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ABSTRACT

Human endothelin-A receptors (ETAR) are desensitized when exposed to
endothelin-1. Desensitization is a two part process including decrease in signaling and
internalization of receptors. However, the molecular mechanisms underlying these
processes are not well characterized for the endothelin receptors. Phosphorylation of
serine residues in the third intracellular loop and carboxy! tail of several G-protein
coupled receptors are known to be involved in agonist-induced desensitization.
Therefore, the potential role of phosphorylation of ETAR serines in agonist-induced
descnsitization was investigated. Ser-289 in the third intracellular loop and Ser-391, Ser-
393, Ser-420 and Ser-421 on the carboxyl tail of the ET AR were replaced with alanines
by site-directed mutagenesis. Mutant and non-mutant constructs were expressed in
Xenopus oocytes and in stably transfected CHO-K1 cells. No significant differences
were found in desensitization between the mutant and non-mutant receptor constructs in
either of the expression systems. These results suggest that phosphorylation of the five

selected serines is not involved in desensitization of the endothelin-A receptor.

ix



CHAPTER 1
INTRODUCTION

Arteries, veins and capillaries are the conduits that deliver blood to peripheral
tissues. Neural and hormonal signals regulate the tone of these vessels. Coordination of
complex signals results in local and systemic regulation of blood pressure and blood
flow. Vascular tone is the result of a net difference between relaxation and contraction.
Endothelial cells that line blood vessels affect the tone of underlying vascular smooth
muscle through the production of several paracrine factors (1). For example, the
transmitter acetylcholine stimulates vasculature relaxation indirectly through endothelial
cells (1). Relaxation factors derived from endothelial cells include prostacyclin and nitric
oxide (2, 3). Epinephrine, arachidonic acid, physical stretching and increased transmural
pressure have been found to cause endothelium dependent vasoconstriction (4). A
protease-sensitive vasoconstrictor was described in the supernatant fraction of bovine
endothelial cells prior to the purification of the factor (5-7). The exact nature of the agent
responsible for this vasoconstriction was unknown until 1988 when Yanagisawa reported

the isolation of a novel vasoconstrictor, endothelin (8).

PRODUCTION OF ENDOTHELINS

Endothelin (ET) is a peptide vasopressor purified from the conditioned media of
porcine aortic endothelial cells. The mature form is 21 amino acids in length, and
contains two disulfide bonds yielding a bicyclic structure (8). The porcine hormone is
synthesized as a 203 amino acid preproendothelin (see figure 1). The first 17 amino acids
represent the signal peptide required for the protein to enter the secretory pathway (9).
Paired basic amino acid residues Lys51-Arg52 and Arg92-Arg93 are recognized and
cleaved by endopeptidases, resulting in the 39 amino acid intermediate ‘big-endothelin’

(big ET) (8). The previously unknown endothelin converting enzyme (ECE) is
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Figure 1. Biosynthetic processing pathway for endothelin. The secretory signal sequence
represents amino acids 1 to 17. Residues 18 to 52 and 93 to 203 are cleaved by a dibasic pair
specific endopeptidase. The final cleavage to form mature endothelin is by an endothelin
converting enzyme, and removes amino acids 75 through 92.



responsible for the final processing of mature endothelin, which is generated through an
unusual proteolytic cleavage between Trp74-Val75 (8). Vasoconstrictor activity of ET is
about 140 times higher than big-ET on a molar basis (10). ET induces a 50% maximal
response at doses more than an order of magnitude lower than values reported for
angiotensin 1I, vasopressin, or neuropeptide Y, making ET the most potent mammalian
vasoconstrictor peptide known (8). Research is being directed at cloning ECE so that
selective antagonists can be identified. The enzyme has been partially purified from
human endothelial cell hybrids, and is known to be an integral membrane protein (11).
Pharmacologic inhibition of the converting enzyme is predicted to parallel the effects of
angiotensin converting enzyme (ACE) inhibitors, which have been extremely successful

at treating hypertension.

ENDOTHELIN ACTION

Endothelin’s role in normal physiology has been difficult to elucidate. One
difficulty is a result of the potency of ET, and the fact that its effects are likely paracrine
in nature. Plasma levels of ET measured in normal human controls were 1.5-2 pg/ml,
which is three orders of magnitude lower than the 50% effective dose for inducing
vasoconstriction, in vifro (12). The discrepancy in hormone levels may be due to
variability in assay techniques, but is more likely the result of tissue ET overflowing into
blood. Another complicating factor is that ET is secreted in response to a wide range of
stimuli. For example, agents that stimulate the release of endothelin from vascular
smooth muscle cells include vasopressin and angiotensin II (13). Moreover, ET
stimulates the secretion of an equally long list of compounds including thromboxanes,
prostaglandins, progesterone, epinephrine and others (13). ET has also been shown to
stimulate secretion of neuroendocrine hormones from anterior pituitary and adrenal

glomerulosa cells (14, 15).



Functional responses to endothelin include constriction of a variety of smooth
muscle targets including airway, uterus and vas deferens (13). Endothelin acts as a potent
mitogen for fibroblasts and vascular smooth muscle cells, and induces hypertrophy in
cardiomyocytes (16-18). Endothelin's most striking effect is the increase in blood
pressure it produces in vivo. Intravenous administration of a single dose causes a
transient decrease in arterial pressure, followed by a slowly developing elevation (8).
This increase in tension is sustained for 40-60 minutes, while the plasma half-life of the
hormone is a mere 40 seconds (8, 19). Preliminary in vivo studies have been done in
humans investigating the effects of ET on regional blood flow. Administration of a
single dose elevated the arterial pressure for more than one hour in splanchnic vessels and

more than three hours in renal vessels (20).

ENDOTHELIN ISOFORMS

Three isoforms of endothelin have been identified (21). Each of the peptides is
structurally and pharmacologically distinct, and each is coded for by a separate gene. The
genes encoding the three endothelins were cloned by screening a human genomic DNA
library under low stringency hybridization (21). Endothelin-1, -2, and -3 (ET-1, ET-2, &
ET-3) share a high degree of sequence homology and are similar in secondary structure
(see figure 2). The only differences between ET-1 and ET-2 are amino acids six and
seven. ET-3 has less sequence homology, six of its 21 amino acids differ from ET-1.
Sarafotoxins (STRX), a family of peptides strikingly similar to ET are found in the
venom of the Israeli snake Atractaspis engaddensis (for one example see figure 2) (12).
A bite from this species of snake can be lethal, this is thought to be the result of
constriction of the coronary arteries and a blockage of the A-V node. To date, four
sarafotoxins have been characterized (SRTX-a, -b, -c and -d). They are structurally and
functionally similar to the endothelin peptides, and have been useful tools in studying the

effects of endothelins (4).



TISSUE DISTRIBUTION

The three isoforms of ET are coded for by separate genes, regulated independently,
and are expressed in different proportions in various tissues (21, 22). The isoforms of the
hormone have overlapping tissue distributions, but the potency of their biological effects
varies widely between tissues (21). Distribution has been assayed by several techniques
with varying sensitivities in cultured cells, tissue samples and whole animals. Northern
blot analysis revealed that ET-1 is the only isoform expressed in vascular endothelial
cells (4, 23, 24). Radioimmunoassay measurements of tissue samples found ET-1 in the
kidney, lung, heart, intestine, pancreas, pituitary, neurons of the spinal cord and dorsal
root ganglia, and other tissues (19, 25, 26). Radioimmunoassay also detected ET-1 in
blood, cerebrospinal fluid and urine (24).

