG GAGTCTTGTC TCTAGCTGCA TATGTATCAA AAGATGGCCT 296
AGTACCCCCG GAGTCTTGTC TCTAGCTGCA TATGTATCAA AAGATGGCCT 189
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3.3 Structure of the B2 bradykinin receptor gene.

Following verification that cosmid A contained exon 1, the 
next stage was to establish the structure of the B2  bradykinin 
receptor gene. Mapping and alignment of cosmid A and cosmid 
B indicated that exon 1 is approximately 8.7kb upstream from 
the coding exon (figure 3.9). However, attempts to map exon 2 
(104bp) were unsuccessful. Southern blots of cosmid A and 
cosmid B were probed with the oligos B2R 324, B2R 334 and 
B2R 335, derived from the 5' RACE cDNA sequence of exon 2. 
These oligos all failed to hybridise to the genomic DNA, but did 
hybridise to the positive control, that is the S' RACE cDNA 
(figure 3.8). This may be due to a deletion of the cosmid DNA. 
Sequence analysis of a mouse genomic clone by Ma et al. 
(1994) indicates that exon 2 is approximately 3.4kb upstream 
of the coding exon. The comparison of the restriction enzyme 
map and sequence of the S' region of cosmid B and the 3' 
region of cosmid A with that shown by Ma et al. (1994) (figures 
3.7 and 3.9) suggests that if there is a deletion it has occurred 
upstream of the overlapping region between cosmid A and B. 
Sequencing of this region and comparison with the equivalent 
genomic sequence published by Ma et al. (1994) for the mouse 
B2 bradykinin receptor gene will establish the 3' boundary of 
the deletion.
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Figure 3.8 Southern blot analysis of cosmids A and B 
using probes from exon 2 of the mouse B2 bradykinin 
receptor gene.

Shows the results of restriction enzyme analysis of 
cosmid A using the restriction enzymes Xho I, Bam HI, Eco RI, 
Nco 1 and Pst I. Southern blot analysis of cosmid A was carried 
out using oligonucleotide probes of (1) B2R 324 (2) B2R 334 
and (3) B2R 335. These primers were derived from sequence of 
exon 2 of the B2 bradykinin receptor gene generated by S' 
RACE PGR of NG108-15 RNA. The S' RACE cDNA was used as a 
positive control for the hybridisation of the oligonucleotide 
probes. Clone 184, derived from the S' region of cosmid B 
(which overlaps the 3' region of cosmid A), was run on the gel 
to ensure that the whole of the region between exon 1 and the 
coding exon (figure 3.9) is analysed for the presence of exon 2. 
Clones 227 and 228, subcloned from clone 184, and clone 
pKSlI(+) 2kb_Pst I, containing exon 1 of the B2 bradykinin 
receptor, were also examined.

Clone 227 is the 600bp fragment (0 to +0.6kb; figure 
3.9(i)) from the most S' region of cosmid B subcloned into 
pKSII(+). Clone 228 is the 800bp Xba I fragment (+0.6kb to 
+1.4kb; figure 3.9(i)), adjacent to the 600bp fragment in cosmid 
B, subcloned into pKSIl(+).
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F i g u r e  3 . 8
Probes = B2R 324; B2R 334; B2R 335.

(derived frcm exon 2 sequence)

region of Cosmid B

y À  ;
(l)Probe = B2R 324 
Exp. = 48hrs

o i» -T

:-------------—------------- 1 ^  Af <0 O -V

#  ê  / 1  i  s  i  ^  ê  i  i  s
1 2 3 4 5 6 7 8 9  10  11 12

1 2 3 4 5 6 7 8 9  10  11  12

(2)Probe = B2R 334 
Exp. = 48hrs

(3)Probe = B2R 335 
Exp. = 96hrs

1 2 3 4 5 6 7 8 9  10  11 12 1 2 3 4 5 6 7 8 9  10  11 12

*

4
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Figure 3 .9  (i) R estriction  enzym e map o f the
overlapping region of cosmids A and B.

Shows the restriction enzyme map of the 3’ region of 
cosmid A and the 5' region of cosmid B. The smallest regions 
demonstrated to hybridise to each probe used in the Southern 
blot analysis (figures 3.4 and 3.5) of cosmids A and B are 
indicated. The region that has been demonstrated to be present 
in both cosmids A and B is shown, as well as the size of the 
potential region of overlap. The location of exons 2 and 3, as 
shown by Ma et al. (1994), is also indicated. Oligonucleotide 
probes derived from exon 2  sequence failed to hybridise to 
either cosmid A or B.
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Figure 3 .9  ( i )

Restriction enzyme map of the 3' region of cosmid A and the 5' region of cosmid B. 
| H y b r i d i s a t i o n |I  P R O B E  I

(1) B2R 197->198
(2) B2R 197
(3) B2R 198
(4) 600bp Xba I_Xba I
(5) B2R 324 

B2R 334

(B2R 3 2 4 ,3 3 4 ,  a n d  335 a r e  d e r iv e d  f ro m  ex o n  2 s e q u e n c e  o f  t h e  5 ' RACE cDRA)

Exon 1; exon 3/4 (faint)

3' of cosmid A; 5' of cosmid B 
No hybridisation 
No hybridisation 
No hybridisation

I k b

HYBRIDISATION OF PROBE: (1) B2R 197->l«e

00O
/  

r  * T'

/ /
1 1 Im / / / /

I ' l l
/  /  ,

1 1
1 P 1 1 1 1

5 ' 4  3

3 '  r e g i o n  o f  c o s m i d  A  
( K b )

1 1 f
L t

S t r u c t u r e  o f  m ouse 
B2 b r a d y k in i n  
r e c e p t o r  g e n e

( f i g u r e  3 .1 0 )

f  / /
_̂_____ I___L_

5 '  r e g i o n  o f  c o s m i d  B 
( K b )

600bp  X b a lX b a  1 f r a g m e n t
( 5 '  Xba I  s i t e  i s  from  t h e  m u l t i p l e  c lo n in g  s i t e  o f  p K S I I ( + ) ) .

Potential otrariap)

The blue arrows indicate the location of the most 5' nucleotide of the 
sequence of cosmids A and B in figure 3.7. Figure 3.7 demonstrates there is 
overlap between cosmid A, cosmid B and the mouse genomic DNA sequence 
published by Ma et al. in 1994, (GenBank accession No. L27595).



Figure 3.9 (il) Structure of the B2 bradykinin receptor 
gene determined from analyses of cosmids A and B.

Shows the structure of the B2 bradykinin receptor gene 
as determ ined by Southern blot and sequence analyses of 
cosmids A and B. There is evidence from the 5’ RACE cDNA to 
suggest the presence of a further non-coding exon (exon 2 ) 
(figures 3.10 and 3.11). Ma et al. (1994) also demonstrated the 
presence of a third non-coding exon expressed in uterine cells.

81



Figure 3 .9  ( i i )

structure of the B2 bradykinin receptor gene determined from analysis of cosmids A and B.

00hO exon 1 
(163bp)

exon 2 
(3.7kb)

3' region of cosmid A
1_1

Region
of

5' region of cosmid B.



3.4 C om parative analysis of th e  s tru c tu re  of th e  B2
bradykinin  receptor gene.

Comparison of the 5' RACE cDNA sequence with mouse 
genomic sequence (Ma et al. 1994) (and sequence subsequently 
published for the rat B2 bradykinin receptor gene (Pesquero et 
al. 1994) and the hum an B2 bradykinin  receptor gene 
(Kammerer et al. 1995)) enabled the exon/intron boundaries to 
be mapped. Sequence of mouse genomic clones (cosmids A and 
B) indicated that the mouse B2 bradykinin receptor gene 
consists of a single coding exon (exon 2 ) downstream of one 
non-coding exon (exon 1) (figures 3.9 and 3.10).

The presence of a non-coding exon (exon 2), as shown for 
the ra t gene, is suggested from the 5' RACE results and 
sequence of the resulting cDNA, but careful analysis of the two 
overlapping cosmid clones A and B failed to locate exon 2. The 
presence or absence of exon 2 sequence may therefore be an 
example of individual variation or strain to strain variations as 
the 5' RACE mRNA was derived from NG108-15, a mouse 
neuroblastoma (N18TG2) x rat glioma (C6 Bu-l) fusion (Klee and 
Nirenberg, 1974), whilst the cosmid library was derived from 
C57 Black 6 . With this in mind, it is disappointing that Ma et al. 
(1994), who also identified exon 2, do not identify the mouse 
strain from which their library was made. The only remaining 
possibility is that a deletion of exon 2 from cosmid A has 
occurred during the cloning procedure. This could be 
investigated by further genomic cloning experiments.

The presence of a third non-coding exon upstream to the 
coding domain, as shown for the rat gene, was demonstrated by 
Ma et al. (1994) by prim er extension using mouse uterus 
mRNA as the template and its location was shown by sequence 
analysis of a genomic clone (figures 3.10 and 3.11). This third 
exon has not yet been found to be present in any of the B2 
bradykinin receptor cDNAs generated throughout this study.
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Figure 3.10 C om parative analysis of th e  s tru c tu re  of
the B2 bradykinin receptor gene.

Shows a comparative analysis of the structure of the B2 
bradykinin receptor gene as demonstrated for (1 .) the human 
gene (Kammerer et al. 1995), (2.) the rat gene (Pesquero et al. 
1994), (3.) the mouse gene; (i) cosmids A and B, (ii) 5’ RACE 
cDNA (generated from NG108-15 mRNA) (iii) com bined 
structure deduced from data of cosmids A, B and the S' RACE 
cDNA (figures 3.9 and 3.11) and (4.) the mouse gene (Ma et al. 
1994). (5.) Shows the deduced structure of the mouse B2 
bradykinin receptor gene from the combined data of (3.) and 
(4.). Boxes represent exons. The sizes of exons and introns are 
shown.
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F i g u r e  3 . 1 0

1. HUMAN
Kammerer et al. (1995)

102bp 113bp

3 (CODING EXON)

2. RAT
Pesquero et al. (1994; 1996)

lllbp 104 bp 211bp

-EK: 4 (CODING EXON)

COen

3. MOUSE
(i) Cosmids A and B.

163bp
2 (CODING EXON)

3.7)(b163bp 104 bp
3 (CODING EXON)

(ii) 5' RACE CDNA.
^  3 '  en d  o f  5 '  RACE cDNA
(CODING EXON)5 '  en d  o f  S '  RACE cDNA

163bp 104 bp 3.7)tb
3 (CODING EXON)

(iii) Combined map (i) 3.1)tb

4. MOUSE
Ma et al. (1994)

283bp

-cn-
226bp

E E 3 (CODING EXON)

5. MOUSE (ALL DATA)
Combined map; cosmids A 4 
B, 5' RACE cDNA and mouse 
- Ma et al. ( 1994) .

163bp 283bp

-B—7^13}-
>6)tb' 104bp

 ̂ A l t e r n a t i v e  s p l i c e  s i t e s .

226bp

E E 4 (CODING EXON)



Figure 3.11 C om parative analysis of the  sequence of
exons 1, 2, 3, and the  5 ’ reg ion  of th e  coding exon
(exon 4) of the B2 bradykinin receptor gene.

Shows the sequence of (1.) the rat gene (Pesquero et al. 
1994), (2.) the mouse gene (S' RACE cDNA; NG108-15 derived), 
and (3.) the mouse gene (Ma et al. 1994). The boxes represent 
regions of homology. The arrows represent transcrip tion  
initiation sites. Transcription initiation site 1 of the mouse gene 
was defined by S' RACE PCR using RNA extracted from NG108- 
IS cells. Transcription initiation sites 2 and 3 were defined by 
prim er extension using RNA extracted from  ra t u terus 
(Pesquero et al. 1994).
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F i g u r e  3 . 1 1

EXON 1

RAT(Pesquero) 
MOUSE(RACE)

RAT(Pesquero) 
MOUSE(RACE)

G A C A TC A C C G  G C C A G C C C T T  GAA A G A TG A G  C T G T T C C C C G  T G C C A C T C C A

A G T  G A G TA G T 
A G T  G G A PA G TrCAG

CTG TTG G G G A  
G C T G G T  3GGA

CGTG A G G C A G r:G C I  A G C Z C T G G A C
G T G I : a  g g c a g : :G C i  g a a : c t g g a c

68
120

RAT(Pesquero) 
MOUSE(RACE)

CG A G G G A C TC  C CTA CA A C A C  A G A A C CG G CT C IC T A 3 A G A A  AAG 
G A G G G A CTC C CTA CA A C A C  A G A A C C G G C T C : C Ï I 3 A G A A  AAG

111
1 6 3

EXON 2
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MOUSE(RACE) 
MOUSE(M a )

A T C C T C A  C T C  
A T C C T C A  C T C  
A T C C T C A  C TC

r C T T
r c T T T  r
r C T T I 3

I a :  a a a t g c

:  a a a t g

:  A A A T G C tj

A tT G
TG

CTG

T r c  
c r c

IT G G A A G  C 
:rG G A A G  C 

d r c : r G G A A G  c

3 AC 
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:gi3
:G 3 3

1 7 2  
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C d G t r  2 4 0

RAT(Pesquero) 
MOUSE(RACE) 
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:t g t c

:t g t
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C3 
C 3b

;t g c a .
IT  GCA
;t g c a »

T G A G CC  C A TG C  
T G A G CC  C A TG C ' 
T G A G CC  CA TG CC

C CA
CCA

O C
,CC

lACC

G C C TC
a3CCTC

G C CTC
Ï I G G

2 1 5
2 6 7
2 8 3

EXON 3

RAT(Pesquero) 
MOUSE(Ma )

3AA A C A : TAA GCA A CT 3 1 CCAAG G C C A IA C C G T  GACCAGGA CT
3G G T CC A  A AA A C A IT A A G C A  A C T TA CCA AG GCCA ACGGT GACCAGGA CT

RAT(Pesquero) 
MOUSE(Ma)

RAT(Pesquero) 
MOUSE(M a )

A 3 G A C IG G T C  C A A A G : CTCG cr C T C :
G 3GACCAAG C T IA A G IC T C G  C : C T c r

’G C TG C  AT 
TM T G C T G C C A CAA G G

T 3 C A C  C C T C T G C T C A  C C T C C T G T G C  3 3 5  
G  GCA A C C T T G G C T C A  C C T T C T G T G C  4  0 3

. . ■> 3AAG ACAC AC
ITCTGC TAG AA G A CA C AGlA"

r]  3 8 7  
r]  4 6 3

RAT(Pesquero) 
MOUSE(Ma)

................... : T  G T G IT C T G G G  G
A GG TGGCT G T G IT C T G G G  G
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5 0 9

EXON 4 (CODING EXON)

RAT(Pesquero) 
MOUSE(RACE) 
MOUSE(Ma)

C A T tr
C A
C A T

G A A A TG  T T C A A C  
.AAATG TTC71AC 

GA A A TG  T T C A A C

ATCA C CA CG CA A G C  C C T G G G G T C T  G C T C A T A A C G  G 
GTCA C C A

rC A  C C A 3A C A A G T  C C T C G G G T C T  G C T C T T A A C G  G

4 7 7
2 9 0
5 6 0
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3.5 Sequence analysis of the -2.6kb to + 0 .03Ikb region 
of the B2 bradykinin receptor gene.

The region spanning from -2.6kb to +0.03Ikb (relative to 
transcription initiation site 1) of the mouse B2 bradykinin 
receptor gene was sequenced (figure 3.12). The constructs 
generated for the functional analysis of the B2 bradykinin 
receptor prom oter (section 3.7) were sequenced using the 
internal vector primers GLl and GL2 (Promega). Subsequent 
primers were designed from this sequence.

The upstream proximal promoter was shown to lack both 
a TATA and a CAAT box and contains no GC-rich regions 
(figures 3.12 and 3.18). DNA data base analysis of this 
sequence identified several consensus regulatory elements 
including AP-1, NFKAPPA& (NFk&), CRE, GRE, E2aE, GAGA, 
MATa2, c-ets 1 and Sp-1 consensus elements (figure 3.12).

Sequence comparison of the mouse, rat (Pesquero et al. 
1994) and hum an (Kammerer et al. 1995) B2 bradykinin 
receptor proximal promoters (and the 5’ region of exon 1) 
showed there to be significant homology between each species 
(figure 3.13). The most highly conserved transcription factor 
motifs were the AP-1 (1 1 /llb p )  and CRE sites (8 / 8 bp), which 
both overlap transcription initiation site 1. The Sp-1 ( ll/1 3 b p )  
and NFkR (13/14bp) sites directly upstream, at -25bp and 
-24bp respectively, are also highly conserved. The Sp-1 
(3/5bp; 2/5bp) and MATa2 (6 / 8 bp) sites further upstream, at 
-154bp and -152bp, exhibit a high degree of conservation, 
whereas the c-ets 1 (3/lObp) site, at -64bp, is conserved to a 
lesser extent.
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Figure 3.12 Sequence analysis of the promoter region  
from -2.6kb to + 0 .03Ikb of the mouse B2 bradykinin  
receptor gene.

Shows the sequence of the promoter region from -2.6kb 
to +0.03 Ikb cloned into the vector pGL2_Basic and analysed for 
promoter activity. This construct was used to create a series of 
deleted constructs (figures 2.1 and 3.15). The blue boxes 
rep resen t consensus transcrip tion  factor b inding sites 
identified using MacVector™ sequence analysis software. The 
green and orange boxes represen t additional consensus 
transcription factor binding sites detected using gcg and 
TRANSFAC software respectively. Transcription factor binding 
sites are named on the right.

The red outlined boxes represent the Hind III linker sites 
used to facilitate cloning of PCR products (section 2.3). The 
arrow represents transcription initiation site 1 (ti 1 ) of the 
mouse gene as defined by S' RACE PCR of NG108-15 RNA. The 
total GC content of the promoter region (2618bp) is shown.
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Figure  3 .12
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Figure 3.13 Comparative sp ecies analysis o f the  
sequence of the promoter region of the B2 bradykinin  
receptor gene.