The expression of ET-2 mRNA is restricted to the intestine in normal tissue, but
has also been detected in a kidney tumor cell line (19, 26, 27). Monkey Cos-7 kidney
cells also produce ET-2 (24). ET-3 mRNA has been detected in intestine, lung, pituitary,
pancreas and kidney tissues (23, 26). Radioimmunoassay detected ET-3 in pituitary,

kidney, intestine, lung and brain tissues (19, 24).

ENDOTHELIN IN DISEASE

Endothelin’s wide ranging effects on a variety of biological systems has generated
a great deal of interest in its possible role in disease. Studies have reported significant
elevation in plasma endothelin levels associated with a variety of pathologic conditions.
Elevated plasma endothelin levels have been reported in cardiovascular pathophysiology
including cardiogenic shock, acute myocardial infarction, hypertension, idiopathic
cardiomyopathy, congestive heart failure and arteriosclerosis (12, 19, 28). Elevations in
circulating ET may reflect increased production, death of ET producing cells, or an
impairment in the clearance of ET from plasma. Increased circulating endothelin will

induce vasoconstriction, reduce regional blood flow and stimulate mitogenesis of smooth



Endothelin-1

Figure 2. Amino acid sequences of mature endothelin-1, endothelin-2,
endothelin-3 and the snake venom sarafotoxin S6b. Numbering starting
at 1 represents amino terminus, and number 21 represents carboxy
terminus. The line from amino acids 1 to 15 and 3 to 11 represent
disulfide bonds.



muscle cells. It will also cause cellular hypertrophy, increasing the mass of the cells
without increasing their numbers (29). A recent study of patients suffering myocardial
infarctions reported that increased levels of endothelin in plasma gave a more accurate
prognosis of one-year mortality than age, sex, previous medical history, or in-hospital
treatment (30). Other conditions in which elevated endothelin levels have been reported
include systemic lupus erythematosus, inflammatory arthritis, uremia, sepsis, Raynaud’s
disease, surgical operations, trauma, renal occlusion and others (13, 19). It has been
repeatedly reported that cellular injury or death occurs when cells that have been deprived
of blood are suddenly reperfused. The injury resulting from the return of blood flow is
called reperfusion injury (30). One specific result of reperfusion that has been noted is
the constriction of blood vessels (29). This decrease in blood flow supplying post-
ischemic tissue could potentially result in increased cellular damage. To test ET-1s role
in reperfusion vasoconstriction, animals received a subarachnoid hemorrhage, or
mechanical occlusion of arteries to the kidney or liver. Prior to reperfusion, an orally
active endothelin receptor antagonist or antisera against ET-1 was administered to the
animal. All of the organ systems tested revealed that inhibition of endothelin’s action
greatly ameliorated the vasoconstriction associated with post-ischemic injury (29, 31, 32).

Abnormal levels of endothelin receptor expression may contribute to
pathophysiology. Endothelin receptors are upregulated in heart tissue following
ischemia, in kidney tissue following endotoxin exposure or cyclosporin administration,
and in the bladder and prostate of patients with benign prostatic hypertrophy (33-35).
These studies suggest that endothelin and its receptor may be involved in the

pathogenesis of a variety of disease states.

ENDOTHELIN RECEPTORS
Prior to the cloning of any endothelin receptors there was evidence to suggest the

existence of multiple subtypes. Kloog proposed a three receptor type classification based



on differences in agonist affinities revealed by binding studies (36). The classification
predicted one type that preferentially binds ET-1, one type that binds all three peptides
equally well, and one type that preferentially binds ET-3. To date, two receptor subtypes
have been cloned from mammalian sources, and a third receptor type has been cloned

from a non-mammalian source.

ETAR

The first subtype is the endothelin-A receptor (ETAR). The receptor was
originally cloned from bovine sources using an electrophysiologic assay of Xenopus
oocytes expressing exogenous mRNAs (37). It has since been cloned and characterized
from human tissue (38-41). Competition studies revealed that the relative binding
affinities of ET-1, ET-2 and ET-3 to ETAR are about 1:7:900, respectively (8, 42).
Tissue distribution studies of ET AR have been variable in their results. Discrepancies are
probably due to technical differences in the methods used. Tissue localization studies
have utilized Northern hybridization, pharmacological binding studies with 1251 ET-1 vs.
1251 ET-3, and in situ hybridization. The cumulative data suggest that ETAR has highest
expression levels in vascular smooth muscle, heart, lung, brain, adrenal, liver, gut,

kidney, uterus, placenta and testis (13).

ETgR

The second type of endothelin receptor, the endothelin-B receptor (ETgR), was
originally cloned from rat tissue (43). This receptor has since been cloned from human
tissue, and is 55% identical to the human ET AR (44). Competition binding revealed that
all three isoforms of ET share equal affinity for ETgR (44-46). The expression of this
non-selective receptor has been reported in endothelium, heart, lung, brain, adrenal, liver,

gut, kidney, uterus, aorta and placenta (see(13) for review).



ETcR

An ETcR is predicted based on pharmacological studies of ET binding to
mammalian tissues (36). The only source from which a clone has been derived is
melanophores of the non-mammalian vertebrate Xenopus laevis (47). The clone was
isolated through a combination of techniques, including polymerase chain reaction with
degenerate primers, and subsequent screening of a cDNA library. The deduced amino
acid sequence is 47% and 52% identical to ET AR and ETRR respectively (47).
Functional studies of the ETcR expressed in melanophores revealed that it responds to
ET-3 about 200 times more effectively than ET-1 or ET-2 (47). Although this receptor
has not been cloned from mammalian sources, it has been reported that in some bovine
pituitary and endothelial cells 1251 ET-3 has a higher affinity than ET-1, and ET-3 has

stronger biological activity than ET-1 (48).

ETR SIGNALING

Activation of endothelin receptors is the result of a ligand binding event, which
triggers a variety of cellular signaling events. Some variability of resulting signals in
different cell types is the result of co-expression of different ratios of ETAR and ETgR
(13). It is also likely that different cell types expressing the same receptor signal through
divergent pathways. The common element in the various down stream signals is G-
protein coupling. Most cells that express the A isoform of the endothelin receptor
activate the G-proteins that activates phospholipase C§ (PLC) (12). The activated PLC
then hydrolyses phosphatidylinositol, producing diacylglycerol (DAG) and inositol
(1,4,5)-trisphosphate (IP3). DAG subsequently activates protein kinase C (PKC), and IP3
activates its receptor stimulating the release of intracellular stores of calcium (49).
Activated PKC and increased intracellular calcium can have a variety of effects ranging

from increasing DNA synthesis to mechanical contraction of the cell (50).



Other signal transduction pathways which respond to endothelin via the ETRs
include phospholipase D (PLD), phospholipase A2, ion channels, activation of adenylyl
cyclase, and inhibition of adenylyl cyclase (12, 13). Studies are ongoing to determine

which endothelin receptor subtype is responsible for each signaling mechanism.

G-PROTEIN COUPLED RECEPTORS

ETAR, ETgR, and ETcR have in common the structural and functional properties
characteristic of the most prevalent and diverse of all cell surface receptors, the G-protein
coupled receptor superfamily (GPCR) (51). All family members contain seven
hydrophobic domains which alternate with hydrophilic domains. The hydrophobic
domains span the plasma membrane, and the hydrophilic domains form the intracellular
and extracellular loops. The result is a family of receptors with an extracellular amino
terminus, three intracellular loops alternating with three extracellular loops and an
intracellular carboxyl tail.