Shows the comparative analysis of the sequence of the 
proximal promoter of the B2 bradykinin receptor gene of; (1.) 
the mouse gene, (2.) the rat gene (Pesquero et al. 1994), (3.) 
the hum an gene (Kammerer et al. 1995). The grey shaded 
boxes represent regions of homology. The purp le  boxes 
represent consensus transcription factor binding sites, which 
are named above with the number of bases conserved between 
these species.
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Figure 3.13
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3.6 Reverse transcription-polym erase chain reaction  
analysis o f B2 bradykinin receptor expressing and 
non-expressing cell lines.

NG108-15, NSO and CHO cells were analysed by reverse 
transcription-polymerase chain reaction (RT-PCR) to identify 
which cells express a B2 bradykinin receptor. RNA extracted 
from cells which do not express a B2 bradykinin receptor were 
analysed for expression of the constitutively expressed hprt 
gene to confirm the purity of the RNA sample.
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Figure 3.14 Reverse transcription-polym erase chain  
reaction analysis of NG108-15, NSO and CHO cells.

(1) Shows the results of the reverse transcrip tion- 
polymerase chain reaction (RT-PCR) analysis of B2 bradykinin 
receptor expressing (N18 TG2 and NG108-15) and non
expressing (NSO and CHO) cell lines. The primers B2R 197 and 
B2R 198 (figure 3.1) were used to PCR amplify the cDNA. (2) 
Shows the results of the RT-PCR analysis of B2 bradykinin 
receptor non-expressing (NSO and CHO) cell lines using the 
primers hprt 576a and hprt 231s to PCR amplify the cDNA. The 
size of PCR products is shown to the right.
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3.7 Functional analysis of th e  B2 b rad y k in in  recep to r
prom oter.

3.7.1 Functional analysis of a 2.6kb region of the B2 
bradykinin receptor promoter.

A 2.6kb fragment of the mouse B2 bradykinin receptor 
gene containing the most 5' transcrip tion  in itiation site 
(transcription initiation site 1 ), as well as 31 bp of exon 1 , was 
amplifed using PCR from the genomic clone pUC 18 5kb_Hind 
III. A reporter construct was produced by cloning this 2.6kb 
fragment into the pGL2_Basic vector such that the ability of 
this region to drive luciferase expression could be studied. This 
reporter construct was named pGL2 -2.6/+0.031 (figure 2.1 (i)),

Transient transfection of pGL2 -2.6/+0.031 into (1) 
NG108-15 cells (mouse neuroblastoma, N18TG2, x rat glioma, 
CGBu-l (Klee and Nirenberg, 1974)), which express an 
endogenous mouse B2 bradykinin receptor gene (figure 3.14) 
and (2) NSO cells (mouse myeloma (B) cells (Sunil-Chandra et 
al. 1993)) which do not express a B2 bradykinin receptor 
(figure 3.14), was carried out to study the ability of the 
promoter to drive expression in vitro. The results for luciferase 
activity were normalised against p-galactosidase activity, to 
allow for transfection efficiency. The pGL2_Control vector, 
containing the luciferase reporter gene under the control of the 
SV 40 prom oter, was used as the positive control. The 
prom oterless vector pGL2_Basic was used to assess vector 
driven reporter gene activity.

pGL2 -2.6/+0.031 produced a 2.6 fold increase (l->2.6) in 
luciferase activity relative to pGL2_Basic in NG108-15 cells 
(figure 3.15 A(i)). Hence demonstrating that pGL2 -2.6/+0.031 
acts as a weak promoter. This level of reporter gene expression 
was expected for a gene being expressed at low levels, as is the 
B2 bradykinin receptor gene in NG108-15 cells.

pGL2 -2.6/+0.031 produced no increase (1-1) in 
luciferase activity relative to pGL2_Basic in NSO cells (figure 
3.15 B(i)). The lack of reporter gene expression was as expected
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for a cell line which does not express a B2 bradykinin receptor 
(figure 3.14).

3.7.2 Deletional analysis of a 2.6kb region of the B2 
bradykinin receptor promoter.

Deletional analysis of the pGL2 -2.6/+0.031 construct was 
carried out to ascertain which domains were concerned with 
driving expression in NG108-15 cells as well as to locate 
domains which inhibit expression in NSO cells. A series of four 
deleted constructs were generated containing 1.3kb, 0.5 8 kb, 
0.20kb and 0.16kb of S' upstream  sequence, each of which 
possessed transcription initiation site 1 together with 31bp of 
exon 1. The constructs generated  were nam ed pGL2 
-1.3/+0.031, pGL2 -0.58/+0.031, pGL2 -0.20/+0.031 and pGL2 
-0.16/+0.031 respectively (figure 2 .1  (ii)).

Transient transfection of individual constructs into 
NG108-15 cells demonstrated that all constructs were capable 
of driving reporter gene expression (figure 3.15 A(i)). There 
was no significant change in reporter gene expression found for 
any of the constructs indicating that all elements required for 
driving expression in NG108-15 cells (at least in transient 
tran sfec tion  assays) are con tained  w ith in  th e  pGL2 
-0.16/+0.031 construct.

Transient transfection of reporter constructs into NSO 
cells indicated that all constructs were incapable of driving 
reporter gene expression above background levels (figure 3.15 
B(i)). These results suggest either a negative element that 
represses expression in NSO cells is present within the pGL2 
-0.16/+0.031 construct or NSO cells do not express a 
transcrip tion  factor essential for B2 bradykinin receptor 
promoter activity.

The results of the functional analysis of the B2 
bradykinin receptor prom oter are in accordance with the 
results from the RT-PCR analysis of NG108-15 and NSO cell 
lines (figure 3.14).

97



3.8 Functional analysis of the effects of the presence  
of transcription in itiation  sites 1. 2 and 3 upon  
promoter activity.

The publication by Pesquero et al. (1994), subsequent to 
the initiation of this study, of evidence by the ra t B2 
bradykinin receptor gene of the use in uterine tissue of 2 

different downstream transcription initiation sites prom pted 
the need for further investigations into the potential effects of 
these other transcription initiation sites upon the expression of 
this gene; ie. prom oter activity. These two transcrip tion  
initiation sites are located 50bp and 62bp downstream to the 
transcription initiation site (transcription initiation site 1 ) 
(figures 3.2, 3.10 and 3.11) present in the constructs analysed 
in this study of the mouse B2 bradykinin receptor promoter.

To address the question as to w hether B2 bradykinin 
receptor prom oter activity is significantly altered by the 
presence of all th ree transcrip tion  in itiation  sites, two 
luciferase reporter gene constructs were generated containing 
all three transcription initiation sites as well as the entirety of 
exon 1, upstream and downstream proximal sequence. These 
constructs were both formed by the addition of Ikb  of 
dow nstream  sequence onto pGL2 -1.3/+0.031 and (the 
equivalent of) pGL2 -0.20/4-0.031. The resulting constructs 
were named pGL2 -1 .3 / 4-1 . 0  and pGL2 -0 .2 0 / 4-1 . 0  respectively 
(figure 2 .1  (iii)).

Transient transfection of each construct into the cell line 
NG108-15 dem onstrated that each construct was capable of 
driving reporter gene expression. However, there were no 
significant differences in reporter gene expression between 
these constructs and those containing only the most 5' 
transcription initiation site (figure 3.15 A(i)).

In conclusion, the mouse B2 bradykin in  recep to r 
promoter constructs drove between 1.9 and 3.4 fold the level 
of luciferase expression as compared to that of pGL2_Basic in 
NG108-15 cells. The constructs pGL2 -1.3/-k0.031 and pGL2 
-0.58/-k0.031 had the highest level of prom oter activity, 3.4 
and 3.3 fold basal respectively, whereas the construct with the
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longest region of 5' flank (pGL2 -2 .6 /+ 0 .031), albeit 
insignificantly, drove a lower level, ie. 2.6 fold basal. The level 
of expression was between 16 and 28% that of pGL2_Control, 
which contains the luciferase gene under the control of the SV 
40 prom oter (figure 3.15 A(i)). There was no significant 
increase in luciferase expression as com pared to tha t of 
pGL2_Basic following transfection of any of the mouse B2 
bradykinin receptor promoter constructs in NSO cells.
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F igure  3.15 A(i) F u n c tio n a l an a ly s is  o f th e  B2
bradykinin receptor prom oter in NG108-15 cells.

Shows the expression of luciferase reporter constructs in 
transient transfections of NG108-15 cells. A 2.6kb fragment 
containing the prom oter region, together with transcription 
initiation site 1 and 31 bp of exon 1 of the mouse B2  bradykinin 
receptor gene was cloned into the vector pGL2_Basic and 
named pGL2 -2.6/+0.031. A series of deleted constructs were 
generated from this construct and named pGL2 -1.3/+0.031, 
pGL2 -0.58/+0.031, pGL2 -0.20/+0.031 and pGL2 -0.16/+0.031. 
Two constructs, named pGL2 -1.3/+1.0 and pGL2 -0.20/+1.0, 
containing Ikb of sequence downstream of transcrip tion  
initiation site 1 (inclusive of all of exon 1 ) were created to 
examine the effects of the presence of transcription initiation 
sites 1, 2 and 3 (figure 3.11) upon promoter activity.

Luciferase values obtained were norm alised to B»- 
galactosidase expression driven by cotransfected pCMVp. 
Experiments were performed between three and seven times 
in quintuple (x is the mean of normalised luciferase values) 
(figure 3.15 A(ii); Table 2). The promoter activity is also shown 
as -fold over basal, as defined by pGL2_Basic and as a 
percentage (%) of pGL2_Control (used as a positive control).
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F igure  3 .15(A)

( i )  N 610 8 -1 5

CO NSTRUC T

pC A l -2 .6  /+().o:si 

pc;i.2 -1 .3  /+ 0 .0 3 1  

pC'.L2 -0 .5 8 /+ 0 .0 3 1  

p(;i.2 -0 .20 /+ 0 .Ü 3I  

pGI.2 -0 .16 /+ Ü .031  

p( '.L2 -1.3 /+ 1 .0  

pGl.2 -0 .2 0 /+ 1 .0  

pG1.2_Basic 

pG I.2_C onin)l

B2 b r a d y k i n i n  r e c e p t o r  p r o m o te r . ,\±SEM. x lO O ( % )

15.7±1.3 2.6 22%

' 20.5±4.5 3.4 28%

20,0±3,7 33 28%

12.9±1.2 2 1 18%

14 5±0 6 2 4 20%

115±2.5 1.9 16%

14.8±3 4 2 4 20%

6.07±1.4 1 8%

72.5±21 4 119 100%
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Figure 3.15 A(ii)
Table 2

Shows the expression of luciferase reporter constructs in 
transien t transfections of NG108-15 cells. (1) Shows the 
calculation of the mean (x). The numbers (1 to 7) represent the 
num ber of the transfection. Luciferase values obtained were 
norm alised  to 1^-galactosidase expression  d riven  by 
cotransfected pCMVp. n is the number of experiments, x is the 
mean of normalised luciferase values. x/Basic is the mean 
luciferase value divided by the mean luciferase value of 
pGL2_Basic. x/Control x 100 (%) is the mean luciferase value as 
a percentage (%) of pGL2_Control.

(2) Shows the calculation of the standard error of the 
mean (SEM). SD is the standard deviation. SEM is the standard 
error of the mean. SEM/x x 100 (%) is the standard error of 
the mean as a percentage (%) of the mean of norm alised 
luciferase values.
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T a b le  2
Figure 3.15(A)
(ii) Data analysis from transfection of NG108-15 cells

(1) CALCULATION OF MEAN (X)

1 2 3 4 5 6 7 n X x/Basic x/Control x 100 (%)

pGL2 -2.6/+0.031 - - _ - 12.6 17.4 17.2 3 15.7 2.6 22%
pGL2-1.3/+0.031 - 35.1 7.77 3.60 23 9 25.4 27.2 6 20.5 3.4 28%
pGL2 -0.58/+0.031 - - - - 14.5 29.0 16.5 3 20.0 3.3 28%
pGL2 -0.20/+0.031 - - - - 10.5 12.5 15.6 3 12.9 2.1 18%
pGL2 -0.16/+0.031 - - - - 15.1 13.1 15.2 3 14.5 2.4 20%

pGL2 -1.3/+1.0 9.40 9.50 3.35 308 16.7 18.9 19.8 7 11.5 1.9 16%
pGL2 -0.20/+1.0 14.3 24.3 8.96 4.58 - - 22.1 5 14.8 2.4 20%

pGL2_Basic 4.50 7.01 1.46 1.03 6.60 11.6 10.3 7 607 1.0 8%
pGL2 _Control 57.4 51.8 18.9 12.8 54.9 131 181 7 72.5 11.9 100%

( 2 )  CALCULATION OF STANDARD ERROR OF THE MEAN (SEM)

n X SD SEM SEMÆxlOO (%)

pGL2 -2.6/+0.031 3 15.7 2.22 1.28 8%
pGL2-1.3/+0.031 6 20.5 11.1 4.54 22%
pGL2 -0.58/+0.031 3 20.0 642 3.71 19%
pGL2 -0.20/+0.031 3 12.9 2.10 1.21 9%
pGL2 -0.16/+0.031 3 14.5 0.97 0.56 4%

pGL2 -1.3/+1.0 7 11.5 6.51 2.46 21%
pGL2 -0.20/+1.0 5 14.8 7.51 3.35 23%

pGL2_Basic 7 6.07 3.76 1.42 23%
pGL2_Control 7 72.5 56.8 21.4 29%



F igure  3.15 B(i) F u n c tio n a l an a ly s is  o f th e  B2
bradykinin receptor prom oter in NSO cells.

Shows the expression of luciferase reporter constructs in 
transient transfections of NSO cells. The constructs pGL2 
-2.6/+0.031, pGL2 -1.3/+0.031, pGL2 -0 .58 /+ 0 .031, pGL2 
-0.20/+0.031 and pGL2 -0.16/+0.031 were analysed for 
promoter activity.

Luciferase values obtained were norm alised to 1?»- 
galactosidase expression driven by cotransfected pCMVp. 
Experiments were performed three times in quintuple (x is the 
mean of normalised luciferase values) (figure 3.15 B(ii); Table 
3). The promoter activity is also shown as -fold over basal, as 
defined by pGL2_Basic and as a percentage (%) of pGL2_Control 
(used as a positive control).
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Figure  3 .1 5 ( B )

( i )  NSO

C O N S T R U C T

pGl.2 -2 .6  /+ () .(«  1 

pGl.2 - i .3  /+ 0 .0 3 1  

pGL2 -0 .58 /+ Ü .031  

pG.L2 -0 .2 0 /+ 0 .0 3 1  

p(;i.2 -0 .16 /+ 0 .0 ,31  

pGL2 -1.3 /+ 1 .0  

pGI.2 -0 .2 0 /+ 1 .0  

pGL2_Basic 

p G I.2_Q )n in )l

B2 b r a d y k in i n  r e c e p t o r  p r o m o te r . x±SEM.
Daaio Control

0.04±0.008 1 0 0.8%

€

0.O3±OOG3 0 8 0.6%

0.07±0.014 1.8 1.5%

0.07±0.017 18 1.5%

0.07±0.018 1.8 1.5%

0.04±0010 1 0.8%

484±1.097 121 100%
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Figure 3.15 B(ii)
Table 3

Shows the expression of luciferase reporter constructs in 
transient transfections of NSO cells. ( 1 ) Shows the calculation of 
the mean (x). The numbers (1 to 7) represent the num ber of 
the transfection. Luciferase values obtained were normalised to 
&-galactosidase expression driven by cotransfected pCMVp. n is 
the num ber of experim ents, x is the mean of norm alised 
luciferase values. Ic/Basic is the mean luciferase value divided 
by the mean luciferase value of pGL2_Basic. x/Control x 100 
(%) is the mean luciferase value as a percentage (%) of 
pGL2_Control.

(2) Shows the calculation of the standard error of the 
mean (SEM). SD is the standard deviation. SEM is the standard 
error of the mean. SEM/x x 100 (%) is the standard error of 
the mean as a percentage (%) of the mean of norm alised 
luciferase values.
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Table 3
Figure 3.15(B)
(ii) Data analysis from transfection of NSO cells

( 1 )  CALCULATION OF MEAN (X)

1 2 3 n X x/Basic x/Control x 100 (%)

pGL2 -2.6/+0.031 0.03 0.03 0.06 3 0.04 1.0 0 .8%
PGL2-1.3/+0.031 0.02 0.03 0.03 3 0.03 0.8 0 .6%
pGL2 -0.58/+0.031 0.04 0.09 0.09 3 0.07 1.8 1.5^1
pGL2 -0.20/+0.031 0.03 0.10 0.08 3 0.07 1.8 1.5̂ &
pGL2-0.16/+0.031 0.04 0.11 0.05 3 0.07 1.8 1.5%

pGL2_Baslc 0.03 0.06 0.02 3 0.04 1.0 0 .8%
pGL2 _Control 7.44 392 3.16 3 4.84 121 100%

Untransfected 0.03 0.06 0.04 3 0.04 1.0 0 .8%

( 2 )  CALCULATION OF STANDARD ERROR OF THE MEAN (SEM)

n X SD SEM SEM/x X 100 (%)

pGL2 -2.6/+0.031 3 0.04 0.01 0.008 21%
pGL2-1.3/+0.031 3 0.03 0.005 0.003 9%
pGL2 -0.58/+0.031 3 0.07 0.02 0.014 20%
pGL2 -0.20/+0.031 3 0.07 0.03 0.017 25%
pGL2 -0.16/+0.031 3 0.07 0.03 0.018 26%

pGL2_Baslc 3 0.04 0.02 0.010 25%
pGL2 _Control 3 4.84 1.86 1.097 23%

Untransfected 3 0.04 0.01 0.007 18%



3.9 Electromobility shift assay (EMSA),

The dem onstration that 193bp of the B2 bradykinin 
receptor prom oter, spanning the region -162bp to +31bp 
(relative to transcription initiation site 1), contains regulatory 
elements which confer activation of reporter gene expression in 
NG108-15 cells prom pted a search for those regulatory 
elements responsible for this promoter activity.

Electromobility shift assay (EMSA) and Southwestern 
analysis were employed to identify sites of protein/DNA 
interactions within the proximal promoter. The initial stage of 
the analysis of protein/DNA interactions in the proximal 
prom oter was the examination of the region -203bp to +31bp 
present within the construct pGL2 -0.20/+0.031. This region 
had been shown to possess a functional promoter and was of an 
appropriate  size to use in both EMSA and Southwestern 
analysis.

Nuclear protein extracted from the cell line NG108-15, 
was allowed to bind to the radioactively labelled 234bp 
fragment (-203bp to +31bp) of the proximal promoter. A series 
of deleted fragments (figure 3.17) were used as competing 
probes against the labelled 234bp fragment for the binding of 
any nuclear proteins and thus further define the boundaries of 
the DNA binding sites. The resu ltan t au to rad iog raph  
dem onstrated that two or more nuclear proteins bind to this 
DNA region, ie. two distinct gel shifts were observed (figure 
3.16). These two gel shifts were demonstrated to be specific as 
they were competed by coincubation with 500 fold molar 
excess of unlabelled probe.

The use of competitor DNA demonstrated the upper shift 
was attributable to protein(s) binding to a region (U) of 44bp, 
47bp upstream from transcription initiation site 1 (figure 3.18). 
The c-ets 1 protein is potentially able to bind to this region (U) 
and also a candidate protein that may play a role in B2 
bradykinin receptor promoter activity (figure 3.18). However, 
there is poor conservation of the consensus c-ets 1 binding site 
(figure 3.19) suggesting its presence in the mouse prom oter is 
insignificant.

108



A further observation was that a 290bp fragment of the 
m4 muscarinic receptor proximal promoter (also expressed in 
NG108-15 cells) was able to compete for the NG108-15 
protein(s) binding to region U (ie. binds the same nuclear 
protein as the B2 bradykinin receptor prom oter). Sequence 
comparison of the entire 234bp fragment (-203bp to +31bp) of 
the B2 bradykinin receptor proximal promoter and the 290bp 
fragment of the m4 muscarinic receptor proximal prom oter 
showed no homology between the two prom oter regions, 
including within region U. Nevertheless, analogous to the B2 
bradykinin receptor proximal promoter (figures 3.12 and 3.18), 
multiple consensus Sp-1 binding sites were found in the m4 
muscarinic receptor proximal prom oter (Wood et al. 1995). 
However, the consensus Sp-1 sites p resen t in the B2 
bradykinin receptor proximal promoter are positioned outside 
of region U (figure 3.18).

The lower shift was localised to a region (L) within 20bp 
of transcription initiation site 1 (figure 3.18). Region L contains 
several highly conserved consensus transcription factor binding 
sites (figures 3.18 and 3.19) that may be involved in regulation 
of the B2 bradykinin receptor promoter including AP-1, CRE, 
Sp-1 and NFKAPPAR (NFkR) sites.

Nuclear protein from the cell line CHO, which does not 
express the B2 bradykinin receptor (figure 3.14), was allowed 
to bind to the same 234bp fragment. A single shift was 
observed, which corresponded to the lower shift observed with 
NG108-15 nuclear protein (figure 3.16) implying that this shift 
is due to a nuclear protein present in both expressing and non
expressing cells.

The employment of FMSA has demonstrated at least two 
DNA/protein interactions within a 234bp region of the B2 
bradykinin receptor prom oter, inclusive of transcrip tion  
initiation site 1. These protein/DNA interactions may be 
involved in the activation or repression of gene expression.
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Figure 3.16 Electromobility shift assay using nuclear 
protein extracted from NG108-15 and CHO cells.

Shows the results of the analysis of protein/DNA 
interactions in the mouse B2 bradykinin receptor proximal 
prom oter (-203bp to +31bp) using the electromobility shift 
assay (EMSA). A radioactive probe of the region from -203bp 
to +31bp of the B2 bradykinin receptor p rom oter was 
incubated with nuclear protein from NG108-15 cells (lanes 2-8) 
or CHO cells (lane 9). NG108-15 cells express an endogenous B2 
bradykinin receptor, whereas CHO cells do not express a B2 
bradykinin receptor (figure 3.14). The + sign represents the 
addition of the probe to the sample. lOOx molar excess of 
com petitor DNA (figure 3.17) was added to lanes 3-8. 
Competitor shows the name of the sense prim er used to PCR 
the competitor DNA (figure 3.17). B2R 317 was used as the 
antisense primer.
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F igure 3.16
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Figure 3.17 Diagram of the competing fragments used  
in the electromobility shift assay.

(1) Shows the full leng th  p robe used  in the  
electrom obility shift assay (EMSA). This probe was PCR 
amplified from a 234bp region (-203bp to +31bp) of the B2 
bradykin in  receptor proximal prom oter. (2) Shows the 
com petitor DNA used to further define the boundaries of 
protein/DNA interactions demonstrated using EMSA. (i) Shows 
the competitor DNA PCR amplified from the 234bp region of 
the B2 bradykinin receptor promoter. The sense primers used 
to PCR amplify the competitor DNA are marked on the 5’ end, 
whereas the antisense primer (B2R 317) is marked on the 3' 
end. (ii) Shows the region of the m4 muscarinic receptor (m4) 
p rom oter used as com petitor DNA. Arrows rep resen t 
transcription initiation site 1 (ti 1) of each gene. The size of the 
probe and the competitor DNA is marked on the right.
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F ig u r e  3 . 1 7

(1) FULL LENGTH PROBE.
( i )  B2 b r a d y k i n i n  r e c e p t o r  p r o x i m a l  p r o m o t e r .

[Y-” P ] d A T P

(2) COMPETITOR DNA.

( i )  B2 b r a d y k i n i n  r e c e p t o r  p r o x i m a l  p r o m o t e r .

SIZE OF DNA
ti  1

222bp

ti  1
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t i  1

2   ! - ►  121 bp

t i  1

3  s-____________ r ^ ^ .. 77bp

ti  1

4  ! - ►  51bp

t i  1

^  - 3, 31bp

( i i )  M4 m u s c a r i n i c  a c e t y l c h o l i n e  r e c e p t o r  (m4) p r o x i m a l  p r o m o t e r .

ti  1

6  s-_________________________________________________ I ^ _____________ , 290bp
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Figure 3.18 Results of th e  e lec trom obility  sh ift assay
of th e  reg ion  betw een -203bp and  +31bp of th e  B2
bradykinin receptor prom oter.

Shows the results of the analysis of DNA/protein 
in teractions in the -203bp to +31bp region of the B2 
bradykinin receptor promoter using the electromobility shift 
assay (EMSA). Nuclear protein extracted from NG108-15 cells, 
which express an endogenous B2 bradykinin receptor, and CHO 
cells, which do not express a B2 bradykinin receptor, was 
allowed to bind to the radioactively labelled 234bp region of 
the promoter. Competitor DNA was used to further define the 
regions of protein/DNA interactions. The green boxes (region U 
and L) represent the smallest regions of the B2 bradykinin 
receptor proximal promoter identified by EMSA to bind NG108- 
15 nuclear protein. The shift demonstrated using CHO nuclear 
protein(s) corresponded to the lower shift observed with 
NG108-15 nuclear protein (figure 3.16), implying that nuclear 
proteins present in both expressing and non-expressing cells 
are binding in this shift. The NG108-15 nuclear protein binding 
in the upper shift was competed for by a 290bp fragment of 
the m4 proximal promoter. Consensus transcription factor 
binding sites are marked.
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F ig u r e  3 . 1 8

B 2R  CTGCAGGGGA AACATTTACC AGCCTAGGCT CCGGGACCCG ACCATGGTqT - 1 5 4'Cg -]

Sp-l/Sp-1
B 2R  [g ÏÂ ^ C A C G G  GGGACAACCT GTGGCCATCC TGATTTGGCC TCCGCAGCTA - 1 0 4

un
B 2R  GGAGGTCCAA AAC^A C C A C C  GCTAAGAACT GCTGCTGAIC CCGGAGGGAjj - 5 4

REGION U-

Region U: -47 to -90bp.
Binds NG108-15 nuclear protein, 
which is competed for by a 290bp 
fragment of m4 promoter.

Sp-l/NFKH

B 2R  |2CTGGAG|: t G ATCTGGACTA GAGGTGGaE g GG($3 A G G T G C ^ CA GGAGAG^ - 4
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Binds NG108-15 nuclear protein, 
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observed using CHO protein.
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Figure 3 .19  Comparative sp ecies analysis o f the  
sequence of the B2 bradykinin receptor prom oter 
defined by EMSA to bind nuclear proteins.

Shows the sequence of the mouse, rat (Pesquero et al. 
1994) and hum an (Kammerer et al. 1995) B2 bradykinin 
receptor proximal promoters. The sequence is analysed for 
regions of homology within the regions U and L identified by 
EMSA to bind nuclear protein. The green boxes represent the 
regions U and L. The regions of homology are outlined in black. 
The AP-1 (1 1 /llb p ) , CRE (8/8bp), Sp-1 ( l l / lS b p )  and NFk& 
(13/14bp) consensus binding sites, within regions U and L, are 
highly conserved between these species, whereas the c-ets 1 
(3/lObp) site shows poor conservation. The core string of each 
consensus binding site is outlined.
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F igu re 3 .19

mouse CTG CA.GGGGAAA -192
rat CTG CAGGGGGAAA -24 4
human TCA GCCGGGAGGG -264

Sl ) - l / S | H l
ci/rihp:

mouse .CATTT...A CCAGCCTAGG CTCCGGGACC CGACCATGGT CTG^C^CtAC -146
rat .CATTT...G CCACCCAAGG CTCCCCGGCC AGACCTTAGT CTWAQCAAT -198
human ACGTTTTTGC CGTCCCACGA CTCCAACGGG CAGCCGGGCT ACdCA^CAT -214

mouse GGGGGA.......CAAC...C TGTGGCCATC CTGATTTGGC CTCCG  -110
rat GGAGGACTAC CTGTGG. . .C TGTGGCCCTC GCAACTTGGC CTCTG  -156
human GGAAATCTTC CAAGAGCCTC CCTGGCCCCC AGGGCTCAGA GGGTGGCAGA -164

UPPER SH IF T

AAGAAC TGCTOpTdAT 
AGAAGC TGCrrdcTGAT 
CACAG CCAGCprqGC

REGION U

mouse
rat
human

mouse
r a t
human

mouse
rat
human

 CAGCT AGGAGGTCCA AAA<
 CAGCT AGGAGGTCCA AAA'
GCGGAGAGCG AAGGTGGCCG CA

1 (I/iObp)

.ccc
CAGO

AP-1
LOWER SH IFT

-114

h|)- I 
NFKB

(H/13bp)
<13/I4bp)

GATCTGGACT AGAGGTGGAG 
GATCTAGGCT GGAAGTGGAG 
GAGCTCAGCT GG.AGGCGGA

gaaatc aocggccagc ccttgaaaga tgagctgttc 
ACCGGCCAGC CCTTGAAAGA TGAGCCGTTC 

ACATC ACTACCCAGC CCTTGAAAGA TGAGCTGTTC

+36
-15
-15

REGION L

mouse cocgtgccac tccacgttcg ctc.ctcagg g .,gagtgga tagtagggct +83
rat CCTGTGCCAC TCCAgctcng atg.ctcag. ...gagagtg .agtagtact +30
human CCGCCGCCAC TCCAgctctg gcttctgggc tccgaggagg .ggtggggac +35
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3.10 Southwestern analysis.

Southw estern  analysis was em ployed to fu rth e r  
characterise proteins which bind to the 234bp fragment of the 
B2 bradykinin receptor promoter (-203bp to +31bp). Briefly, 
nuclear proteins were electrophoresed on a denaturing gel 
(SDS-polyacrylamide), blotted and probed with the DNA 
fragment under study. This enabled detection of protein/DNA 
interactions and provided information as to the molecular 
weight of proteins involved in these interactions.

Southwestern analysis was carried out using nuclear 
protein isolated from NG108-15 and CHO cell lines. Two protein 
bands of identical size, llSkD a and 106kDa, were identified for 
both NG108-15 and CHO nuclear proteins (figure 3.20). This 
suggests that identical proteins from NG108-15 and CHO cells 
are binding to this 234bp fragment. Western analysis of the 
same protein blot using an antibody against Sp-1 indicated that 
the 106kDa protein is the larger isoform of Sp-1, as it is the 
same size as a protein detected by an Sp-1 antibody. The 
identity of the higher molecular weight protein (llSkD a) that 
interacts with the 234bp fragment is unknown.
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Figure 3.20 Southw estern  analysis of n u c lea r p ro te in
extracted from (1) NG108-15 and (2) CHO cells.

Shows the results of Southwestern analysis of nuclear 
protein extracted from (1) NG108-15 and (2) CHO cells using 
the region from -203bp to +31bp of the mouse B2 bradykinin 
receptor prom oter. Nuclear protein  was electrophoresed 
through a 10% SDS-PAGE gel, transferred to nitrocellulose, 
renatured and probed with a radioactive probe of the region 
from -203bp to +31bp of the B2 bradykinin receptor promoter. 
The numbers on the left of the figure show the migration of 
molecular weight standards (kDa). The arrow to the right 
indicates the position of the protein detected by an Sp-1 
antibody (Wood et al. 1996).
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Chapter 4. General Discussion.
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DISCUSSION.

The B2 bradykinin receptor is a member of one of the 
largest and most diverse gene families identified in the 
m am m alian genome - the G-protein coupled fam ily of 
receptors. Members of this superfamily are present in all cells 
and mediate the actions of numerous intracellular messengers. 
Evidence concerning the regulation of expression of this 
superfam ily is limited, but so far points towards a highly 
complex and sophisticated system as all those studied to date 
exhibit unique anatomical distributions. The regulation of gene 
expression is fundamentally important to every cell and forms 
the basis which ultimately underlies the final phenotype. Gene 
expression is also influenced by external stimuli, effecting both 
the m anner and type of cellular response.

The p re sen t study  has been d irec ted  tow ards 
understanding those factors responsible for controlling the 
expression of one m em ber of this gene family, the B2 
bradykin in  receptor gene. The initial stage focused on 
establishing the structure of the gene. This was followed by 
deletional analysis of the promoter region which, together with 
the analysis of protein/DNA interactions, allowed discrete 
regions of DNA containing potential transcriptional regulatory 
elements to be identified.

4.1 Structure of the B2 bradykinin receptor gene.

A cosmid (A) containing exon 1 of the mouse B2 
bradykinin receptor gene was isolated and dem onstrated to 
contain genomic DNA which is contiguous with genomic DNA 
from a cosmid (B) containing the coding exon (figures 3.7 and 
3.9). The mouse B2 bradykinin receptor gene was shown to 
consist of a single coding exon downstream  of one, bu t 
potentially three non-coding exons (figures 3.9 and 3.10). This 
pattern  of gene structure places the B2 bradykinin receptor 
into the category of G-protein coupled receptors whose genes 
lack introns in the coding domain and which have at least one 
single upstream  non-coding exon. This subclass is typified by
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the m l muscarinic acetylcholine receptor (Pepitoni et al. 1997), 
m4 muscarinic acetylcholine receptor (Wood et al. 1995), and 
the Dia dopaminergic receptor genes (Zhou et al. 1992; Gingrich 
and Caron 1993) and contrasts with genes encoding the Dz 
dopaminergic receptor (Grandy et al. 1989; O’Malley et al. 
1990) and the NKl and NK2 tachykinin receptors (Hershey et 
al. 1991; Gerard et al. 1993a), all of which contain multiple 
introns within the coding domain.

Comparison of the structure of the mouse B2 bradykinin 
receptor gene with the structure proposed by Pesquero et al. 
(1994) showed there to be some differences between the two 
sets of data. (1.) Pesquero et al. (1994) dem onstrated that the 
ra t B2 bradykinin receptor gene consists of three exons 
upstream  of the coding exon. However, our S' RACE cDNA 
sequence indicated there are only two exons upstream  of the 
coding exon (figures 3.10 and 3.11). This difference may be the 
result of the cloning of different splice products transcribed by 
different cell types, as the S' RACE cDNA was cloned from 
NG108-1S cells whereas the cDNA analysed by Pesquero et al. 
(1994) was cloned from uterus. This suggestion is corroborated 
by the demonstration by Pesquero et al. (1994) that the most 
abundant transcrip ts in tissues analysed lacked exon 3. 
Multiple splice products are frequently generated from a single 
cDNA. The rat m4 muscarinic acetylcholine receptor (m4) gene, 
another member of the superfamily of G-protein coupled 
receptors, has also been shown to express two alternatively 
spliced variants of mRNA in the neuronal cell line PCI 2D 
(Mieda et al. 1996). (2.) The size of exon 1 ( l l l b p )  suggested 
by Pesquero et al. (1994) differs from that indicated from the 
S' RACE cDNA (163bp) (figures 3.10 and 3.11). Comparative 
sequence analysis suggests that this is due to Pesquero et al. 
(1994) not identifing the most S' transcription initiation site 
(transcription initiation site 1). The size they suggested for 
exon 1 did not include the SObp upstream  to transcription 
initiation site 1 identified in the S' RACE clone derived from 
NG108-1S cells. (3.) Variance in the sequence of exon 1 and 
exon 2 is likely to be a result of divergence between the rat 
and mouse gene (figure 3.11).
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Comparison of the structure of the B2 bradykinin  
receptor gene, both  mouse and rat, with the structu re 
suggested by Ma et al. (1994) also showed inconsistencies 
(figure 3.10). This group derived the ir data from  the 
sequencing of 4.7kb of genomic sequence upstream  of the 
coding exon and primer extension analysis of uterus RNA. They 
suggested that the mouse B2 bradykinin receptor gene consists 
of two exons upstream of the coding exon. However, they failed 
to substantiate their proposed location for the prom oter of the 
mouse gene as they did not carry out a functional analysis of 
this region. Sequence comparison showed that exon 1 proposed 
by Ma et al. (1994) exhibited significant homology with the 
sequence of exon 2 of the mouse 5’ RACE cDNA and exon 2 of 
the rat gene (Pesquero et al. 1994). Furthermore, exon 2 (Ma et 
al. 1994) exhibited significant homology with exon 3 of the rat 
gene (Pesquero et al. 1994) (figure 3.11). Thus indicating that 
they had located exon 2 and exon 3, but not exon 1 of the 
mouse B2 bradykinin receptor gene.