Diversity within the family of GPCRs is emphasized by the wide variety of
associated ligands. Included are amine receptors such as the o and [ adrenergic
receptors, as well as dopaminergic, histaminergic, muscarinic and serotonergic receptors
(see (52) for review). Many GPCRs are peptide receptors, including the receptors for
angiotensin, bombesin, thrombin, tachykinin, follicle stimulating hormone and luteinizing
hormone. Several GPCRs are involved in sensory stimuli, such as odorant receptors,
bitter and sweet taste stimulants, and visual rhodopsin receptors (52, 53). Data bases of
GPCRs include more than 100 distinct receptor types, and this list is continually
expanding (54, 55).

GPCRs are so named because activation of guanine nucleotide binding (G)
proteins is an intermediate stage in their signal transduction. G-proteins consist of
heterotrimeric complexes of distinct alpha, beta and gamma subunits. Multiple isoforms

of each subunit contribute to the diversity in signaling via the GPCR pathway (56, 57).
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When agonist binds to a GPCR, the conformation of the receptor changes enabling
interaction with a G-protein. The inactive G-protein then exchanges bound GDP for
intracellular GTP. The result of this substitution is an active G-alpha dissociating from
G-beta/gamma. The G-beta and G-gamma do not dissociate from one another (57).
Active G-alpha activates a variety of effectors including adenylyl cyclase, Ca2+ and K+
channels, phospholipase Ay (PLAj3), PLC, phospholipase D (PLD), and cGMP
phosphodiesterase (52, 58). At one time, G-protein function was fully attributed to the
alpha subunit, while beta and gamma were only thought to be involved in anchoring the
complex to the plasma membrane (54). Beta-gamma complexes are now known to effect
adenylyl cyclase, PLC, PLA2, cGMP phosphodiesterase, K+ channels, as well as different
forms of G-protein receptor kinases (57). One example of the differential activation has
been seen with different subtypes of PLCB. G gy subunits stimulate PLCB3 most strongly
and PLC[4 not at all, whereas G /11 Subunits stimulate PLCB1 most and does stimulate

PLCB4 (58).

RECEPTOR DESENSITIZATION

Specialized cellular systems have evolved to coordinate complex signaling
processes. These systems contain regulatory loops that feed back and regulate activity at
several levels, particularly at the receptor level. Activation of a specific receptor
stimulates regulatory systems, resulting in a dampening of the signal that initiated the
loop. Reduction of signaling, or desensitization, is found in the presence of continuous or
repeated stimuli. Different types of desensitization can be separated out as either
receptor-specific (homoldgous) or generalized (heterologous). Homologous
desensitization serves to reduce the cellular response to a distinct receptor stimulus.
Heterologous desensitization describes a reduction in responsiveness of receptors unique

from those involved in the initial signaling event.
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DESENSITIZATION MODEL

Many of the mechanisms involved in desensitization were first discovered and
characterized in the -adrenergic receptor (BAR), which is a member of the GPCR
family. The characteristics identified in the BAR system have been identified in many of
other GPCRs. One model developed for BAR desensitization predicts a three stage

process: uncoupling, internalization and down regulation (59).

UNCOUPLING/PHOSPHORYLATION

Uncoupling occurs in the seconds following receptor activation. This event causes
signaling to diminish, while the receptor remains in the plasma membrane. Uncoupling
represents the functional separation of the ligand-bound receptor from the signaling G-
protein. In many of the GPCRs studied, uncoupling is mediated by phosphorylation. A
list of GPCRs that are known to be phosphorylated in the process of desensitization can
be found in table 1.

GPCRs are phosphorylated by two types of cellular kinases. One type, effector
kinases, includes protein kinase-A (PKA) and PKC. PKA is activated by cAMP, and
PKC is activated by DAG. These kinases provide a potential mechanism for wide
cellular effects because their targets are not receptor specific.

The other cellular kinase involved in phosphorylation of GPCRs is the G-protein
coupled receptor kinase (GRK). These kinases are unique in that they phosphorylate
GPCRs only when they are occupied by ligand (60). Members of this kinase family
include rhodopsin receptor kinase (GRK1), two B-adrenergic receptor kinases (GRK2 and
GRK3, also known as BARKS), a gene cloned from the Huntington’s disease locus
(GRK4), and recently GRKS, GRK6, and GRK7 were identified in neutrophils (60, 61).

In vitro phosphorylation of GPCRs by these kinases reduces, but does not inhibit,

12



I Receptor Source of receptor | Reference
o.-mating factor receptor yeast (62)
Muscarinic cholinergic receptors human (63)
Rhodopsin receptor bovine & frog (64)
Thrombin receptor human (65)
B adrenergic receptor human (59)
o adrenergic murine (66)
Formy! peptide receptor (fMLP) human (67)
C5a chemoattractant receptor human (67)
Olfactory receptors rat (68)
Follitropin (FSH) rat (69)
Substance P receptor rat (70)

Table 1. G-protein coupled receptors phosphorylated in the process of desensitization.

receptor activation of G-proteins (71). Phosphorylation of receptors by GRKs potentiates
binding of an arrestin protein. Once an arrestin binds to the receptor, the conformation of
the complex changes so that signaling can no longer occur.

Binding of B-arrestin proteins is required to fully quench the signaling of [3-
adrenergic receptors (72). Three mammalian genes have been cloned for different forms
of arrestins, all are expressed as splice variants (73). The first arrestin was discovered to
be the inhibitor of visual signaling triggered by light-activated rhodopsin. The other two

arrestins, B-arrestin 1 and B-arrestin 2 , were discovered through their effect on the -

13



adrenergic receptor (71). Receptor-arrestin complexes are stable until the ligand has left
the receptor, at which time, arrestin is released and the receptor becomes sensitive to
phosphatases (71). Removal of phosphates by phosphatase enzymes regenerates the

receptor back to an inactive state, ready to be stimulated by ligand again.

INTERNALIZATION

Internalization is the second stage of desensitization. It is distinct from uncoupling
of receptors and G-proteins. Receptors transform into an active conformation after
binding ligand, and then internalize. Internalization involves sequestration of the receptor
away from the cell surface into membrane bound vesicles (74), which Internalization
occurs in the seconds to minutes following receptor activation (59). This is a well-
described phenomenon characteristic of many GPCRs (for a list see table 2.). The
consensus sequence of amino acids responsible for targeting GPCRs for internalization is
not yet known (if it exists). It is known, however, that serines and threonines in the
muscarinic cholinergic receptors and the gastrin-releasing peptide receptor, mediate
internalization (75, 76). A recent report also suggests that a highly conserved tyrosine is
required for agonist induced B2-adrenergic receptor internalization (77).

Clathrin coated pits (CCPs) within the plasma membrane bud off vesicles that
form intracellular transport compartments which internalize cell surface receptors and
their ligands. Different types of receptors are internalized via CCPs. These include
receptors for protein hormones like EGF, receptors for transport proteins like transferrin,
and even GPCRs like the B-AR (74, 78). Electron microscopy has been used to localize
GPCR’s route of internalization to CCPs (79). The most widely accepted model of
internalization involves the CCP pathway, however, one report suggests that B-AR and

yeast mating factor receptors are internalized via smooth, or non-clathrin coated pits (80).