Ma et al. (1994) also demonstrated the use of a different 
5' splice site for exon 2 (figures 3.10 and 3.11). This 5’ splice 
site is located 179bp upstream to the 5’ splice site of exon 2 
present in the 5' RACE cDNA. This may be an alternative tissue- 
specific splice site as Ma et al. (1994) defined this site by 
prim er extension using mRNA from uterus, whereas RNA 
extracted from NG108-15 cells was used to generate the 5’ 
RACE cDNA.

4.2 Sequence analysis of the region -2.6kb to +0.03Ikb 
relative to transcription initiation site 1.

Sequence analysis of the upstream  proximal prom oter 
showed that the promoter lacked a TATA or CAAT box (figure 
3.12). This is a feature common to many G-protein coupled 
receptor genes including the m l (Pepitoni et al. 1997) and m4 
m uscarin ic acetylcholine (Wood et al. 1995), SHTic 
serotoninergic (Bloem et al. 1993), Ri adrenergic (Collins et al. 
1993), lu trop in / choriogonadotropin (Wang et al. 1992), Dia 
(Minowa et al. 1992a; Zhou et al. 1992) and D2 dopaminergic

124



(Minowa et al. 1992b) receptor promoters. These genes have all 
been demonstrated to be expressed in a highly tissue specific 
manner, thereby contradicting the previously held view that 
the absence of TATA and CAAT boxes is purely the hallmark of 
house-keeping genes. An additional sim ilarity to the m l 
(Pepitoni et al. 1997) and m4 muscarinic acetylcholine (Wood 
et al. 1995) receptor promoters is that the 5’-flanking region is 
not GC-rich (figures 3.12 and 3.18).

The first indications as to the identity of transcription 
factors and cis-acting regulatory  elem ents which may 
potentially be involved in the regulation of expression of this 
gene were derived from the DNA data base analysis of the 
prom oter sequence. There were various consensus regulatory 
elements identified in the upstream  prom oter (-2.6kb to 
+0.001kb). These included AP-1, NFKAPPAi?» (NFkI?,), CRE, GRE, 
E2aE, GAGA, MATa2, c-ets 1 and Sp-1 consensus elements 
(figure 3.12).

Hembree et al. (1997) dem onstrated the presence of a 
further AP-1 site (-961), five NFkR sites (-1211, -1133, -1056, 
-712, -502) and three CRE sites (-984, -459, -26) using a 
different DNA analysis software facility (gcg software; program 
manual for the Wisconsin Package, Version 8, Sept. 8, 1994, 
Genetics Computer Group, Madison, W l). Studies of the 
regulation of B2 bradykinin receptor expression indicate that 
the AP-1, NFkR, CRE and GRE recognition sites are likely to play 
a significant role, whereas there is no evidence, to date, 
pertaining to any function for the E2aE, GAGA, MATa2, c-ets 1 
and Sp-1 sites in B2 bradykinin receptor expression.

The activator protein 1 (AP-1) motif (also known as the 
TPA response elem ent or TRE) is an enhancer elem ent 
recognized by the AP-1 transcription factor complex, consisting 
of a hetero-dimer of c-Fos and c-Jun, which mediates both 
basal and inducible transcription (Angel etal. 1987; Halazonetis 
et al. 1988). The presence of the AP-1 motif in the proximal 
prom oter of the B2 bradykinin  receptor gene may be 
particularly relevant to regulation of the expression of this 
gene within the context of its potential involvement in cellular 
proliferation and transform ation (Owen and Villereal 1983;
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Straus and Pang 1984; Marceau and Tremblay 1986,1989). The 
AP-1 site may be responsible for mediating the increase in 
expression of the B2 bradykinin receptor following transfection 
of cells with the ras oncogene (Parries et al. 1987; Downward et 
al. 1988; Roberts and Gullick 1989). Ras encodes a protein 
which plays an important role in cellular proliferation and is 
necessary for efficient expression of a num ber of genes 
involved in cell proliferation, including c-fos and c-jun (Stacey 
et al. 1987; Sistonen et al. 1989). Specific mutations of the ras 
gene produce a protein that is constitutively active resulting in 
transformation of cells.

Recent evidence demonstrated that the AP-1 site at -961 
in the prom oter m ediates stim ulation by norm al and 
constitutively active Ha-Ras in NIH3T3 cells (Hembree et al. 
1997). This AP-1-mediated Ha-Ras stim ulation is fu rther 
enhanced by at least one of two NFkR sites at -1133 and -502 
in the prom oter (Hembree et al. 1997). There are o ther 
pathways where NFkR may influence the prom oter activity of 
the B2 bradykinin receptor. For example; NFkR has been shown 
to regulate the expression of several genes (Liptay et al. 1994) 
involved in the immune and inflammatory response. The B2 
bradykinin receptor is activated during these responses and its 
expression is increased in response to the proinflam m atory 
cytokine interleukin-1 (Bathon et al. 1992a; Edwards 1994). 
NFkB may mediate this observed increase in promoter activity.

The expression of the B2 bradykinin receptor gene has 
been demonstrated to be increased by cAMP-elevating agents 
(Etscheid et al. 1991; Dixon 1994). This increase in expression 
has been shown to be caused by an induction of the B2 
bradykinin receptor prom oter (Hembree et al. 1997). cAMP 
mediates changes in gene expression by activating the catalytic 
subunit of protein kinase A (PKA). The catalytic subunit is then 
free to translocate to the nucleus, where it phosphorylates 
various transcription factors including the cAMP-response- 
element-binding (CREB) factor (Edwards 1994) which binds to 
the cAMP-response element (CRE).

There are four putative CRE sites located at -1895, -984, 
-459 and -26bp upstream of transcription initiation site 1. The
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more proximal elements to the transcription initiation site may 
be responsible for mediating this cAMP induced expression. 
Results by Hembree et al. (1997) suggested tha t the CRE 
element at -26bp may be mediating the increase in activity of 
the B2 bradykinin receptor prom oter induced by cAMP. 
However, deletion of the CRE site at -26bp led to virtually a 
complete loss of promoter activity indicating that this element 
is a constituent part of the core prom oter. Hembree et al. 
(1997) suggested therefore tha t the effects of cAMP are 
mediated through either a different CRE site or through an as 
yet unidentified AP-2 site.

A decrease in the expression of the B2 bradykinin 
receptor gene has been observed in response to glucocorticoids, 
(Roscher and Manganiello 1984) which have been shown to be 
essential to num erous developm ental and physiological 
processes. This is reflected in the presence of glucocorticoid 
receptors in nearly all cell types. The activation of the receptor 
by interaction of glucocorticoids results in the binding of the 
hormone-receptor complex to specific DNA binding sites known 
as GREs (Chandler et al. 1983; Karin et al. 1984; Burnstein and 
Cidlowski 1989). The putative glucocorticoid-responsive 
element (GRE), 1753bp upstream of transcription initiation site 
1 (figure 3.12), may be responsible for mediating the observed 
decrease in B2 bradykinin receptor expression in response to 
glucocorticoids (Roscher and Manganiello 1984).

Speculations as to the potential roles tha t sequence 
motifs, found by DNA database searches, play in the regulation 
of expression of a gene, must be treated with caution until 
there is functional evidence as to their specific roles (Mikkelsen 
1993). The expected average num ber of times of finding a 6- 
mer in Ikb of random sequence is 0.24 (1/4^ x 1000), whereas 
the expected average number of times of finding a 4-mer is 4 
( I / 4 4  X 1000). Therefore the longer the sequence motif and the 
less degeneracy observed, the greater the chances are that the 
motif does play a significant role in the regulation of expression 
of a gene.

The REl/NRSE silencing element, shown to repress 
expression of the SCGIO, type 11 sodium channel and synapsin I
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genes (Kraner et al. 1992; Mori et al. 1992; Li et al. 1993) in 
nonneuronal cells, is a relatively long motif, between 21 and 
28bp in length. A REl/NRSE silencing element was identified in 
a region of the m4 muscarinic receptor prom oter shown to 
contain negative elements that repress transcription in non
expressing cells. The conservation of such a long m otif 
suggested th a t the REl/NRSE elem ent was likely to be 
responsible for mediating the observed repression of the m4 
gene (Wood et al. 1995). Subsequent analysis of the m4 
muscarinic receptor prom oter confirmed this speculation, 
demonstrating that the REl/NRSE element is responsible for 
restricting expression of the m4 gene to neuronal cells (Wood 
et al. 1996).

The conservation of sequences between species also 
provides a strong indication as to the importance of a specific 
region of DNA or a sequence motif (Macrae and Brenner 1995). 
There is direct evidence to suggest that protein/DNA binding 
motifs are widely conserved between divergent species. The 
homeobox-containing family of transcription factors shows a 
wide degree of evolutionary conservation between vertebrates 
(Hox) and arthropods (HOM-C). The Hox/HOM-C homeobox 
transcription factors are true homologues, sharing common 
roles in the m ediation of positional inform ation in the 
developing embryo (Krumlauf 1992; Krumlauf et al. 1993).

Comparative sequence analysis identified significant 
homology between the mouse, rat (Pesquero et al. 1994) and 
hum an (Kammerer et al. 1995) B2 bradykinin  receptor 
proximal promoters (and the 5' regions of exon 1) (figure 3.13). 
The most highly conserved transcription factor consensus 
binding sites are the AP-1 (1 1 /llb p )  and CRE sites (8/8bp), 
which overlap the transcrip tion initiation site. The Sp-1 
( l l /1 3 b p )  and NFkR (13/14bp) sites directly upstream , at 
-25bp and -24bp respectively, are also highly conserved as are 
the Sp-1 (3/5bp; 2/5bp) and MAT a 2 (6/8bp) sites further 
upstream, at -154bp and -152bp, whereas the c-ets 1 (3/lObp) 
site, at -64bp, is conserved to a lesser extent (figure 3.13).

The high degree of conservation of the MATa2 binding 
site between the mouse, rat and hum an prom oters is not
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anticipated as the MATa2 protein is a yeast mating type 
transcription factor, which represses a-specific genes in a cells 
(Miller et al. 1985; Johnson and Herskowitz 1986). The MATa2 
b in d in g  site  (ATTTA_CAT) resem b les c losely  th e  
immunoglobulin octamer motif (ATTTGCAT), which is bound by 
oct-2. Infact, the oct-2 protein is able to bind to the MATa2 
motif, but at a significantly reduced affinity (at least 10-fold 
less) than to the wild-type immunoglobulin octamer sequence 
(Ko et al. 1988). This suggests that even though the MATa2 
m otif is bound by a mammalian protein, oct-2, it is still 
unlikely to play a role in B2 bradykinin receptor gene 
expression, as any oct-2 protein  p resen t in a cell will 
preferentially bind those sequences for which it has higher 
affinity.

The puffer fish Fugu rubripes (Fugu) genom e is 
increasingly used in the study of a gene or gene family. Fugu, 
as a vertebrate, has a similar gene complement, in terms of 
gene num ber and structure to tha t of o ther vertebrates. 
However, the compact size of the Fugu genome approximately 
400 Mb, compared to the human genome, approximately 3000 
Mb, facilitates its analysis. This compactness is partly due to a 
reduction in intron size. The combination of a high degree of 
species conservation and the relative ease of analysis 
substantiates its use as a model vertebrate genome (Brenner et 
al. 1993).

The cloning of other G-protein coupled receptor-like 
genes suggests that there is a high probability the Fugu genome 
will contain a B2 bradykinin receptor-like gene. Four dopamine 
receptor-like genes (Macrae and Brenner 1995) and two 
cannabinoid Type 1 receptor-like genes (Yamaguchi et al. 
1996) have been cloned from Fugu. These genes all showed a 
high degree of homology to their mammalian counterparts. If 
Fugu expresses a B2 bradykinin receptor-like gene, then  
comparison of the promoter sequence with that of other species 
should aid the identification of functionally  im portan t 
regulatory elements.

Further analysis of each putative regulatory element is 
required to establish w hether these sequences have any
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functional significance. A combination of deletional analysis, 
mutagenesis and techniques which allow closer examination of 
protein/DNA interactions of each regulatory element should 
answer the questions as to the roles, if any, of these elements 
in the regulation of expression of the B2 bradykinin receptor 
gene.

4.3 Functional analysis of the B2 bradykinin receptor 
promoter.

A 2.6kb region of the 5’ p rom oter together with 
transcription initiation site 1 (as defined by 5' RACE PGR of 
NG108-15 RNA) and 31bp of exon 1, was shown to contain a 
functional promoter, capable of driving expression in NG108-15 
cells, but unable to drive expression in NSO cells. Deletional 
analysis of the 2.6kb region demonstrated all constructs were 
able to transcribe equally as well in NG108-15 cells (figure 
3.15(A)) and were unable to transcribe in NSO cells (figure 
3.15(B)). This suggests there are ne ither activating or 
repressing regulatory elements effecting expression in NG108- 
15 or NSO cells present within the region from -2.6kb to 
-0.16kb relative to transcription initiation site 1.

These studies dem onstrate that a region of the B2 
bradykinin receptor gene, as small as 162bp of 5’ proximal 
promoter, together with transcription initiation site 1 and 3 Ibp 
of exon 1, is capable of driving reporter gene expression in 
NG108-15 cells. There are numerous examples demonstrating 
that comparably sized regions of the promoters of several other 
genes are able to drive expression in transient transfection 
experiments. The most extreme case cited is that for the FE 65 
gene (Faraonio et al. 1994), which encodes a nuclear protein of 
unknown function, whereby cis-elements restricted to a region 
from nucleotide -13 to +44 encompassing the transcription 
in itia tion  site were capable of driving neuron-specific 
transcription. The region from -13 to +44bp was able to drive 
transcrip tion  in PCI2 cells and NTERA2 cells following 
differentiation with retinoic acid, but functioned poorly in Rat2 
fibroblasts and BRL hepatocytes. The question as to whether
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this region from -13 to +44bp is capable of driving neuron- 
specific transcription in vivo remains to be answered.

In addition, these studies indicate that even the region 
from -0.16 to +0.031 (relative to transcription initiation site 1) 
of the B2 bradykinin receptor prom oter is unable to drive 
reporter gene expression in NSO cells. This suggests that the 
region from -0.16 to +0.031 contains all the necessary 
regulatory elements to drive cell type-specific expression in 
NSO cells. However, due to low transfection efficiencies further 
experiments using cells which exhibit a higher transfection 
efficiency are required to confirm these results. CHO cells, 
which do not express the B2 bradykinin receptor gene (figure 
3.14), fulfil this requirement.

Frequently, short promoter constructs showing apparent 
cell-specificity in transient transfection experiments, when 
analysed using transgenic technology fail to produce 
appropriate spatiotemporal patterns of expression. A region of 
less than 300bp of the rat (Shaskus et al. 1992) and human 
dopamine B-hydroxylase genes (DBH) (Lamouroux et al. 1993) 
was shown to drive re p o rte r  gene expression  in 
catecholaminergic cell lines, but not in non-neuronal cells. This 
suggested that within this region regulatory elements involved 
in the cell type-specific expression of the DBH gene are present. 
However, these observations were contradicted by the results 
from the analysis of transgenic mice generated containing the 
Escherichia coli (E. coli) lac Z gene under the control of the DBH 
prom oter. Analysis of gene expression dem onstrated that 
between 0.6 and 1.Ikb 5' to the DBH transcription initiation site 
was required for expression in adult and fetal noradrenergic 
neurones. The expression of the DBH gene in dopaminergic and 
non-catecholam inergic b ra in  neurons was d irected  by 
sequences between -l.Skb and -5.8kb, but negative elements 
elsewhere in the gene repressed expression. There was still 
some ectopic expression of the reporter gene even when 5.8kb 
of the prom oter region was used. Therefore, the neuron- 
specific expression of the DBH gene was shown to be directed 
by a combination of both positive and negative regulatory 
elements, whereby the negative elements refine the cell type-
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specific expression, restricting expression to a subset of 
neurons (Mercer et al. 1991; Hoyle et al. 1994). These 
observations suggest that in transgenic mice the requirements 
for cell type-specific expression are more stringent than in cell 
lines.

On the contrary, some constructs that failed to show cell 
specificity in transfections exhibited bo th  tissue and 
developmental specific expression in transgenic mice. The in 
vitro  analysis of a 1.6kb region of the prom oter of the 
neurofilam ent light (NF-L) gene failed to dem onstrate cell 
type-specific expression, being expressed in both neuronal and 
non-neuronal cells (Nakahira et al. 1990). However, a reporter 
gene construct containing nucleotides -407 to +75 of the 
promoter of the NF-L gene drove expression specifically in the 
nervous system in transgenic mice (Reeben et al. 1993).