14



|| RECEPTOR TYPE REFERENCE
Bombesin receptors (81)
Angiotensin II receptor (82)
Neurotensin receptor (83)
Thrombin receptor (84)
Vasopressin receptor (85)

" M1 muscarinic cholinergic receptor (86)
C5a chemoattractant receptor (87)
Thyrotropin-releasing hormone receptor (88)
Bradykinin receptor (89

Table 2. G-protein coupled receptors internalized in the process of desensitization.

DOWN REGULATION

The third stage of desensitization, down regulation, occurs after hours of
stimulation (59). This regulatory process decreases the total number of receptors, which
results in a diminished responsiveness. Down regulation has been characterized most
extensively for the B-AR. Data suggest that -adrenergic receptors do not have to be
phosphorylated or sequestered in order to be down regulated (90, 91). The decrease in
total cellular complement of receptors could be accounted for by decreased synthesis,
enhanced degradation of receptors, or a combination of both. Site-directed mutation of
two tyrosines in the C-terminus of a AR did not interfere with signaling or recycling, but
greatly diminished down regulation (92). The separation of signaling and internalization

from down regulation in these receptors implies that the processes regulating down

15



regulation are at the level of the receptor protein. Other evidence suggests the opposite,
reporting a reduction in receptor number parallels a decrease in mRNA stability (93).
Agonist-induced reduction of mRNA levels has been reported for several GPCRs,
including 2-AR, M1 muscarinic receptors, thyroid stimulating hormone receptors and
ojp-adrenergic receptors (93-96). The role down regulation plays in desensitization is
clearly a long term process that provides feedback inhibition on an activated receptor

signaling system.

ENDOTHELIN RECEPTOR DESENSITIZATION

Endothelin receptor regulation has a potentially important role in the maintenance
of homeostasis within the cardiovascular system. A great deal of research has been done
to identify the role of ETRs in normal physiology as well as its potential role in disease.
Endothelin’s action as a potent vasoconstrictor has motivated investigation of the

desensitization of ETAR in a variety of systems.

ETAR EXPRESSION IN XENOPUS OOCYTES

Prior to cloning, expression of the endothelin receptor was studied using Xenopus
oocytes injected with mRNA from rat heart (97). The first report of endothelin-A
receptor cloning utilized an electrophysiologic assay in Xenopus oocytes, following
mRNA injection (37). Electrophysiologic studies of ET AR activation revealed a current
that reflects a calcium-dependent chloride channel (97). Further characterization of
ETAR’s properties in oocytes revealed that the receptor is profoundly desensitized
following a single pulse exposure to endothelin (98). Desensitization resulted in
complete loss of responsiveness to stimulation by endothelin for over an hour. Partial
sensitivity to endothelin was regained after a 1.5 to two hour recovery period (99). This

long lasting desensitization period makes the ET AR unique among GPCRs (100).
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ETAR EXPRESSION IN CELL CULTURE

Desensitization of the endothelin-A receptor has also been investigated in cell
cultures and preparations of vascular rings and strips. Cell culture experiments have used
IP production as a measure of receptor activity. Desensitization can be defined in culture
as a diminished production of IPs in response to a second dose of ET relative to the
primary dose. Endothelin receptor desensitization has been demonstrated in a variety of
cell types including neurohybrid (101), C-6 neurons (102), cerebellar granular cells (103),
pituitary gonadotrophs (104), hepatocytes (105), tracheal smooth muscle cells (106) and
cardiomyocytes (107).

Internalization is aspect of desensitization that results in the number of potentially
activated receptors is decreased. The internalization of ETRs has been studied in cell
culture. The formation of an endothelin receptor-ligand complex induces the rapid
transfer from cell surface to an internalized compartment (105, 108). The fraction of
receptors internalized varies among cell types. Primary cultures of rat hepatocytes
internalize up to 90% of their total ligand-bound cell surface receptors (105). Primary
cultures of human vascular smooth muscle cells internalize a maximum of 70% (108).
Many details regarding the molecular mechanism responsible for internalization are
unknown.

To determine whether ET AR is internalized via a CCP pathway inhibition studies
were performed. Two techniques known to inhibit CCP internalization are cytosolic
acidification and pretreatment of cells with the transglutaminase inhibitor
dansylcadaverine (108). When human vascular smooth muscle cells were treated by
either method, internalization of ETAR was significantly inhibited (108). This indicates
that the receptor is internalized via the clathrin coated pit pathway.

Internalization and down-regulation both result in a decrease in cell surface

receptors. It is not yet clear whether internalization is a precursor to down-regulation.
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Cells pretreated with ET show a time and temperature dependent reduction in the total
number of cell surface receptors (Bmax), without any change in the receptor’s affinity for
ligand (dissociation constant, or Kd) (109, 110). This indicates that the mechanisms
involved in desensitization and internalization do not affect the affinity of the receptor for

ligand.

ETR IN BLOOD VESSELS

Blood vessel strips from a variety of anatomical sites in a number of species have
been used to study the in vitro effects of endothelin. The characteristic response of these
vascular strips to a primary dose is a slow onset of tension (maximum at 11-16 minutes),
and a very slow recovery (60-66 minutes) (111). Up to six hours after a primary

stimulation with ET, rechallenging resulted in a less than maximal contraction (111).

ENDOTHELIN RECEPTOR ANTAGONISTS

A variety of different endothelin receptor antagonists have been identified which
will provide better insight into the effects of ETs. Using antagonists against specific
subtypes of endothelin receptors makes it possible to assess the role each plays in normal
physiology and in disease states. The most widely used antagonist of ETAR is BQ123.
This cyclic peptide was developed based on the natural antagonist activity of a
fermentation product of Streptomyces misakiensis (sce figure 3.) (112).

Other examples of ET AR antagonists include the pseudo-tripeptide FR-139317,
and the orally active chemical compound called Ro 46-2005 (13, 32). To better
understand ETR’s role in basal vascular regulation, in vivo administration of an ETAR
antagonist was performed. When cats were infused with FR-139317 for up to 20 minutes
vascular tone was completely unaffected (113). When a submaximal dose (1.6x10-10 mol

kgl min-1) of exogenous ET-1 was infused for 20 minutes a distinct and reproducible
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Figure 3. The structure of the endothelin-A receptor antagonist BQ123 (13).

vasoconstriction resulted. When both were administered together, FR-139317 inhibited
the vasoconstrictor response to ET-1 in a dose-dependent manner (113). The effects of
ET-1 and the ETAR antagonist over the 20 minute period suggest that ET may be
involved in long-term regulation, and perhaps during pathophysiological conditions.
Cardiac hypertrophy is a pathologic condition that is caused by a variety of events.
One of the most serious causes of hypertrophy is myocardial infarction. Following an
infarction, the heart is unable to pump sufficient volume of blood resulting in back
pressure and hemodynamic overload. ET-1 has been shown in vitro to induce
hypertrophy of cultured cardiomyocytes, and was thought to be a participant in post-
infarction hypertrophy (114). A widely used model of hemodynamic overload involves
banding the aorta in rats to restrict outflow from the left ventricle (115). Antagonizing
the ETAR by infusing BQ123 partially blocked the cardiac hypertrophy that resulted from

pressure overload (115).
COMPARISON OF ETAR TO OTHER GPCRS

Comparing ET-1 to other vasoconstrictors has suggested similarities in the

signaling pathways and yet differences in the patterns of cellular effects. One indicator of
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receptor signaling is intracellular Ca2+ levels. When aortic myocytes are stimulated with
ET-1, angiotensin I (ANG II) or arginine vasopressin (AVP), the rate and duration of the
rise in intracellular Ca2+ are equivalent (116). The tension induced in aortic rings as a
result of stimulation by vasoconstrictors is quite a different story. The effects of ET-1
have slower onset and much longer duration. When ANG II and AVP are each applied to
vascular strips both cause rapid increases in tension, which last about eight minutes (116).
Endothelin, on the other hand, induces almost twice as much tension after only five and a
half minutes, and maintains contraction for an hour (111, 116). Similarities in signaling
with different end results suggests that ET AR is very different from other vasoconstrictors

acting through GPCRs.

MODEL OF ETAR DESENSITIZATION

To better understand the role that endothelin receptors play in normal physiology
and pathophysiology, it is important to determine how the receptor is regulated at the
molecular level. To this end, I have embraced a model of desensitization based on
literature describing the ET AR specifically and more generally the G-protein coupled
receptors.

I propose the following two step model for the desensitization of the ETAR. The
first step, phosphorylation of the receptor, occurs after hormone binding. When a
receptor is occupied by ligand the conformation of the complex is changed, making the
receptor a target for cellular kinases. The receptor is phosphorylated on serines located
within consensus phosphorylation sites in the third cytoplasmic loop and carboxyl tail.
Phosphorylation of the receptor would then interfere sterically or would induce a further
change in receptor conformation, in either case preventing second messenger activation
and subsequent ligand binding. The second step responsible for the ETR desensitization
is internalization. Following ligand binding the cell is activated, the receptor is

phosphorylated, and the receptor-ligand complex is endocytosed. Translocation from the
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cell surface to cytoplasmic endosomes physically separates the receptors from available
extracellular ligand. The net effect of these two steps is prevention of continual cellular
activation in response to repeated or prolonged stimulation with ET.

This model of ETAR desensitization is consistent with the general notion of GPCR
studies indicating that phosphorylation of specific intracellular sites is involved in
desensitization. Three authors reporting the deduced amino acid sequences of ETAR
have noted serines that may serve as substrates for cellular kinases. These serines are
located within sequences that fit consensus motifs for PKC and CaM kinase II (117). The
possibility of phosphorylation involvement has been tested using phorbol esters to mimic
DAG and Ca?* to activate PKC (49). When C-6 neurons, NG-108-15 cells,
cardiomyocytes, tracheal smooth muscle cells or vascular smooth muscle cells are
pretreated with phorbol esters the cellular responses to endothelin are diminished (101-
103, 106, 107, 118). Pretreatment of cells expressing ET AR with phorbol esters also
results in a reduction in cell surface receptor numbers (102, 118). The results from these
reports imply that PKC is involved in the desensitization of the ET AR. Inhibition of PKC
with the competitive antagonists staurosporine, sangiovamycin, or H-7 produced results
that conflict with the phorbol ester data. Some investigators report these antagonists
reverse the effects of the phorbol esters, while others report preincubation with PKC
inhibitors had no effect on ET-1 induced desensitization (102, 106, 107, 109). The

question of PKC involvement in ETAR desensitization remains unanswered.
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SUMMARY

The goal of this study was to gain insight into the regufation of endothelin receptor
activity. This research was inspired by the notion that regulation of the response to a
vasoconstrictor and mitogen plays a significant role in the maintenance of normal
physiology. It can be anticipated that loss of this regulation would result in a
pathophysiologic state. The experimental aims of this thesis were as follows:

1. Demonstrate desensitization of the cloned ETAR.

2. Demonstrate that phosphorylation of ETAR is involved in desensitization.

3. Demonstrate that phosphorylation of ETAR mediates internalization which

contributes to the desensitization process.

The detailed experiments, results and conclusions comprise the body of this thesis.
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CHAPTER 2
MATERIALS AND METHODS

MATERIALS

3H Myo-inositol, Expre33835S protein labeling mix, and 1251 ET-1 were purchased
from NEN/DuPont. Endothelin-1 was from Peptides International. MCDB-302 media
was from Sigma. pCDNA Ineo plasmid was from Invitrogen. Then oligo-directed
mutagenesis kit was from Amersham. Mouse ‘M2’ anti-flag IgG1 antibody and soluble
flag peptide were from Kodak. Polyclonal rabbit anti-flag antibody #1968 was a
generous gift of C. Enns. Goat anti-mouse IgG1 FITC was purchased from Boehringer
Mannheim. Oligonucleotide primers were synthesized in our lab on a Cyclone

oligonucleotide synthesizer.

PCR CLONING OF HUMAN ENDOTHELIN-A RECEPTOR

Total RNA was isolated from cadaveric human lung tissue by the acid phenol
extraction process as described (119). Reverse transcription of RNA was primed with a
combination of 10ug/ml oligo dT and 0.4uM oligonucleotide #153 (5’
CAGTCTCGAGTCACAGTTGCCTTGTG 3’) encoding the 3’ untranslated region of

the ETAR and are located 52 to 71 base pairs down stream of the translational stop signal
(homologous bases are underlined). The reverse transcription reaction was carried out by
D. Pribnow. The resultant cDNA was used as the template in polymerase chain reactions
(PCR) according to the technique described by Saiki et al. (121). The primers contained
unique restriction digest sites 5’ to the homologous priming sequences. Primers were as
follows: 5’ primer =5 CGTCAAGCTTCAAGATGGAAACCCTTTCG 3;

3’ primer =5° CAGTCTCGAGGGTGGTCAGTTCATGCTGT 3’ (nucleotides encoding

the ETAR are underlined). PCR synthesis included lunit Ventg DNA polymerase (New
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England Biolabs) in a 20yl reaction volume. Thermocycling involved a preliminary one
minute denaturation at 95°C followed by 40 cycles of the following: 30 seconds at 95°C
for denaturation, then 30 seconds at 45°C for annealing and finally one minute at 72°C of
elongation. The product was subcloned into the HinD III and Xho I sites of the

m13mpl8 and pcDNA 1/neo vectors.

SITE DIRECTED MUTAGENESIS

Insertion of the flag epitope into the ETAR ¢cDNA was carried out using an
oligonucleotide directed mutagenesis kit from Amersham corp. according to the
procedural directions supplied by the company. For details about the primer used see
figure 7. The first step in the insertion process was to prepare single stranded DNA
sequence to be altered. This was accomplished by harvesting single stranded plasmid
from M13mp18 phage containing ETAR, as described (120). The oligonucleotide
containing the flag sequence was kinased and then annealed to the single strand DNA
template. A second strand was synthesized using klenow fragment and T4 DNA ligase,
in the presence of a mix of nucleotides and nucleotide analogs. The parent strand, not
containing nucleotide analogues, was nicked and digested. A new second strand was
polymerized completing a double-stranded plasmid, including the alterations contained in
the mutant oligonucleotide.

Replacement of five serines in the third intracellular loop and carboxyl tail were
accomplished using the same mutagenesis technique as was used in insertion of the flag
epitope. A ET AR clone containing the flag epitope was used as the template for
mutagenesis. Three oligonucleotide primers were used (see figure 8) to mutate one or
two serines at a time. Individual constructs were made that contained the flag sequence
and the mutations contained in a single oligonucleotide primer. A construct containing
all five mutated serines was made from one of the single site mutants. Each of the

different constructs were sequenced using the dideoxy chain termination technique to
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verify the presence of the anticipated mutations. It was also determined at a later time
that the transfection of CHO-K1 cells with the mutant receptor did in fact contain this
construct containing 5 serine to alanine alterations. This determination was made my
PCR of the receptor from cell extracts, followed by restriction digestion with Haelll and
Narl, both of which cut at mutated sites, and not at wild-type, producing an additional

fragment on digestion with either enzyme (121).