Transient transfection involves the in troduction  of 
m ultiple copies of naked episomal DNA into the nucleus. 
Consequently, there are various possibilities as to the cause of 
ectopic expression in transient transfection assays. (1) The 
presence of multiple copies of cis elements within a cell causes 
transcription factors to become limiting. This may result in 
either ectopic expression (derepression) due to a limited 
am ount of transcription factors required for repression of 
transcrip tion  or no expression, due to a deficiency of 
transcription factors required for activation of transcription. 
This problem may be partly circumvented by the production of 
stable cell lines with only a few copies of the construct 
integrated into the DNA. This is however a time consuming 
process. (2) There is a lack of positional effects due to the 
prom oter not being associated with chromatin. However to 
recreate some of the specific chromatin interactions which 
influence promoter activity in vivo it is necessary to carry out 
homologous recombination.

In the case of the study of the regulation of the NF-L 
gene, the production of stable cell lines containing the same NF- 
L prom oter construct still exhibited ectopic expression of the 
reporter gene. In this case, the repression of the promoter may 
involve modification of the DNA, such as méthylation, taking
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place at a specific developmental stage. The transfection of 
non-modified DNA into cell lines which have passed this 
developmental stage will prevent repression, allowing non
specific expression.

Whilst these studies were being undertaken, Pesquero et 
al. (1994) demonstrated the presence of an active prom oter in 
the same region of the rat B2 bradykinin receptor gene (data 
derived using a 1.1 kb region of the 5’ promoter) as shown by 
the above results for the prom oter of the mouse gene. They 
showed reporter gene activity in NG108-15 cells to be 
approximately equal to that of the neuron-specific enolase 
prom oter and approximately 30 fold lower than  the very 
strong cytomegalovirus immediate early gene prom oter (CMV 
promoter).

The level of expression of the mouse B2 bradykinin 
receptor promoter was shown to be between 1.9 and 3.4 fold 
basal, with the longest construct (containing 2.6kb of upstream 
sequence) being 2.6 fold basal. The level of expression as 
com pared to the SV 40 prom oter (which is a far weaker 
promoter than the CMV promoter in NG108-15 cells) was found 
to be between 6.3 fold and 3.6 fold lower (figure 3.15(A)). 
These levels of reporter gene expression are as expected for a 
gene expressed at a low level and are in accordance with those 
demonstrated by Pesquero et al. (1994).

There is only limited information regarding the functional 
analyses of o ther G-protein coupled receptor prom oters. 
Promoters examined include the m4 cholinergic muscarinic 
(Wood et al. 1995), Dia dopaminergic (Minowa et al. 1992a), Dz 
d o p am in erg ic  (M inowa et al. 1992b), lu t r o p in /  
choriogonadotropin (Wang et al. 1992) and C5a receptors 
(Gerard et al. 1993b). Variations in prom oter strengths were 
found to be from between 2-fold basal in the case of the C5a 
receptor and 27-fold basal for the Dia dopamine receptor. This 
wide variation in apparent promoter strength does not reflect 
endogenous levels of mRNA of each of these genes, indicating 
that not all the regulatory elements required for expression are 
present.
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4.4 Functional analysis of the effects of the presence 
of transcription in itiation  sites 1. 2 and 3 upon  
promoter activity.

Pesquero et al. (1994) published evidence that the rat B2 
bradykinin receptor gene uses transcription initiation sites 
50bp and 62bp downstream to the site defined by 5’ RACE PGR 
(transcription initiation site 1) (figure 3.11). To address the 
question as to whether the transcription of the B2 bradykinin 
receptor gene is significantly altered by the presence of all 
three transcription initiation sites, as compared to the presence 
of only transcription initiation site 1, two luciferase reporter 
gene constructs (pGL2 -1.3/+1.0, pGL2 -0.20/+1.0) were 
generated containing all three transcription initiation sites as 
well as Ikb of sequence downstream to transcription initiation 
site 1.

Functional analysis dem onstrated the presence of a 
promoter in both constructs containing all three transcription 
initiation sites and that both constructs transcribe equally as 
well and drive a similar level of reporter gene expression as 
the constructs used in the previous analysis. This suggests that 
transcription initiation site 1 is the major start site used in 
NG108-15 cells, as the presence of all three transcrip tion 
in itia tion  sites as com pared to the presence of only 
transcription initiation site 1 has no effect upon the level of 
transcription. These results also indicate tha t there were 
neither activating nor repressing regulatory elements present 
w ithin the region from +0.03 Ikb to +1.0kb, relative to 
transcription initiation site 1, as all constructs were shown to 
transcribe equally as well.

Comparison of data between the two sets of reporter 
constructs provides a general idea as to whether the presence 
of the  two dow nstream  tran sc rip tio n  in itia tio n  sites 
dramatically effects the level of expression. The addition of a 
substantially large region of DNA, in this case Ikb, downstream 
of transcription initiation site 1 may result in transcription of a 
long 5' untranslated region. This may subsequently effect the 
stability of the mRNA transcript and so potentially have an
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effect upon the regulation of reporter gene expression. The 
effects may be minimal or none at all, but to complete the 
study of the effects of transcription from all three transcription 
initiation sites, a full set of deleted constructs containing all 
these start sites (and with the additional Ikb of downstream 
sequence) should be investigated by functional analysis and 
steady state mRNA levels should be measured concurrently 
using RNase protection analysis. Only then can conclusions be 
drawn as to how the presence of all three transcrip tion  
in itia tion  sites, as com pared to the presence of only 
transcription initiation site 1, effect the transcription of the B2 
bradykinin receptor gene.

To study the individual contribution of each start site is 
more difficult but one possible way of achieving this is to 
mutate each transcription initiation site independently and to 
look at the change in levels of reporter gene expression.

There are several possible explanations for the variation 
between the d ifferent proposed upstream  transcrip tion  
initiation sites. These include (1) the possibility tha t the 
variation is due to species differences. In the study undertaken 
the mouse gene was under investigation, whilst Pesquero et al.
(1994) were examining the rat gene.

(2) There may be cell type differences in the use of each 
transcription initiation site, whereby transcription initiation 
site 1 used in NG108-15 cells may not be used in uterine cells. 
The latter cell type having been used by Pesquero et al. (1994) 
to locate the transcrip tion  in itiation site of the ra t B2 
bradykinin receptor gene.

(3) The two downstream transcription initiation sites 
proposed by Pesquero et al. (1994) may not be real. These sites 
were defined by prim er extension which is susceptible to 
experim ental artifacts. This technique relies upon the 
generation of full-length cDNAs to define a transcription 
initiation site, bu t truncated  cDNAs are often generated. 
Eukaryotic promoters frequently contain prim ary structures, 
such as GC rich regions, CpG islands, dinucleotide repeats, 
polypyrimidine or polypurine tracts and inverted or tandem  
repeats of varying length (Chandler and Jones 1988; Tazi et al.
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1990), which may give rise to secondary structures preventing 
the progression of the reverse transcriptase or polymerase 
enzymes and producing a prematurely terminated cDNA.

An alternative methodology, which is not susceptible to 
the same problem s as cDNA based m ethods, is RNAse 
protection. This technique involves the hybridisation of RNA to 
a RNA probe (produced by in vitro transcription) encompassing 
the proposed transcription initiation site and adjacent region. 
Subsequent digestion by RNAse degrades unhybridised RNA 
and the size of the resu ltan t hybrid  is de tec ted  by 
electrophoresis. However, RNAse protection analysis of NG108- 
15 poly A+ RNA failed to produce any detectable RNA hybrid. 
The most likely cause of this failure is the low level of 
expression of the B2 bradykinin receptor in NG108-15 cells. 
This problem could be overcome by the use of RNA extracted 
from a tissue, such as uterus, where there is a relatively high 
level of expression of the B2 bradykinin receptor.

In conclusion, all techniques em ployed to locate 
transcription initiation sites (5' RACE PGR, RT-PCR using nested 
and anchor primers, primer extension and RNAse protection) 
have problems associated with their methodology. Confirmation 
by a com bination of techniques of the use of the same 
nucleotide is required to establish the site of transcription 
initiation.

4.5 Electromobility shift assay (EMSA).

There are several strategies for examining protein/DNA 
interactions and localising the precise DNA binding sites of 
proteins. The electromobility shift assay (EMSA), especially 
with the employment of competitor DNA to assist in defining 
binding domains, is a quick and relatively easy way to begin 
the search for protein/DNA binding domains.

The initial stage of the analysis of protein/D N A  
interactions in the proximal prom oter indicated that two or 
more nuclear proteins extracted from NG108-15 cells bind to 
the -203bp to +3 Ibp  region of the B2 bradykinin receptor 
proximal prom oter (figure 3.16). These proteins may play a
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role in the regulation of expression of the B2 bradykinin 
receptor gene. A protein/DNA complex running  at the 
corresponding position to the lower m olecular weight 
protein/DNA complex (detected using NG108-15 nuclear 
protein) was detected when using nuclear protein extracted 
from CHO cells (figure 3.16), which do not express the B2 
bradykinin receptor (figure 3.14). This suggests that these 
protein/DNA complexes are the same.

A notable observation concerning the two shifts was the 
prospective sizes and shapes of the bands. The upper shift, of a 
higher molecular weight, was a tight discrete band and the 
lower shift, protein(s) of a lower molecular weight, was a 
smear. The precise reason for these differences in shapes is 
unknown, but may be the result of the experimental procedure 
used in this analysis. The electrophoresis of protein/DNA 
complexes through a gel results in protein(s) of lower 
m olecular weight running faster and being resolved to a 
greater extent than  those of a higher m olecular weight. 
Nevertheless, the smear may represent the presence of a 
multiprotein binding complex.

The results from use of competitor DNA localised the 
binding site for the nuclear protein in the upper shift, to a 
region of 44bp (U), 47bp upstream  from  the most 5’ 
transcription initiation site (transcription initiation site 1), and 
the protein in the lower shift to a 20bp region (L) adjacent to 
transcription initiation site 1 (figure 3.18).

A consensus c-ets 1 site was identified in region U 
(figures 3.12 and 3.18), bu t this site is poorly conserved 
between the mouse, rat and hum an genomes (figure 3.19), 
suggesting c-ets 1 is unessential to B2 bradykinin receptor 
prom oter activity. To date, there is no evidence to indicate a 
role for c-ets 1 in the regulation of B2 bradykinin receptor 
gene expression. However, there are parallels between the 
pathways of these proteins. (1) C-ets 1 (Vandenbunder et al. 
1994-95; Wasylyk et al. 1993) and the B2 bradykinin receptor 
(Roberts 1989) have both been implicated in regulation of gene 
expression during cellular proliferation and tumor invasion. (2) 
C-ets 1 plays a role in the signal transduction pathway initiated
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by the proinflammatory cytokine interleukin-1 (Guan et al. 
1996) which has been demonstrated to increase B2 bradykinin 
receptor expression (Bathon et al. 1992a; Edwards 1994). (3) 
Ha-Ras expression increases B2 bradykinin receptor prom oter 
activity (Hembree and Leeb-Lundberg 1996) and this increase 
is mediated through an AP-1 site (Hembree et al 1997). C-ets 1 
has been shown to functionally interact and influence the 
transcriptional regulation elicited by c-Jun, a transcription 
factor which binds to AP-1 sites (Goldberg et al. 1994). 
Furthermore, the activity of c-ets 1 is increased by Ha-Ras 
expression (Yang et al. 1996; Wasylyk et al. 1997).

The observations that the protein in the lower shift is ( 1 ) 
binding within a 20bp region (L) adjacent to transcription 
initiation site 1 (figure 3.18), (2) present in both NG108-15 and 
CHO nuclear protein, and (3) possibly a multiprotein complex 
implies the protein/DNA complex in the lower shift is the 
transcriptional complex.

Transcription factors which have consensus binding sites 
within region L and may potentially play an im portant role in 
B2 bradykinin receptor promoter activity, include AP-1, CRE, 
Sp-1 and NFKAPPAR (N F kR) proteins. The AP-1 (1 1 /llb p )  and 
CRE sites (8/8bp) are the most highly conserved sites in this 
region of the B2 bradykinin receptor promoter. However, their 
consensus binding sites only overlap the 3’ end of region L. 
Consensus Sp-1 ( l l /1 3 b p )  and N F kR (13/14bp) sites which 
overlap the 5' end of region L are also highly conserved (figure 
3.19). The protein binding is unlikely to be NEkR as this protein 
is stored in an inactive form in the cytoplasm (see below), and 
nuclear protein was used for this assay. This suggests that the 
most likely candidate protein to be binding to region L is Sp-1. 
Nevertheless, there is evidence contrary to this proposal as a 
290bp region of the m4 muscarinic acetylcholine receptor (m4) 
prom oter, containing multiple consensus Sp-1 binding sites 
(Wood et al. 1995), does not compete for nuclear protein 
binding to region L.

The 290bp fragment of the m4 prom oter does compete 
for protein binding to region U, but this region contains no 
consensus Sp-1 sites (figure 3.18). Furthermore, there is a lack
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of homology between this region (and throughout the entire 
-203bp to +3Ibp  region of the B2 bradykinin  receptor 
promoter) and the m4 prom oter (290bp fragment) implying 
that if the same protein interacts with both promoters then it 
must recognise different binding sites.

These results do not infer definitively that Sp-1 is not 
binding or capable of binding to either region U or L of the B2 
bradykin in  recep to r prom oter. A characterised  or an 
uncharacterised isoform of Sp-1 may be able to bind to a non
characterised consensus binding site. This is particularly  
relevant to Sp-1 as it is capable of binding to highly degenerate 
sites. The location of the Sp-1 site (25bp upstream  of 
transcription initiation site 1) suggests that if Sp-1 does bind to 
the B2 bradykinin receptor promoter it may not play a role in 
its regulation as it is approximately 15bp downstream to the 
characteristic location (+40 to +70bp) predicted from analyses 
of other promoters where Spl plays a role in transcriptional 
regulation (Kadonaga et al. 1987).

4.6 Southwestern analysis.

Southwestern analysis using nuclear protein  isolated 
from NG108-15 cells detected two protein/DNA interactions in 
the -203bp to +3 Ibp  region of the B2 bradykinin receptor 
proximal promoter. The sizes of the proteins were found to be 
llS k D a  and 106kDa (figure 3.20). Two protein/D N A  
interactions were also detected using nuclear protein extracted 
from CHO cells and the proteins were found to be the same 
molecular weight as those detected using NG108-15 nuclear 
protein (ie. llSkD a and lOGkDa).

The identity of the higher m olecular weight protein 
(llSkD a) that interacts with the 234bp fragment (-203bp to 
+3 Ibp) is unknown. There is evidence that the lower molecular 
weight protein is Sp-1 as a protein of the same molecular 
weight, that is running at 106kDa, was detected by an Sp-1 
antibody (Wood et al. 1996). Furthermore, there is a highly 
conserved Sp-1 site positioned at -25bp (figures 3.12 and 3.13) 
and less conserved sites at -154bp and -152bp. This implies
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that the larger isoform of Sp-1, an im portant trans-activator 
during cell development and differentiation may bind to the B2 
bradykinin receptor proximal promoter. However, there is 
evidence from the results of the electromobility shift assay 
(EMSA) (section 4.5) to suggest that Sp-1 is not the protein 
binding to this region (-203bp to +3 Ibp) of the B2 bradykinin 
receptor promoter. There is also the possibility that this is a 
protein of the same molecular weight as the 106kDa Sp-1 
isoform.

Ultimately, further characterisation is required to confirm 
the identity of both the llSkD a and 106kDa proteins. The 
ambiguity as to whether Sp-1 is binding to the 234bp fragment 
may be more rigorously checked by using Sp-1 protein and 
examining its ability to interact with this region (using a 
similar protocol to that of the EMSA).

One of the lim itations of using cell lines to study 
protein/DNA interactions is tha t cells which have been 
transform ed express distinct genes to non-transform ed cells 
and so may not reflect accurately the physiological phenotype. 
Therefore to prove that a protein binding to DNA is present in 
non-transformed cells, it is necessary to use nuclear protein 
extracted from primary cells.

An important point to also consider is that in this study 
the proteins isolated and investigated were specifically nuclear 
proteins. However, there are many cases of proteins usually 
present in the cytoplasm which following a particular stimulus 
translocate to the nucleus and effect transcrip tion . The 
transcription factor NFkE» is present in an inactive form in 
many tissues, where it is associated with an inhibitory protein 
named inhibitor-icB ( I k B ) .  Phosphorylation of IkB results in 
dissociation of NFkB>, allowing it to dimerize and translocate to 
the nucleus where it is able to bind to its DNA recognition site 
and so regulate gene transcription (Baeuerle and Baltimore 
1988a,b).

NFkl?> was originally detected using EMSA, where it was 
shown to complex to a lObp site ( kB) in the immunoglobulin k 

light chain enhancer (Sen and Baltimore 1986). NFkE appeared 
to be restric ted  to those B cells at the ap p rop ria te
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developm ental stage for light chain expression and was 
suggested to play a critical role in the B cell-specific activity of 
the enhancer of the im m unoglobulin k light chain gene 
(Lenardo et al. 1987; Atchison and Perry 1987). However, NFki?> 
binding  activ ity  (accom panied by the  ac tivation  of 
immunoglobulin k light chain gene expression) was shown 
following the treatm ent of pre-B cells with lipopolysaccharide 
suggesting its presence in an inactive form (Atchison and Perry 
1987). Furtherm ore, NFkF> binding activity was found in 
cytosolic extracts from uninduced cells treated with formamide 
and deoxycholate, both of which are dissociating agents 
(Baeuerle and Baltimore 1988a). The com bined evidence 
suggested that NFkF» is present in an inactive form in the 
cytoplasm and when induced translocates to the nucleus. 
Subsequent analysis of non-B cells treated with phorbol esters, 
which modify IkB releasing NFkl?», has demonstrated NFkF> to be 
present in a wide variety of cell types and when induced 
regulates the expression of several genes involved in the 
immune, inflammatory and acute-phase responses (Liptay et 
al. 1994).