CELL CULTURE

All tissue culture dishes were manufactured by NUNC. CHO-K1 cells were a
generous gift from L. Root and G. Shipley, and the rat A10 cells were a generous gift
from B.E. Magun. A10 cells were grown in DMEM supplemented with 5% bovine calf
serum and 10pg/ml gentamycin. The non-transfected CHO-K1 cells were grown in
MCDB-302 media (Sigma) supplemented with 5% bovine calf serum, 10pg/ml
gentamycin. Cells were stably transfected with the various constructs using the calcium
phosphate technique (121). Following transfection cell clones were selected and grown

in the media described with the addition of 700pg/ml G418 (Genetacin from Gibco).

125] ET-1 BINDING EXPERIMENTS

Binding experiments were performed as described (110) on A10 vascular smooth
muscle cells and stably transfected CHO-K1 clones of ETARjr, ETARjr-flag and
ETARjr-flag/ASx (for details of receptors see System Construction in Results chapter).
Confluent cells (about 5x10%) were incubated with 2.5nM 125 ET-1 at 4°C for three
hours in Hanks’ balanced salt solutions containing 0.1% bovine serum albumen
(HBSS+BSA). Following this incubation cells were extensively washed, solubilized in
1.0 N NaOH, and the cell-bound radioactivity was determined. Nonspecific binding was

determined by binding in the presence of excess (4x10-7M) unlabeled ET-1.

25



SATURATION OF 125] ET-1 BINDING SITES

ETARjr-flag and ETARjr-flag/ASx expressing cells were incubated with 10 nM
ET-1 in HBSS+BSA at 37°C for indicated times. Cells were then transferred on to ice
and washed twice with ice cold HBSS+BSA, and incubated with 10 nM 1251 ET-1 at 4°C
for three hours to saturate remaining receptors. Cells were extensively washed and

solubilized in 1.0 N NaOH to determine cell-bound radioactivity.

1251 ET-1 BINDING AND INTERNALIZATION

Surface-bound and internalized 1251 ET-1 was determined using the acetic acid
procedures as described by Resink et al. (108). Cells expressing ETARjr-flag and
ETARjr-flag/A5x were incubated in HBSS+BSA with 1251 ET-1 at 4°C for three hours to
saturate cell surface receptors. Cells were washed extensively to remove unbound ligand
and then transferred to 37°C for specified times. At the end of the 37°C incubation ET-1
bound to the cell surface was removed by washing cells twice for 10 minutes each time at
4°C in 0.2M acetic acid (pH2.5) containing 0.5 M NaCl. Combination of the two washes
constituted the acid-sensitive fraction of 1251 ET-1. The remaining cell-associated 1251
ET-1 was determined by solubilizing the cell layers in 1M NaOH, and constituted the
acid-resistant fraction. Control experiments were done in which total bound 1251 ET-1
was determined by lysis without acid wash and compared to the summation of acid-

sensitive and acid resistant counts.

FIXING AND STAINING CELLS FOR IMMUNOFLUORESCENCE.

Technique described in this section represents a combination of methods reported
by (122, 123), and modified by C. Enns (personal communication). All receptor
constructs expressed in CHO-K1 cells, grown in MCDB-302 media supplemented with
5% bovine calf serum 10pg/ml gentamicin, and 700Lg/ml G418. Cells were grown on

Fisher brand cover slips placed into NUNC 6-well plates. Cells were stimulated with
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1x108M ET-1 for stated periods of time at 37°C, and then washed twice with room
temperature phosphate buffered saline (PBS). All remaining steps were carried out at
room temperature. Paraformaldehyde was freshly diluted to 3% with PBS and incubated
on washed cells for 15 minutes. Cells were rinsed two times with [PBS+10% goat
serum] and then preincubated with [PBS+10% goat serum] for 15 minutes. Incubation
with first antibody (Mouse ‘M2’ anti-flag IgG1 antibody diluted 1:50 in [PBS+10% goat
serum]) was for 90 minutes. Cells were washed twice by dipping the cover slip into
[PBS+10% goat serum]. Incubation with secondary antibody (goat anti-mouse IgG1
FITC diluted 1:150 in [PBS+10% goat serum]) was for 60 minutes. Cells were then
washed twice by dipping the coverslip into [PBS+10% goat serum], and then one final
wash in PBS. The final product was then mounted on slide with 0.2% p-

phenylenediamine/50% glycerol.

INOSITOL PHOSPHATE ASSAY

This technique was performed according to the protocol described by (124).
Cells were grown to near confluence (~3x10° cells/plate) on 6cm NUNC plates, and
serum deprived (0.1% bovine calf serum) in appropriate media containing 1uCi/ml
[3H]myo-inositol (Dupont/NEN) for 24 hours. After removal of the labeling medium, the
cells were rinsed, and then incubated in serum free media without myo-inositol. Cells
were then treated as described for specific experiments. Over the period that inositol
phosphates were to be measured LiCl was added to the media at a final concentration of
100mM to inhibit the degradation of the second messenger by a phosphatase. Reactions
were terminated by placing the cells on ice and adding 1ml 0.3M formic acid for 20
minutes, and then 0.35ml NH4OH (0.4M), and brought up to 5ml with dHO. Samples

were loaded on formic acid-conjugated form of Dowex-1 ion exchange resin (Sigma 1x8-
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400). Samples were then washed and IP1, IP2, and IP3 were eluted in a single fraction
with 0.1M formic acid/ 0.75M ammonium formate, and quantified by liquid scintillation

counting.

XENOPUS OOCYTE EXPRESSION OF RECEPTORS

ET aARjr-flag and ETARjr-flag/ASx mRNA were transcribed from 2ug of
linearized plasmid and capped with 7mGpppG using T7 RNA polymerase (from BRL),
and resuspended in 25ul RNase free dH»O. Isolation of ovaries, and isolation and
injection of oocytes were carried out by personnel in J.P. Adelman’s laboratory at the
Vollum Institute for Advanced Biomedical Research. Three to seven days after injection
of in vitro transcribed mRNA, cells were voltage-clamped at -60mV and currents were
recorded in response to various doses and periods of ET-1. Experiments were done at
room temperature using a standard two-microelectrode voltage-clamp in ND96 (96mM
NaCl, 2 mM KCl, ImM MgCl,, SmM Hepes, and 1.8mM CaClp, unless calcium free, in
which case no CaCl, was added).

Desensitization experiments were done by stimulating the oocytes with 10nM ET-
1 in ND96 for one minutes and recording the response. The oocytes were then washed
constantly for 30 minutes. They were then restimulated with the same dose and duration

as the first. Current recordings were recorded throughout.

IMMUNOPRECIPITATION

The following is the initial protocol used for immunoprecipitation which was
altered stepwise as results dictated (125). Preliminary immunoprecipitations were carried
out on cells metabolically labeled with 35S methionine, in an attempt to optimize the
recovery process. There are 15 methionines in each receptor protein which was expected
to provide adequate labeling for following. Cells were grown as described in Materials

and Methods. Cells were washed with room temperature PBS, and then placed in
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DMEM deficient in methionine. The cells were incubated in this media for one hour
prior to labeling for two additional hours in methionine free DMEM supplemented with
100mCi/ml 35S-methionine, and 0.1% V/V bovine calf serum. At the end of the labeling
period cells were washed twice with ice cold PBS, and then solubilized in Lysis buffer #1
(see below). Lysates were then clarified by centrifugation at 16,000 x g (12,000 rpm in
epindorff centrifuge) for five minutes. The supernatant was then transferred to a fresh
tube and preabsorbed with 50pg/ml of Protein G sepharose or protein A sepharose,
rotating at 4°C for 1 hour. The sample was then spun at 12K RPM for two minutes to
pellet the sepharose. To the supernatant was added 24ug of mouse anti flag IgG1 M2
antibody, and rotated at 4°C overnight. The primary antibody was then precipitated out
by adding 40ml protein G sepharose or protein A sepharose and rotating at 4°C for an
additional hour. The sample was then pelleted (same as above), then suspended in 1ml of
lysis buffer #1, and repelleted. This wash procedure was done three times. The pellet was
then suspended in 100ul lysis buffer #1 and layered on top of 1ml of washing buffer with
15% sucrose (see below). The sepharose/M2/antigen complex was then pelleted through
the wash solution for two minutes at 12K RPM. This final pellet was suspended in 100ul
2X Laemmli buffer (see below), heated to 95°C for 5 minutes, and then loaded on a 10%
polyacrylamide SDS gel (gel made according to (120)). The samples were run out
overnight, and then the gel was soaked in Coomassie stain for 30 minutes, followed by
destain as needed, and finally soaked in Amplify for 15-30 minutes. Gel was dried with
heat and then exposed to film.

Lysis buffer #1 contained 50mM Tris-Cl pH 8.0, 150mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 40pg/ml bestatin, 50ug/ml leupeptin, and ImM PMSF. Washing
buffer with sucrose contained 50mM Tris, 150mM NaCl, 1% SDS, 1% sodium
deoxycholate, all pH to 8.5 with HCI, and then 1.5 g sucrose per 10 ml buffer. 2X
laemmli buffer contained 0.125M tris-Cl pH 6.8, 4% SDS, 20% glycerol, 10% beta-

mercaptoethanol, and 0.002% bromphenol blue.
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The experiment described above gave poor labeling of cellular proteins.
Therefore, additional experiments were carried out, testing different incubation periods.
Control samples include the comparison of ET AR|r cell lysates, with those of ETARjr-
flag. Another control involved the competition of specific binding with 10pg/ml soluble
flag peptide (from IBI/Kodak). This time cells were either methionine deprived for one
hour, followed by a four hour labeling, or just labeled overnight without prior
deprivation. The resulting autoradiogram of this experiment showed no bands that were
unique to cells expressing the flagged receptor. One consideration is that the ETAR is
proteolytically cleaved in a similar fashion to the ETBR, which is prevented in the
presence of EDTA (126, 127). Precipitation carried out on cells lysed in lysis buffer #1
that included 50mM EDTA gave results identical to those done without the chelator.
Another possibility raised was that the long primary precipitation could be contributing to
the loss of receptor protein. To test this question precipitations were carried out for either
one hour or overnight. The result of this experiment was that even the short incubation
was long enough to bind the cross reacting-proteins, but still did not result in the presence
of a receptor being precipitated.

At this time it seemed possible that the M2 antibody was not binding the antigen
with high enough affinity, and therefore was being washed off prior to the final stages.
Personal communications with S. Malloy (in G. Thomas’ lab) revealed that the M1
antibody purchased from IBI/Kodak was much more efficient at precipitating proteins
containing the flag epitope. I did a comparison of the M1 (15ug/ml) and M2 (24pg/ml)
antibodies at precipitating labeled cellular proteins. For this experiment no EDTA was
used, and because of M1’s calcium requirement ImM CaCly was included in all solutions
used in the processing of M1 samples. Comparing the precipitates of these two
antibodies showed that M1 had a higher background, but neither gave a specific band that

could be associated with the receptor.
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The lack of precipitation of the ET ARjr-flag led us to believe that the epitope was
not being recognized by the antibody under these conditions. The precipitation was then
done on samples that had been lysed in lysis buffer #1 that had 3% SDS, rather than the
normal 1%. These samples were heated to 65°C for 15 minutes to assure denaturation of
any secondary structures that were interfering with antibody antigen interactions. These
were cooled to room temperature and diluted so that the final SDS was 1% before the
primary antibody was added. When this technique failed to give the specific band other
lysis conditions were tried. Two different detergents, each at two different PHs were
tested. The detergents were 0.5% triton X-100 and 1.0% n-Octyl B-D glucopyranoside.
Each of these were prepared in 10mM Tris, 150mM NaCl, 5mM EDTA, 40ug/ml
bestatin, S0pg/ml leupeptin and 1mM PMSF, with a portion of each adjusted to a pH of
7.0 or 8.0. These conditions also failed to precipitate the receptor.

The laboratory of M. Chinkers was having success precipitating a flagged protein
with the M2 antibody. I therefore used conditions identical to those used in their lab
(125), including the use of their reagents (generously given to me by the Chinkers’ lab).
In this experiment I also compared the precipitation using 1pg or 24 ug of M2 antibody.
This technique proved no more useful than the others tested previously.

A probable explanation for the lack of results was that the commercial preparation
of antibody was unable to precipitate the receptor under the conditions tested. A test of
this hypothesis was to attempt do the precipitation using serum containing polyclonal
antibody made against the peptide sequence of the flag epitope in rabbit. This experiment
involved the comparison of untransfected CHO-K1 cells to those cell clones expressing
ETARjr, ETARjr-flag, and ETpARjr-flag/ASx. Each of these were done in the presence
and absence of soluble flag competitor. Although the bands that cross-react with this
serum were different from those that cross-reacted with the M2, no bands were seen in
the samples from cells expressing flag compared against those samples from cells lacking

the epitope.
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CHAPTER 3
RESULTS & DISCUSSION

CONSTRUCTION OF MODEL RECEPTOR SYSTEM

Since the discovery of the endothelin family of peptide hormones, a large number
of studies have tried to determine ET’s role in physiology. One of the most remarkable
features of ET AR is its profound desensitization in response to ET-1. Perturbation of
desensitization would likely lead to a disease state. Hence, learning more about the
regulation of this system under normal conditions would be informative, and might lead
to discoveries about the role of ET in pathophysiology.

The role of phosphorylation in the regulation of desensitization of the endothelin
receptors has been investigated. In vitro tests show that chemical activation of protein
kinase C (PKC) artificially induces desensitization (101, 103, 118). The evidence has
been inconsistent however, sometimes showing PKC inhibitors block desensitization, and
other times no effect is seen (102, 106, 107). These data suggest a role for PKC, but
leave undetermined the target of the kinase which is responsible for the cellular effects.
In my opinion, the most direct way to test the role of phosphorylation of the ET AR would
be to compare normal receptors to those lacking the amino acid targets of the kinases.
This would eliminate phosphorylation of the receptor without chemically affecting other

cellular functions.

RECEPTOR CLONING
Isolation of Human ETAR cDNA

The gene encoding the ET AR was first cloned from rat sources (37). Hosoda later
cloned and expressed the human ETAR cDNA (38). Reports of cloning the ET AR
included Northern blot analysis to determine tissue distribution. Heart and lung tissue

consistently demonstrated the highest levels of expression. Human cadaveric lung was
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used as a source of ETAR mRNA because lung tissue was consistently demonstrated to
express high levels. Total RNA was isolated using the guanidine isothiocyanate acid
phenol method (119). This RNA was reverse transcribed to make cDNA which was then
used as the template for polymerase chain reaction (PCR) amplification of the ETAR
(128). Primers for this reaction were chosen based on the published sequence of the
human gene (see figure4) (38). The PCR product was subcloned using the HinDIII and
Xhol restriction endonuclease sites. The resulting fragment was subcloned into
Bluescript (pBSIIKS+, Stratagene, La Jolla, CA). Sequencing of the clone was
accomplished using the dideoxy chain termination method (129). The DNA sequence
obtained using this method was found to be identical to the published sequence (see
figure 5) (40). The cDNA clone of the receptor was designated ET ARjr. In order to test
function, the ET ARjr coding sequence was subcloned into the pcDNA I/neo expression
vector (Promega). Transcription of the receptor in this construct is driven by a
cytomegalovirus (CMV) promoter (see figure 6). This construct was chosen because it
simplified transfection into mammalian cells by co-expressing the neomycin resistance

gene, which was useful as a selectable marker.