The preceding analyses have identified  the gene 
structure of the B2 bradykinin receptor gene, demonstrated the 
presence of a promoter, shown that the -162bp to +3 Ibp region 
of the prom oter contains regulatory elements which drive 
expression of this gene in NG108-15 cells, as well as providing 
evidence of at least three protein/DNA interactions within the 
-203bp to +3 Ibp region of the proximal promoter.

141



4.7 Future Studies.

4.7.1 Structure of the B2 bradykinin receptor gene.

Ideally, it would be beneficial to have a cosmid clone 
which encompassed the entire gene of the B2 bradykinin 
receptor, including all the upstream  and, if there are any, 
downstream exons and regulatory elements. This would allow a 
number of things to be achieved. The first would be to reaffirm 
the physical map of the gene, ie. sizes of introns. The clone may 
also be used in transient transfection experiments to see if it 
contained a functional transcrip tion unit. This could be 
achieved by studying the cells transfected for an increase in 
expression levels of the gene. This type of analysis successfully 
identified the presence of the promoter of the m4 cholinergic 
muscarinic receptor gene in a cosmid clone containing the 
coding region of the m4 gene and 25kb of upstream  sequence. 
This clone was shown to contain the necessary sequence 
required to direct cell type-specific expression of the m4 gene 
in transient transfection experiments. Transfection of this clone 
into IMR32 cells, a human neuroblastoma that expresses m4, 
directed expression of the rat m4 gene, whereas this clone 
failed to direct expression following transfection into Chinese 
ham ster ovary cells, which do not express the m4 gene. This 
study showed that this clone contains an m4 transcriptional 
unit and at least some of the regulatory sequences required for 
cell type-specific expression of the m4 gene and the results 
were corroborated by the analysis of the prom oter region by 
reporter gene analysis (Wood et al. 1995; Wood et al. 1996).

One of the questions left unansw ered concerns the 
exon/intron structure of the mouse B2 bradykinin receptor 
gene. Pesquero et al. (1994) published the full structure of the 
rat B2 bradykinin receptor gene, showing the gene to consist of 
four exons, with the coding and the 3’-untranslated region 
being located completely on the fourth exon. The 5’ RACE cDNA 
(of mouse origin) cloned from NG108-15 cells lacks exon 3 of 
the B2 bradykinin receptor gene. This may be because the 
mouse B2 bradykinin receptor gene does not contain an
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equivalent exon to exon 3 of the rat gene. There is however 
evidence published by Ma et al. (1994) dem onstrating the 
existence of exon 3 in the mouse gene (figures 3.10 and 3.11). 
This suggests either ( 1 ) exon 3 is expressed in a tissue-specific 
m anner and that NG108-15 (and the other cell types analysed) 
do not express exon 3 of the mouse gene or (2) mRNA 
containing exon 3 of the mouse gene failed to be detected by 
either the 5’ RACE PGR analysis of NG108-15 mRNA or the RT- 
PCR analyses of NG108-15 and other mouse cell types (figures 
3.14 and 4.1).

4.7.2 Functional analysis of the B2 bradykinin receptor 
promoter.

The use of transient transfection assay for the study of 
gene regulation is both quick and convenient, and has 
successfully identified numerous regulatory elements which 
have subsequently been found to be operative in vivo. The 
neuron-restrictive silencer element (NRSE) that restricts gene 
expression in non-neuronal cells has been shown by transient 
transfection assay to be required for expression of numerous 
neuronal genes including the rat SCGIO gene (Mori et al. 1990), 
the human synapsin I gene (Thiel et al. 1991) and the rat Na,K- 
ATPase a3 subunit gene (Pathak et al. 1990). Subsequent 
analyses of the NRSE element in transgenic animals confirmed 
these initial observations demonstrating that it is essential in 
vivo for repression of the rat SCGIO gene (Mori et al. 1992), the 
hum an synapsin I gene (Li et al. 1993) and the rat Na,K- 
ATPase a 3 subunit gene (Pathak et al. 1994).

Cell lines are often used when studying gene regulation 
by transient transfection, but there are various limitations to 
their use. The phenotype of transformed cells differs from that 
of non-transformed cells and this may subsequently effect the 
regulation of the gene whose prom oter is being studied. 
Primary cultured cells provide an alternative system to study 
the regulation of a gene, where the phenotype is more likely to 
reflect the phenotype of cells in vivo. The disadvantage of 
using prim ary cultured cells, in particular in the case of
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neuronal cells, is the low transfection efficiencies. However, 
prim ary cells have been used successfully for the functional 
analysis of promoters. For example; a 1902bp region of the rat 
choline acetyltransferase gene was dem onstrated to drive 
reporter gene expression in cultured cells derived from the 
septal area of foetal rats and that the level of reporter gene 
expression was dramatically upregulated by nerve growth 
factor (NGF) (Bejanin et al. 1992).

Ultimately, it is necessary to analyse all prom oter 
constructs within the context of a transgenic model, which 
provides valuable insight into regulatory elements required for 
spatiotem poral expression. The establishm ent of several 
different lines of transgenic mice may take a considerable 
am ount of time, as well as being costly. The preferred  
procedure is to analyse founder animals which enables those 
animals exhibiting the correct pattern of gene expression to be 
rapidly identified and is far more cost-effective.

Transgenic technology enables the direct investigation in 
vivo  of potential regulatory elements which may effect the 
transcription of a gene. This is achieved by perm itting the 
assessment as to whether such fragments of DNA are capable of 
driving appropriate spatiotem poral expression in both the 
developing and mature animal. Comparison of the endogenous 
pattern  of expression of a gene with that found for the 
prom oter driven reporter gene (eg. B-galactosidase) reveals 
w hether all the regulatory  elem ents requ ired  for the 
expression of tha t particu lar gene are present. Ectopic 
expression or an absence of expression in the transgenic animal 
would suggest that all elements required for correct expression 
are not present. Nevertheless, this may be a consequence of 
positional effects from where the reporter gene was integrated 
into the chromatin.

Transgenic mice were used to analyse the regulatory 
region of the rat neuron-specific enolase gene (NSE) (Forss- 
Petter et al. 1990). A l.Skb region of the NSE prom oter (5’ to 
the transcription initiation site) fused to an E. coli lacZ gene (&- 
galactosidase gene) exhibited transgene expression restricted 
mainly to the nervous system, with the only exception being
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expression in the testis. The transgene was expressed at the 
same developmental stage as the endogenous NSE gene in 
several neuronal cell types. However, at a later developmental 
stage the magnitude of transgene expression was lower than 
endogenous levels. These results demonstrated that within the
l.Skb region of the NSE prom oter there are sufficient 
regulatory elements to drive neuronal expression in an 
appropriate spatiotemporal manner, but additional regulatory 
elem ents are required  for the endogenous p a tte rn  of 
expression.

These regulatory elements may be located downstream to 
the transcription initiation site (intragenic) as is the case for 
regulatory elements required for the endogenous expression of 
the nestin gene. Intragenic elements in the first and second 
introns of the nestin gene directed reporter gene expression in 
transgenic mice to developing muscle and neural precursors, 
respectively (Zimmerman et al. 1994).

The endogenous pattern of expression of a gene may be 
detemined using either reverse transcription-polymerase chain 
reaction (RT-PCR) or in situ hybridisation. RT-PCR provides a 
crude picture of the pattern of gene expression, whereas in situ 
hybridisation provides a more refined pattern , allowing 
resolution even to the level of a single cell.

Ma et al. (1994) employed RT-PCR to analyse several 
mouse tissues. They dem onstrated  the presence of B2 
bradykinin receptor messenger RNA (mRNA) in whole brain as 
well as in specific brain tissues; ie. the hypothalam us and 
pituitary gland. During this study, RT-PCR was employed to 
demonstrate the presence of B2 bradykinin receptor mRNA in 
several isolated neuronal tissues including hind brain, cortex, 
superior cervical ganglia (SCO) and dorsal root ganglia (figure 
4.1).

However, initial investigations, aimed at gaining a more 
refined pattern of B2 bradykinin receptor gene expression in 
the adult mouse central nervous system (CNS), using the 
technique of in situ hybridisation proved inconclusive. The 
signal obtained was too low to produce a consistent 
hybridisation signal. The problems experienced using this

145



technique are likely to be due to the low levels of expression of 
the B2 bradykinin receptor gene within the CNS. The use of the 
relatively new technology of RT-PCR in situ  hybridisation 
which provides greater sensitivity of detection may resolve 
these problems.
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Figure 4.1 Reverse transcription-polym erase chain  
reaction analysis of neuronal cells.

Shows the results of the reverse tran sc rip tio n - 
polymerase chain reaction (RT-PCR) analysis of mouse brain 
tissues and ganglia (Jones et al. 1995). The B2 bradykinin 
receptor was dem onstrated to be expressed in hind brain, 
cortex, superior cervical ganglia (SCG) and dorsal root ganglia 
(DRG). The primers B2R 197 and B2R 198 (figure 3.1) were 
used to PGR amplify the cDNA. The size of PGR products is 
shown to the right.
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4.7.3 Protein/DNA interactions.

The next stage in the study of protein/DNA interactions is 
to further localise the DNA binding sites of proteins. The 
techniques of exonuclease mapping, DNase footprinting and 
m éthylation  in terfe rence  analysis enable the  precise 
boundaries of DNA binding sites to be mapped. This allows 
transcrip tion  factors which b ind  to these sites to be 
characterised. There are various techniques which may be used 
to isolate transcription factors. These include the cloning of 
transcription factors from cDNA expression libraries, lambda 
g t l l  libraries and the yeast one hybrid system.

The REST/NRSF tran sc rip tio n  facto r was cloned 
sim ultaneously by two groups. Schoenherr and Anderson 
(1995a) cloned the cDNA encoding what they term ed as the 
neuron-restrictive silencer factor (NRSF) by screening a HeLa 
cell Àgtll cDNA expression library (Vinson et al. 1988) with a 
probe of the neuron-restrictive silencer element (NRSE). A 
cDNA encoding the same transcription factor, albeit under a 
different name, RE 1-silencing transcription factor (REST), was 
cloned by Chong et al. (1995) using an adapted method of the 
yeast in vivo one-hybrid genetic screen (Wang and Reed 1993; 
Li and Herskowitz 1993; Dowell et al. 1994). Three yeast 
colonies were isolated and the cDNAs cloned were sequenced, 
which indicated they were overlapping regions of the same 
mRNA. A A,ZAP cDNA library prepared from HeLa cell mRNA 
was screened with the cDNAs. Two overlapping cDNAs that 
encode the entire REST protein were isolated and shown to 
form an open reading frame of 1097 amino acids.

Finally, due to the presence in vivo of histones and other 
DNA-binding proteins which 'mask' the chromatin preventing 
access by transcription factors, a binding site in vitro may not 
be accessible in vivo. To categorically prove the use of a 
specific element it is necessary to study the effects upon gene 
expression in vivo. Site-directed mutagenesis of binding sites 
and examination of the subsequent effects upon reporter gene 
expression in transgenic animals further substantiates that a
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binding site in vitro does represent a binding site in vivo that 
influences the expression of a gene.

The Na,K-ATPase is a plasm a m em brane p ro te in  
containing two subunits, a large a catalytic subunit and a 
smaller Ë subunit. The a subunit has three isoforms known as 
a l ,  a2 and a3. A 92bp region from -210 to -118, relative to the 
transcription initiation site was shown by transgenic studies to 
be important for directing expression of the a3 isoform gene in 
the brain. Six different mutations, each representing a lObp 
replacem ent at different positions in the 92bp region from 
-210 to -118, were made and analysed by reporter gene 
expression in transgenic mice. The results suggested that 
neural-specific expression of the a3 isoform gene is influenced 
by a silencer element. Transgenic mice containing a m utated 
region which shares a high degree of homology to the NRSE 
element exhibited increased expression of the a3 isoform gene 
in non-neuronal tissue. The GG dinucleotide within the core 
sequence of the NRSE has been demonstrated to be particularly 
im portant for conferring the silencing effect in non-neuronal 
tissues in the rat SCGIO gene (Mori et al. 1992), as well as the 
hum an synapsin 1 gene (Li et al. 1993). In this case, the GG 
dinucleotide had been converted to a GC which may have 
decreased binding of a protein factor. However, contrary to 
these analyses on the necessity of the GG dinucleotide, although 
this dinucleotide is conserved in the human a3 isoform gene, it 
is not conserved in the o2.

The study undertaken has provided the basic knowledge 
on which the complete understanding of the control of B2 
bradykin in  recep tor gene expression can begin to be 
unravelled. Comparison of the control mechanisms underlying 
B2 bradykinin receptor expression with those used to control 
gene expression of other members of the superfamily of G- 
protein coupled receptors, will contribute to the picture being 
established as to exactly how this superfam ily evolved, 
enabling the development of an enormously complex system of 
signal transduction.
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Summary.

A mouse genomic clone (cosmid A) containing exon 1 of 
the B2 bradykinin receptor gene was isolated. This clone was 
shown to include approximately 3 5 kb of sequence upstream  as 
well as approximately 5 kb of sequence downstream to the 
most 5’ transcription initiation site (transcription initiation site 
1). Functional analysis of the region -2.6kb to +0.03 Ikb relative 
to transcription initiation site 1 demonstrated the presence of a 
prom oter capable of driving expression in NG108-15 cells. 
Deletional analysis indicated that the region -0.16kb to 
+0.03 Ikb contains all the necessary regulatory elements to 
drive constitutive expression in NG108-15 cells. The presence 
of two potential downstream transcription initiation sites as 
described by Pesquero et al. (1994) for the rat B2 bradykinin 
receptor gene and approximately Ikb of sequence downstream 
to transcription initiation site 1 had no effect upon prom oter 
activity.

Electromobility shift assay using NG108-15 nuclear 
protein detected two protein/DNA interactions in the -203bp to 
+3 Ibp region of the promoter. The protein/DNA complex in the 
upper shift was localised to a 44bp region, 47bp upstream  to 
transcription initiation site 1. The protein/DNA complex in the 
lower shift was localised to a region w ithin 20bp of 
transcription initiation site 1. A protein/DNA complex running 
at the same position as the lower shift was detected using 
nuclear protein extracted from CHO cells, which do not express 
an endogenous B2 bradykinin receptor.

Southwestern analysis of the -203bp to +3 Ibp  region of 
the promoter using nuclear protein extracted from NG108-15 
and CHO cells detected two protein/DNA interactions with both 
extracts. The molecular weights of the proteins detected were 
identical in both instances, being llSkD a and 106kDa. Future 
studies are required to identify the proteins binding to this 
region of the promoter.
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Figure 6.1 Sequence of exon 1 an d  th e  5 ' an d  3 ’
flank ing  region of the  m ouse B2 b rad y k in in  recep to r
gene.

Shows the sequence of exon 1 and the 5' and 3’ flanking 
region. The sequence of exon 1 is boxed in pink and 
transcription initiation site 1 (ti 1) is indicated by an arrow. 
The EMBL accession number is AJ002068.
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Sequence of exon 1 and the 5' and 3 
mouse B2 bradykinin receptor gene.

flanking region of the

1
61

121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001

TGGGGACGTC
TGGACGTTCA
CTTCACACAG
CCACTTGGCA
CCCACCAAGA
GACATGGTAC
TACCATCCAG
ACACTTGGGA
ACTGTACTAG
CTAGGTGAGG
GAATATAGTG
CCGCACAAGC
AAGAGCTGAG
GAGGACCAGT
CCCTCAGGGA
AGATGAACAG
GAGAAAGGAG
AGGAGGCAGA
TGTCAATAAA
CAACAACATA
CACGACAGCA
AACCTGGGAA
GTCTGGCTTC
TTTGGAACGT
AGATAGTGGG
ATGGAGAGCT
ACTCAGCTTC
GCTGTGGTGG
AGGCTCACTC
AGGCCAGAGG
AGTCAGTCTG
TTGGTCAGGG
GGCTCTCTCT
CGCAATGGGT
GGAAGAAACT
AGCTCACTCA
CCTCAGCACC
CTCCATCCCA
AAAACTCAGG
AAACACAGGC
CCTAGGCTCC
ATTTGGCCTC
GGAGGGAGCC
ofcACATCAC'C

TTTCTTTCCC
CAAATGTATT
TTAGGTTGGG
TGGGTGATAA
AAAACCCCAT
CTGGACAAAC
GGCAGAGATC
GCTGAGAGGG
AGGAGAGTGG
AGGCTACAGG
GAGGGCTGAA
ACACACAGTG
CCAGATTTGT
TACCAGCTTG
CTGGCCGGAC
GTGGTTAGAT
AGAGGAGAGA
GAGTGGCATA
CAGGGGTGTG
ACTCCAGGTG
AGTCAGACCA
TTATCAACTC
GAGGTGAAAA
GAACGGAGTC
GCTTTGGGGG
AAGCAGACCT
TGTCTGCTCT
TTTCCCCTGC
ACCCAAGTGG
TGCAGATGGG
AAGCCAAGAG
ACAGGGGGAC
GGACTGGTCT
CTTTAGCAGA
GCTTCTAAAT
AGGACTTGGC
CCTGGGAGTT
ACTGGCTGCC
AGCAAAACAA
ATTCACGTGG
GGGACCCGAC
CGCAGCTAGG
TGGAGCTGAT
GGCCAGCCCT

ACCAACACAG
GGTATCCTGC
TGGGGGGACT
ATAGCAGTAA
GGCTGGTGCA
ATATTGGATG
ACAGCCAGTG
CATCTTGGGG
GGCACAGGGG
AGTGTCACAG
GGCTGGAGCC
CAGAGGACGT
TCAGAGCAAA
TAAGGAGGAG
GTACGCCCAT
GAACCAGTGG
GAAGTGGGGA
AAGACATAGG
GGTGTCTATA
ACTTACAAGA
GTAGGGGCAG
TGATGTTCTC
GGTCAAGTGC
TGTCACTCCA
AGGGGGGGCA
CTGACTCTAG
GCAAAGCTCA
ACGAGTGGGT
ACCAGAGGTC
GCAATGGGAC
AGGGTTGGAT
AGCTGCTGGA
CTGATCTTCC
TCTTCAAAGA
TCCCCAGAGG
CAGCAGTGTG
GTGCACGGCC
TTCTATTTAC
TCACTTCAGG
TCTCCGTGGC
CATGGTCTGC
AGGTCCAAAA
CTGGACTAGA
TGAAAGATGÂ"

AGAATGTTCT
TCTATGCGGT
CTTCCCTTCT
AAGATGGGGC
GGAGATGCAG
TCCCCAAACA
CAAAAGCCCA
CTAAGGCACA
AACCTTTGTA
GAACACCTGG
CTGCCCAGAC
CAGAGGCAGC
AGCAAGGCGA
TGCTTTGAAA
CCCTCTTTTC
GTGTAAGAGA
GGAAGGAGGG
TGGCTAGCTG
AGTTTTCTAG
GAAGACTTCT
CTTCTGTCGG
GTGGTATAGG
TTCCCATCAG
GACCAACCAG
TTGTTCTTGG
ACCCTGCAGC
TGAAGGACCC
AGGCACACAG
CCATGCCTCG
ACTCAGGTCA
TCACGACCTC
GCTCTGTCTG
CTGCATCCTC
AAATGAAAAA
AAGTCCCGTA
TCCCTTGTCT
AAAGCAAAAT
ATCCTCTGTA
AGACCCTGTC
TGTTCGAGCT
ACCCACGGGG
GCACCACCGC
GGTGGAGGGG
GCTGTTCCCC

GGAACATTGC
TCTGTTTTAC
TCATTCCAGT
TCCCTGCTTG
GAGTTGGTGG
GCCTTCCAGA
CAGTTGGATG
GAGGACTGAG
TGTTGTGTGA
CCCCCTCCAT
TGAGGTTCCC
CACCTCAGAG
GAAAAGCAGA
TGACTGCACA
TGGCTGCCTA
GAAAGGAGAG
AGAGGAGGAG
GAGGAACAGT
ATTCGTCTGA
TCCAGTGCCA
GGTGACAGAT
ACTCTTCCGA
AAAACCCAGC
CACTCTACAG
TTTTGAGTCT
CTTGGTTTCT
TTCCCTTGTG
CATCATCTTA
GAAGCTCCCT
CAAGAGCTTT
TGCCGCTGCC
TGTGCATTCC
CTCTCATCTG
AGACAGAGCT
TCTGGCAGGG
GAGTTGTATC
AAAAAACACG
AATGCCCACT
ACGGTAAACA
GCAGGGGAAA
GACAACCTGT
TAAGAACTGC
GGAGGTGCCC
gTGccAcigg:

AGCAGAGAGG
TTGGCCTCTC
TATGGGGTGC
TGGATCTTAG
ACACACACGG
AACCAGGGAC
TGATCCTGAC
GTGGCTGGAA
AGGACCCCAG
TGCCCTTTTT
TTTGCAGCCC
AGCTTTCAGA
CAAAGCCAGA
GCCTGTTCTG
TGAATGCCTG
GGTGACAGTG
GAAGAGAGGA
TCATTATTAG
CAGCTGGACA
CACTAGCGTT
GGGGCTAGCT
GCTGCTGAGG
AAGAAAAGAG
AATGAGGGCA
GCTTCCCAAT
GTGAATCACC
ACCCTTCAGG
GCCAGATCAC
GTGGTCAGAC
GACTCATTTC
CCATCCCTAT
TGGAACCCTA
GAGAGGAAAG
TAGAAGGAGA
GCCAGCACAC
CTAGTTTCTG
TTCAGAAACC
GTTTGCACCT
GTGTTGTGTT
CATTTACCAG
GGCCATCCTG
TGCTGATCCC
AGGAGAGTGA
AGCTTCGOfgi

ICCGAGGGACT CCCTACAACA CAGAACCGGC TCGCTTGAGA AAÂ3GTGAGT
GGCTCGTTAA
GATTCCTTCC
CAGGGGGTTT
GTTTTATAGG
GGT

TGGAGAGCGC
TCCCCTAGGT
GCCTTGCCTG
TTTCATGTAG

AACTATCCAG
CTGAGAAATG
TTCCAGCTCA
ACACCATGGG

CTGAAATTGA
AAGCGAGGAA
TCTTTTCCCT
CTAAAGGAGT

GTCTCGGGGA
GGATTACAGA
GTGAGCGACC
GAGCGCCAGG

TTCCGGCATG
ACTGGAGGAA
TGCTTACAGG
AGTGGTTTGA
CAGCAGGACA

iPINK BOXEDi sequence represents exon 1.
The arrow shows the location of transcription initiation site 1 (ti 1).

EMBL a c c e s s i o n  num ber:  A J 0 0 2 0 6 8
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Summary

Bradykinin (BK) is a peptide mediator released in in
flammation that potently ex c ite s  sym pathetic neurons. 
We have studied  the m echanism  of th is  excitation in 
d issocia ted  rat sym pathetic neurons and found that at 
low nanomolar (ECso =  0 .9  nM) concentrations, BK 
inhibited the M-type K+ current Ik(m>. S tu d ies with the  
se lectiv e  antagonist H oe140 revealed that th is effect  
w as m ediated via the Bg receptor subtype, and mRNA 
encoding th is receptor w as identified in th e se  neurons 
by RT-PCR. Ik(m) inhibition w as unaffected by P ertussis  
toxin or m icroinjection of antibodies to  Gao but w as  
selectively  inhibited by m icroinjection o f antibodies to  
Gaq/11. Thus, BK is the m ost potent M current inhibitor 
yet described in mammalian neurons, and BK inhibi
tion of M current is m ediated by a G protein pathway 
similar to  that activated by m uscarinic acetylcholine  
receptors.

Introduction

The nonapeptide bradykinin (BK) is formed from plasma 
protein precursors following tissue injury and is consid
ered an important mediator of inflammation and hyperal
gesia (Lewis, 1970; Regoli and Barabé, 1980; Hall, 1992; 
Dray and Perkins, 1993). There is evidence that activation 
of sympathetic nerves may contribute to som e of its ef
fects, including hyperalgesia and plasma extravasation, 
as these are abolished by sympathectomy (Levine et al., 
1986; Coder re et al., 1989; Lee et al., 1991). Such effects 
are thought to be mediated by a stimulatory action of BK 
on sympathetic terminals, resulting in the release of 
prostanoids (Coderre et al., 1989; Lee et al., 1991), which 
can then induce sensitization of nociceptors (see Dray and 
Perkins, 1993). There has also been speculation that BK 
may have an involvement in the etiology of sympathetically 
maintained pain (McMahon, 1991).

The ability of BK to stimulate sympathetic neurons was 
described many years ago (Lewis and Reit, 1965, 1966; 
Trendelenburg, 1966), but the mechanism of this stimula
tion is unknown. Studies on other neurons and neural cell

lines suggest a number of possibilities, including activa
tion of a  cation conductance (Tertoolen et al., 1987; Bur
g e ss  et al., 1989; Neuhaus et al., 1991), activation of a 
Ca^^-dependent CL conductance (Dunn et al., 1991), 
which would be expected to depolarize rat sympathetic 
neurons (Adams and Brown, 1975), inhibition of a Ca^+- 
dependent K+ conductance (Weinreich, 1986), and inhibi
tion of the M-type voltage-gated K+ conductance (Higa- 
shida and Brown, 1986, 1987; Villarroel et al., 1989).

In the present experiments, w e have examined the excit
atory action of BK on dissociated rat sympathetic neurons. 
We find that it is an extremely potent inhibitor of the M 
current (Ik(M)), and that it works in a qualitatively similar, 
but quantitatively and kinetically different, manner to mus
carinic acetylcholine receptor stimulants.

R esults

Excitation and M Current Inhibition by Low 
C oncentrations o f BK
In current-clamp studies, the average resting potential in 
our sample of rat cultured superior cervical ganglion (SCG) 
neurons was - 5 6  mV ±  1 mV (n = 37). BK produced a 
small (4-6  mV) depolarization of SCG neurons and in
duced repetitive action potential discharges during injec
tion of depolarizing current (Figure 1). This accords with 
the excitatory effect of BK previously noted in cat (Haefely, 
1970) and rabbit (Wallis and Woodward, 1974) SCG. This 
response is reminiscent of that seen  with muscarinic a ce
tylcholine receptor agonists (Brown and Constanti, 1980) 
and su ggests that BK might inhibit Ik(m) (Constanti and 
Brown, 1981). Consistent with this idea, in voltage-clamp 
experiments with the holding potential at about -2 5  mV 
(where there w as a standing outward current), application 
of low nanomolar concentrations of bradykinin produced a  
slowly developing reduction of this outward current (Figure 
2A). This BK-induced change in current was larger at de
polarized potentials than at hyperpolarized potentials, 
implying a fall in effective input conductance (Figure 3). 
Inspection of current records obtained çJuring hyperpolar- 
izing voltage step s revealed that the BK effect was associ
ated with inhibition of the voltage-gated K+ current Ik(m>, 
since the slow relaxations during deactivation and re
activation of this current were reduced (Figure 2B; see  
Adams et al., 1982). In accordance with this, the current- 
voltage curves (Figure 3) showed a reduction of the out
ward rectification normally observed at potentials positive 
to - 7 0  mV (the threshold for Ik(M) activation). In current- 
voltage relationships, we observed small (<100 pA) inward 
currents in response to 1 nM BK at potentials more nega
tive than - 7 0  mV (three of five cells) and small (<50 pA) 
outward currents in the remaining two cells. Thus, it ap
pears that inhibition of outward Ik(M) accounts for a very 
substantial proportion of the apparent inward current pro
duced by BK, as this was itself highly voltage sensitive 
(Figure 3).

These effects parallel those of muscarinic acetylcholine
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Figure 1. Bradykinin Induces Repetitive Firing of Action Potentials 
The left trace (control) shows a record of membrane potential of an 
SCG neuron recorded in current clamp using the perforated-patch 
technique. Injection of depolarizing current (0.3 nA for 500 ms, at the 
arrow) depolarized the neuron and evoked a single action potential. 
Application of 10 nM BK produced a small depolarization (5 mV in 
this cell), which was countered by injection of hyperpolarizing current 
sufficient to return the cell to its original resting membrane potential 
(-6 7  mV). When the same depolarizing current was injected in the 
presence of BK, repetitive action potential firing was seen (right trace). 
This recording was made from a cell maintained at 32®C. Action poten
tial amplitudes are truncated by the digitization sampling rate (3 kHz).

receptor agonists, such as muscarine or oxotremorine-M 
(oxo-M), previously reported in these neurons (Constanti 
and Brown, 1981; Marrion et al., 1989; Bernheim et al., 
1992; Caulfield et al., 1994). However, there were two dif
ferences between the actions of BK and oxo-M. First, the 
effects of BK were much slower in onset. Thus, in five 
experiments in which BK (10 nM) and oxo-M (3 pM) were 
directly compared, the half-times for reduction in outward 
currents at a holding potential of -2 5  mV were 22 ± 2.5 s 
for BK and 7.5 ± 0.4 s for oxo-M. This did not seem to 
be due to slow equilibration, since (in four of these five 
cells) the initial response to BK was a small outward cur
rent that developed as rapidly as the response produced 
by oxo-M (which was purely a reduction in standing out
ward current; see  Figure 2C). The BK-induced outward 
current was not studied further because of its small size 
and irregular occurrence. Second, compared with recov
ery from oxo-M, recovery from inhibition of Ik(m> by BK was 
frequently slow and incomplete, especially at higher con
centrations (see Figure 2A; Caulfield et al., 1994).

Inhibition of Ik(m> by BK was evident at concentrations as 
low as 0.1 nM, with a plateau at 10-30 nM. The computed 
maximum inhibition was 74.1% ± 10.5%, with half
maximum inhibition at 0.9 nM (Figure 4A). The rate of 
onset of Ik(M) inhibition by BK was also concentration de
pendent; the half-time to the full development of the BK 
effect being approximately 40 s for 1 nM BK, and approxi
mately 20 s for 10 nM BK (Figure 4B). The concentration- 
effect curve for inhibition of Ik(m> by BK in Figure 4 was 
constructed by applying single concentrations of BK to 
individual cells, thereby minimizing errors due to waning 
reponses to repeated applications of BK on the same cell 
(tachyphylaxis). Tachyphylaxis was not significant at the 
lower range of the concentration-effect curve; for exam
ple, in five cells, the Ik(m> inhibitions in response to two sub
sequent applications of 1 nM BK were 35.6% ± 3.7% and
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Figure 2. Bradykinin Inhibits the M-Type K* Current
(A) Membrane current (pA) at the holding potential (-24  mV, open 
circles) and Ik(m> deactivation amplitude at the command potential (-54  
mV, closed circles) plotted against time (s). Perfusion with 10 nM BK 
at time 0 (indicated by the bar) caused a slowly developing reduction 
in both the holding current and the amplitude of Ik(m> deactivation relax
ations. Recovery upon washing out BK was slow and partial.
(B) Example current records from the same cell as (A). Ik,m) deactivation 
relaxations during a 1 s  voltage step from -31 to -61  mV in control 
solution (c) are reduced by perfusion with 10 nM BK. The dotted line 
indicates 0 pA.
(C) The continuous change in membrane current (nA) at the holding 
potential (-26  mV) during perfusion of oxo-M (3 ^M>and, after achiev
ing almost complete recovery on washing out oxo-M, the response to 
a subsequent application of BK (10 nM).

34.4% ± 4.7% (n = 5). However, responses to higher 
concentrations of BK were not reproducible for a given 
cell; for example, in three cells, the Ik(m> inhibition for a first 
application of 10 nM BK was 52.7% ± 3.0%, whereas 
the inhibition with the second application was significantly 
lower (a mean of 35% of the first response; p <  .01, paired 
t test). This contrasts with Ik(m> inhibition by a maximally 
effective concentration of oxo-M (3 pM; Caulfield et al., 
1994), in which a first application produced 84.3% ± 5.7% 
reduction of current, whereas a second application elicited 
an almost identical response (83.3% ± 5.2%; n = 3).
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Figure 3. Effect of BK on the Steady-State Current-Voltage Relationship 
Current recorded during a voltage ramp from -1 9  mV to -1 1 0  mV 
(-1 0  mV/s) in control solution (c) and in the presence of 1 nM and 10 
nM BK (4-1 nM and 4-10 nM, respectively). In this cell, the inhibition 
of Ik(m) by these two concentrations of BK (measured from deactivation 
relaxations) was 26% and 68%, respectively. Comparable inhibition 
of leak-subtracted current by BK was noted during the voltage ramp 
at potentials of -2 0  mV (30% and 62%) and -5 0  mV (31% and 59%). 
Closed circles represent the steady-state current-voltage relationship 
in the same cell, obtained by recording end-of-pulse current during 1 s  
negative voltage steps in increments o f-1 0  mV from the holding poten
tial (-1 9  mV). The inset shows BK-sensitive current across the voltage 
range, obtained by subtracting current traces in the presence of BK 
(1 and 10) from control current (c). In control solution, the graph of 
evoked current overlapped data points obtained by estimating steady- 
state currents during discrete 1 s steps to command voltages within this 
range. This shows that this voltage ramp protocol gave an adequate 
measure of current over the activation range for Ik(mi (more positive 
than -7 0  mV); both concentrations of BK reduced evoked current over 
this range. Also, the BK-sensitive current across this voltage range 
(obtained by subtraction of current in the presence of BK from control 
current) closely resembled the control current.

Ik(M) Inhibition Is Mediated by the Bz Receptor
The effect of the highly selective Bg receptor antagonist 
Hoe 140 was investigated by first estimating Ik(m> inhibition 
in response to 1 nM BK, allowing recovery of Ik(m> after 
washing out the BK, then repeating the application of 1 
nM BK in the presence of the antagonist. Noel 40 (100 nM, 
applied for 5 min; n = 4) reduced the response to 1 nM 
BKby91.8%  ± 3.5% (Figure 5). Usually, the BK response 
did not recover even after washing in antagonist-free solu
tion for 30 min (n = 3), although partial reversal of the 
N oel 40 antagonism was observed in one cell after wash
ing for 90 min (Figure 5).

Reverse transcription-polymerase chain reaction (RT- 
PCR) analysis of RNA extracted from rat superior cervical 
ganglia and rat dorsal root ganglia, with primers derived 
from noncoding and coding exons of the rat BR2 gene, 
revealed the presence of BR2 transcripts in both tissues 
(Figure 50).

02 Receptor-Mediated Inhibition of Ik(m> Involves 
Gaq/11 Protein(s)
In these experiments, we used a test concentration of 1 
nM BK, as there was no waning of the response to this 
concentration of BK for a given cell or between cells in 
the same dish. Also, a submaximal response to 1 nM BK 
would be a sensitive assay for any change in receptor-G 
protein coupling efficiency. Inhibition of km by 1 nM BK 
(38.9% ± 2.8%; n = 21) was not affected by pretreatment 
of neurons with Pertussis toxin (PTX; 500 ng/ml for 15- 
20 hr; 39.7% ± 3.3% inhibition; n = 6) or injection of 
anti-Gao antibody (39.7% ± 2.6% inhibition; n = 9). How
ever, in neurons injected with anti-Gaq/n antibody, the BK 
inhibition of km was reduced to 19.5% ± 5.8% (n = 8). 
This was a significant reduction compared with the BK 
response in anti-Gao injected neurons (p < .05, t test; 
Figure 6).

We also determined whether the inhibitory effect of the 
anti-Gaq/11 antibody on km inhibition by BK could be oc
cluded by injecting a mixture of the antibody and the immu-
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Figure 4. Concentration Dependence of the 
BK Inhibition of Ik(m>

(A) Concentration-response relationship for 
Ik(M) inhibition by BK. Data points represent 
mean (±  SEM; n = 3-21) inhibition of Ik(m> (y) 
in response to different BK concentrations (A), 
plotted with a logarithmic abscissa scale. The 
solid line is the best fit to the data of the function 
y = m X 10" " 'o«*V(1G'' 10"" with
weight (1/sem^), where mis 74.1 ± 10.0, log(K) 
is -9 .0 5  ± 0.2, and n is 0.52 ± 0.14. Curve- 
fitting was done using SigmaPlot 5 (Jandel Sci
entific).
(B) Membrane current at the holding potential 
recorded every 10 s  during application of 1 nM 
BK (open circles, Vh = -26 mV) and 10 nM 
BK (filled circles, Vh = -2 4  mV, same cell as 
Figure 1A).
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Figure 5, BK Acts at the Bz Receptor to Inhibit Ik(M)

(A) Example current records showing Ik<m) deactivation relaxations dur
ing a 1 s voltage step from -2 5  mV to -5 5  mV. The traces at left 
(control) are superimposed currents before (c) and during application 
of 1 nM BK (d). The middle traces (-t-Hoe140,1 GO nM) show the current 
after recovery from the previous BK application, but now in the pres
ence of Hoe 140 (applied 5 min previously [c]). With the antagonist 
present, there was virtually no change in current when BK was applied 
(d). The right trace shows a current response (c) 90 min after superfus
ing with antagonist-free solution, when application of BK now produces 
detectable inhibition of Ik(M) (d). The dotted lines represent the zero 
current level.
(B) A bar graph showing data pooled from four cells using the protocol 
for Hoe 140 application described above. Inhibition of Ik(m> by 1 nM BK 
was greatly reduced (p < .02, paired t test) in the presence of 100 nM 
Hoe140.
(C) Analysis of RNA extracted from superior cervical ganglia (SCG) 
and dorsal root ganglia (DRG) from 17-day-old rats. Lanes 1 and 2 
show a 300 bp amplification product obtained with cDNA from SCG 
and DRG, respectively. Lane 3 shows the absence of any amplification 
product with water as control template. The DRG sample was used 
as a positive control for amplification of Bz receptor mRNA, as Bz 
receptor-mediated responses are well characterized in this tissue (see 
Hall, 1992).

nogenic peptide to preabsorb the anti-Gaq/n antibody. In
jection of peptide alone (1 pg/ml) did not affect the BK 
inhibition of Ik(m) (40.1% ± 5.0%; n = 9) when compared 
with either un injected cells or cells injected with anti-Gao 
antibody. In this experimental series, injection ofanti-G.q/n 
antibody greatly reduced the BK response (5.9% ± 2.2% 
Ik(M) inhibition; n = 9; p < .001), and this effect of the 
anti-Gaq/11 antibody was partially reversed in cells injected 
with a combination of antibody and peptide; BK inhibition
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Figure 6. Inhibition of Ik(m> by BK Involves G„q/n Protein(s)
(A) Example current records showing Ik(M) deactivation relaxations. The 
left traces show superimposed control current (c) and current reduced 
in the presence of 1 nM BK (d) in an SCG neuron that had been injected 
with anti-G.o antibody. The traces at right show control current (c) and 
a much smaller reduction of current by 1 nM BK (d) in a neuron injected 
with anti-G.q/11 antibody.
(B) The graph shows pooled data for Ik(M) inhibition in response to 1 
nM BK from nine cells injected with anti-Gao antibody (open bar) and 
eight cells injected with anti-G„q/n antibody (closed bar). The BK re
sponse was significantly reduced (p < .05; asterisk) in the anti-Gaq/u 
antibody-injected group.

of Ik(M) in the group injected with antibody plus peptide was 
23.5% ± 4.4% (n = 10; significantly greater than the 
antibody alone group, p < .05; Figure 7). The reversal 
of the antibody effect by immunogenic peptide was not 
complete, as BK inhibition in the peptide plus antibody 
injected cells was still significantly less (p < .05) than in 
cells injected with peptide alone. None of the above injec
tion procedures affected the amplitude of Ik(m> deactivation 
relaxations (mean amplitudes ranged from 152 pA to 228 
pA, with standard errors of 11-22 pA).

Discussion

We have found that low nanomolar concentrations of BK 
inhibit Ik(m> in rat sympathetic neurons. Current-voltage 
curves (see Figure 3) suggest that reduction of this out
ward current is the predominant BK effect. Therefore, Ik(m> 
inhibition is probably responsible for the ganglion excita
tion previously reported (Lewis and Reit, 1965,1966; Tren- 
delenburg, 1966; Haefely, 1970; Wallis and Woodward, 
1974) and for the small depolarization and increase in ac
tion potential firing noted in the present experiments. This
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Figure 7. The Effect of the Anti-Gaq/n Antibody is Blocked by the Immu
nogenic Peptide
(A) Example current records showing Ik(M) inhibition by 1 nM BK in cells 
injected with peptide alone (1 ng/ml), anti-G„q/i, antibody alone, or 
anti-Gaq/11 antibody plus peptide (1 ng/ml; left to right, respectively). 
Ik(M) deactivation relaxations were measured during a 1 s, -3 0  mV 
step from holding potentials of -2 7 , -2 8 , and -2 7  mV respectively, 
in control solution (c), then after perfusion with 1 nM BK (d). The dotted 
line indicates 0 pA.
(B) Bar graph showing inhibition of Ik(m> by 1 nM BK for each of the 
above groups. The response to BK in cells injected with peptide only 
(open bar; n = 9) was significantly reduced (p < .001; asterisks) in 
neurons injected with anti-Gaq/n antibody (closed bar; n = 9). When 
peptide and antibody were injected together, the response to BK 
(hatched bar; n = 10) was significantly greater than in the antibody- 
alone group (p < 0.05; single asterisk).

is consistent with the action of BK previously observed in 
some neural cell lines, such as PC12 cells (Villarroel et 
al., 1989) and neuroblastoma-derived cells (Higashida and 
Brown, 1986, 1987). However, our finding of this action 
of BK In sympathetic neurons may have direct relevance 
to the proposed role of the sympathetic nervous system in 
inflammatory processes (for review, see  Dray and Perkins, 
1993).

We obtained no evidence for activation of a substantial 
cation conductance, as has been reported in sensory neu
rons (Burgess et al., 1989; Dunn and Rang, 1990). Al
though in some neurons, BK evoked a small inward cur
rent, this was inconsistent. Similar additional inward 
currents have been detected with agonists that inhibit M 
current in bullfrog sympathetic neurons (Jones, 1985). In 
some neurons, the inward current resulting from Ik{m> inhibi
tion was preceded by a small outward current. This may 
have represented the Ca^+-activated K"̂ current observed 
more prominently in neuroblastoma cells (Higashida and

Brown, 1986), but because of its small size and irregularity, 
we were unable to study this in detail.

There are two bradykinin receptors (Bi and B2) that could 
conceivably mediate BK inhibition of km, although B, re
ceptors do not seem  to be involved in normal physiological 
responses (Hall, 1992; Dray and Perkins, 1993). Consis
tent with this, inhibition of Ik(m> by BK in SCG neurons was 
mediated by the Bg receptor subtype, as evidenced by the 
potent inhibitory effect of the selective Bz receptor antago
nist Hoe 140 on BK responses. This conclusion is sup
ported by our demonstration of the presence of mRNA 
encoding the Bz receptor in whole SCG, although we can
not exclude the possibility that some of this signal repre
sents Bz mRNA expressed in cells other than the principal 
neurons.

Bradykinin receptors can couple to many biochemical 
pathways, via both PTX-sensitive and PTX-insensitive G 
proteins (Hall, 1992). We suggest that the principal G pro
tein mediating BK inhibition of Ik(m> in SCG neurons is G„q 
or Gall (or both) because the BK response was significantly 
reduced in neurons that had been injected with an anti
body raised against the C-terminal decapeptide sequence 
common to these G proteins. As this sequence is thought 
to represent the G-protein domain to which activated re
ceptors couple, it is predicted that such antibodies will 
specifically inhibit responses mediated by the G proteins 
against which they are directed. The specificity of effect 
of the anti-Gaq/11 antibodies in our study was indicated by 
a reduction in their efficacy when coinjected with a deca
peptide corresponding to the immunogenic sequence. 
This would be expected to sequester the antibodies (if 
present in sufficient excess), thereby preventing their bind
ing to endogenous Gaq/n in the SCG neurons. Further infer
ential evidence that Ik(m> inhibition by BK is via Gaq/n (rather 
than a PTX-sensitive G protein) comes from our parallel 
observation that the BK response was not modified by PTX 
pretreatment of SCG neurons or by injection of antibody 
raised against the C-terminal decapeptide of Gao. The lack 
of effect of these treatments cannot be attributed to incom
plete action of PTX or to lack of activity of the anti-Gao 
antibody, as we have previously demonstrated virtually 
complete PTX-induced ADP-ribosylation of susceptible G 
proteins in SCG neurons and inhibition of a different neuro
transmitter response (norepinephrine suppression of volt
age-activated Ca +̂ current) by the anti-Gao antibody in 
these cells (Caulfield et al., 1994). Our conclusion that 
the Bz bradykinin receptor couples to Gaq/n accords with 
previous demonstrations that stimulation of phospholi- 
pase C activity and activation of Ca^+-activated K+ conduc
tance in NG108-15 neuroblastoma hybrid cells can be 
mediated by this G protein (Gutowski et al., 1991; Wilk- 
Blaszczak et al., 1994).

Our finding that BK inhibits I(k)m through G.q/n is paral
leled by similar findings for the Mi muscarinic acetylcho
line receptor in SCG neurons (Caulfield et al., 1994), per
haps suggesting that the BK response, like the muscarinic 
response (Selyanko et al., 1992), is mediated by a diffus
ible messenger. However, there are a number of aspects 
of the BK Ik(m) inhibition that are clearly different from the 
Ik(M) inhibition produced by muscarinic receptor agonists.
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Thus, the BK response has a significant onset latency 
(at least 10 s), is slow to develop (taking at least 60 s  to 
asymptote), and reverses slowly and often incompletely. 
By contrast, Ik(M) inhibition by oxo-M starts to develop soon  
after agonist application, reaches its maximum in 10-30 s, 
and usually reverses within 5 min. In part, these differ
en ces might reflect a high binding affinity of bradykinin 
for its receptor with associated slow dissociation, which 
would result in slow onset of response. Thus, if it is a s
sum ed that the dissociation constant of BK for its receptor 
is 1 nM (not unreasonable for a peptide agonist) and the 
microscopic association constant for binding is 10’" M~ ŝ“ ,̂ 
the time constant for inhibition of Ik(m> would be 10 s  at 10 
nM BK, which is not far off our 22 s  time constant. The 
long latency in response onset could also be the con se
quence of a slow rise in the (putative) intracellular m essen
ger, which n eed s to reach a threshold level before Ik(m) 
is inhibited. Similar concentration-dependent lag times to 
response were noted by Neher and colleagues for intracel
lular Ca^  ̂ elevations in response to agonist activation of 
transfected muscarinic receptors in neuroblastoma cells 
(Neher et al., 1988). Another notable difference between  
the BK and oxo-M inhibitions of Ik(M) is the tachyphylaxis 
seen  only with high concentrations of BK (10 nM), whereby 
a prior exposure to BK greatly reduced responses to a 
subsequent agonist application. It could be argued that 
this tachyphylaxis is not the result of desensitization, as 
Ik(M) inhibition was maintained during agonist applications 
that were usually at least 2 min, and often longer. However, 
we can not exclude the possibility that the apparent tachy
phylaxis is in fact a slowly developing desensitization oc
curring at receptors still occupied by agonist (even though 
the agonist has been washed out). It is interesting in the 
context of these slow and poorly reversible effects of BK 
that Shapiro et al. (1994) have recently reported similar 
slow onset and offset kinetics and tachyphylaxis for the 
inhibition of voltage-gated Ca^+ currents by activation of 
another peptide receptor, the angiotensin ATi receptor, 
in SCG neurons.

To conclude, we have observed a powerful inhibitory 
action of BK on Ik(m> in sympathetic neurons; indeed, BK 
is the most potent inhibitor of this K+ current so  far re
ported. This effect can account for the previously reported 
excitation of sympathetic neurons (Lewis and Reit, 1965; 
1966; Trendelenburg, 1966; Haefely, 1970; Wallis and 
Woodward, 1974). It is noteworthy that the concentrations 
of BK required to inhibit Ik(m> are well within the range of 
those found in inflammatory exudates (see Regoli and Bar
abé, 1980). H ence this effect may well contribute to the 
suggested role of sympathetic excitation in inflammation 
(Dray and Perkins, 1993) and pain (McMahon, 1991).

Experimental Procedures 

Cell Culture
Superior cervical ganglia were isolated from rats (15-19 days old), 
and cells were dissociated and cultured for 1 -3  days, as described 
previously (Selyanko et al., 1992). Cells were plated on grid-marked 
plastic dishes (coated with laminin) to facilitate localization of injected 
neurons. For injections and recordings, cells were superfused with a 
modified Krebs’ solution containing 120 mM NaCI, 3 mM KOI, 2.5 mM 
CaClz, 1.2 mM MgCU, 23 mM NaHCOs, 11 mM glucose, 5 mM HEPES, 
and .5 |iM tetrodotoxin. When bubbled with a mixture of 95% O J  5%

COz, the pH of this solution was 7.36. Experiments were performed 
at room temperature (20°C-25*C).

Antibody Injections
Antisera for injections were raised in New Zealand white rabbits as 
described previously (Goldsmith et al., 1987). Injections were made 
using high resistance (>30 MQ) electrodes, with the application of 
gentle pressure to expel the solution. Neurons were injected with one 
of the following: antiserum raised against the C terminal decapeptide 
sequence of the Go a subunit (002); antiserum raised against the 
C-terminal decapeptide sequ en ce common to the G, and G„ a sub
units (CQ1); a decapeptide sequence (1 pg/ml) corresponding to the 
common C-terminal decapeptide sequence of Gq and Gn a subunits 
(immunogenic peptide): a combination of CQ1 and immunogenic pep
tide (1 ng/ml).

Undiluted antisera, or antisera plus immunogenic peptide were coin
jected with a fluorescein isothiocyanate-labeled dextran (FITC- 
dextran; 10 kDa; Molecular Probes) to allow verification of injection 
using a fluorescence microscope (Nikon Diaphot 300). Only neurons 
showing bright fluorescence after Injection were used for recordings. 
In initial experiments comparing effects of anti-Gao and anti-Gaq/n anti
bodies, cells were coinjected with 1 % FITC-dextran. However, we sub
sequently found that 0.1 % FITC-dextran gave sufficient fluorescence 
to allow visualization for up to 6 hr postinjection, so  we used this 
concentration in later experiments with injections of CQ1 combined 
with immunogenic peptide.

Ik(M) Recordings
Whole-cell currents were recorded using the amphotericin perforated 
patch method (Rae et al., 1991). Patch pipettes (2 -5  MQ) were front- 
filled by dipping the tip into a filtered solution containing 80 mM 
K-acetate, 30 mM KCI, 3 mM MgCL, and 40 mM HEPES (adjusted to 
pH 7.2 and 280 mOsm) for 2 0 -60  s and then back-filled with the sam e 
solution containing 50 ng/ml amphotericin (Sigma; in 0.2% dimethyl 
sulfoxide). After obtaining seals of > 2  GQ resistance, permeabllization 
with amphotericin usually achieved a ccess  resistances of <15 MQ. 
To measure Ik(m> amplitude, neurons were voltage clamped using a  
switching amplifier (Axoclamp 2A or 2 8 , Axon Instruments; switching 
frequency 3 -6  kHz), at potentials of - 2 0  mV to - 3 0  mV to activate 
Ik(m), and the slow Ik{m> deactivation relaxation was revealed by stepping 
to -5 5  mV for 1 s. In som e experiments, current responses were re
corded to voltage ramps between about -1 1 0  mV and - 2 0  mV, at a 
ramp rate of -1 0  mV/s (from a holding potential of around - 2 0  mV). 
These experiments were done using external solution containing 1 
mM CsCi to block inward rectifier currents activated at potentials more 
negative than about - 9 0  mV. Voltage command protocols and data 
acquisition were carried out using pCIamp software (Axon Instru
ments). A liquid junction potential of - 6  mV (outside with respect to 
inside) has not been accounted for in measurements of membrane 
potential.

Drugs (bradykinin, Bachem; oxotremorine methiodide, RBI) were 
applied directly to the locality of the cell under study via a fine tube 
(diameter, 50 nm) positioned about 1 mm from the cell. Prior to applica
tion, drug solution was continually removed by vacuum suction applied 
to a second tube glued alongside the drug application tube. Drug was 
delivered when the vacuum was released. The time for equilibration 
of drug concentration at the cell was less than 6 s, as determined by 
application of a solution containing 37 mM additional KCI (to set the 
reversal potential for K+ at -2 5  mV) and measuring the delay to nega
tion of the standing outward K+ current activated at a holding potential 
of - 2 5  mV. On reapplying the vacuum, complete recovery of current 
was seen  in under 30 s. All data are presented as mean ±  standard 
error.

RNA Analysis
RT-PCR were carried out as described by Steel and Buckley (1993). 
Sympathetic ganglia and dorsal root ganglia total RNA was extracted 
according to the method of Chomczynski and Sacchi (1987). RNA 
was reverse transcribed using AMV-RT (Seikagaku) and subsequently 
amplified using Taq polymerase (Promega). The primers used for am
plification were derived from cDNA sequence (McIntyre et al., 1993; 
EMBL database accession number X69682). Primer sequences were: 
Ba 197s, GACATCACCGGCCAGCCCTTG; Bz 198as, GGTGACGTT-
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GAACATTTCGAT. Bz 197s was derived from an upstream noncoding 
exon and Bz 198as from the coding exon.
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