CL.ONE MANIPULATION
Insertion of Flag Epitope

Antibodies provide a powerful tool for the molecular study of proteins.
Antibodies to the endothelin receptor would permit evaluation of subcellular localization.
Immunoprecipitation of the receptor for evaluation of molecular weight and
phosphorylation states would also be possible with antibodies. In order to study the
receptor using these techniques antibodies would need to be made against the receptor, or
the receptor would have to be altered so it would be recognized by already available
antibodies. It was decided that insertion of an epitope recognized by an available,

previously characterized antibody would be the most productive method. Commercially

33



HinD Il start
A. 5 CGT CAA GCTICA AG[G_\ TG|G AAA CCC TTT CG 3'

Xho | stop
B. 5 CAG TICT CGA GGG TGG[TCAIGTT CAT GCT GT 3'
S ——

Figure 4. Primers used to amplify the human endothelin-A receptor using
PCR techniques. "A." represents the 5' primer which includes the translational
start site, and an engineered HinD III restriction endonuclease site. "B."
represents the 3' primer which includes the translational stop site, and an
engineered Xho I restriction endonuclease site. Underlined bases represent
homology with the human endothelin-A receptor cDNA sequence. Primers

were given the designations #156 & #157 respectively.

34



U32q 9ARY JBY} SIULIDS oT8 muxopmvom_
"§a%0q

9TV

¥B8¢C

g2alc

ozZe

88¢

9se

vee

Z6T

09T

8CT

96

7o

s

"SOULIDS PAVEINTI MOTAq PUR “SPUS SUIT I8 PIISQUINY SIX SPIOR OUTIY “SIONNSU0d og1oads Ul patginw
'$9)1S UOTBIASOIA[S-N [enusiod are @ .NBE UI POXOQ UMOYS SB pajIasut aousnbas , ey, oyL
SUTELIOp SURIqUISWSURI] 2ATEING VLA Wewny 3G Jo 90usnbos pIoe OUILE PUR SPHOS[IN 'S 9ISy

P[OB[q(UT PISO[OUS AT (£-1)

OVY O¥D DUV OVV YVD IVD O¥D DUV OYY DOL O¥D 2LV 0OV VOV ¥9O9 DYV OIV OO0 DLO HOL D0V DIV 8ILd[IEY
usy STH USY USY uTo dev STH Usy SAT dal UTH o1I I98 UL ATO USY 38K OId TRA IS5 JIUL 3I9KW N&T

QI 090 Yoo S0 OLd IOL IVVY UVY LLL EY oYY 20W
narT 8AD X298 UTH BYd SAD UsSyY sAT syd sAT sAT I98

oYL LVD DIV oL DL WL

IAL dey 3o e ner nsIisyd J8g na naI nio s&D

TZ¥ 0c¥

YOl VY 9OV OOV DOVD DYV IVD ) D0 QVD VOV
sxx USY 319K Iog dsv¥ 8AT 8TH| eg 1ss by day Ium

£6¢ 6%
OY0 DL LDL D84 OOL 0Dl
gAlaeg uUTD IAL 8AD 8AD sA) 94D

I2g

TRA ®Ud JIAL NS TY ©TI OXd USY

OLD LLL LYL D0 LOD VIV 000 JVY ViV LOL Yol L¥V DIV D0V YOO BLL OVVY LIV LDD DLV

STI 84D Isg Usy oW IUL ©TY neT UsY TI ATO oTI

QL IOV DL YLL VY9 Ld €00 OUY DYV O¥D OLV D¥D DYV INL

Bay ugy g4A71 dsy 35K NIH usvy IAL

Ol DOL OD0 Ll LOD Lkl LIV ¥LD LO2 PLL OOL JLL
oug dag, edp ner] eTy aUd oTI TBA TBA haT 84D oyd

LD
TBA

TOY YUV YO0 DIO YYD YOO IOD
YL AT BTY TeA nIo Bavy bxy

O0LD) LOY YUV OYV OLL VIV LOOD DOV YILL IVD LoD LD
TeA ayL sA7 A na] o171 By Ieg narl sTH neT 0Id

SYD HYVY LIO I¥D YYD IOV DIO DOD
utrH 8AT ne] STH nIH I8g N eIv

LIV ¥5Y waﬁﬁwwma
STI Bxvy narjjass |
L

B

0DD IVVY 29V YOV OVY LI &IV 9V0 IO IDY
AT9 usy Bxy bay usy ne1 38l NTO 84D IYgL

DAY 2L2
18 neT

OO¥ OV Ol D4V D09 IOW 0S4 4
IYL JAL aud oTI ©TVY IUL S&D TeA

oLl DLO 924 DOL
aud ne daL daL

OLL 000 OV ILOL DLL I¥L DLL £HD
ne cxd 32K 84D 2yud IAL 2yd AT

QUO DYV YLD LVD ¥V¥D DL SLL O¥D DIV OOId V¥V ¥4 YOV 20D I¥V¥ 20D DIV LOL DOV ¥YVY VD DYD VYD LDD 2DV LY.L ¥¥D

dey sAT TeA dey urd XA 3yd niD 39K 2yd AT Isg

IUL BTV USY ndT 18K SAD IYIL 887

TLL
sud

Q00 YLD DIV 0L

STH UTD nTd ATH Bav xfL nTd oxd TeA 32K TeA

bl 090 Ll¥ D09 YYD Lo DLV 200 Do 0LV Ldel DD
ayd ATO =TI BIVY N[O 01d oTI Y N oTT alyd A9

[EhfeJen
NS STT

DL LY 000 0D LIV YYD
diL ®TI I28 TeA STI nTD

LIV 9D OV LLO
STI ATD UTD TBA

LV}
°1T

JOD IOV VIO SLL LoD LIV 9D9
eIV IUL TRA 1&T 0ig 8TI ATD

LDD LOW 9B 204 D29 LLD ¥OD ¥O¥ DYl D0V VD
Bay gog dIL I98 IV TRA IV Bay 1AL Bay dsvy

LLO
TeA

it ghrirel
o8 nerT

DOD DO DI O¥Y D40 DID
eTY 84D NaT UsyY naT TeA

DLL LLL 200 Il
ne’ eyd oId oud

o9
Iy

OIY D99 PLD BOL ool DYY YD
STI ATH TeA 295 x8g 84T Ul

L
ns

OYY DBL LI LLI ¥LD 090 LLL OVD IVVY Q¥ LVD
8AT 8AD ne ayd TeA AT eyd dsy usy sTH dey

oIV LLOD O¥0 V92 LD D09 Ldd IOV D00 VIV HLD HOY
21I ne1 dey ATD neT ey ne Iss BIY @ TL N8 ©TY

LLE TOD
aud oI

DDL 220 20D LOD DLID HID
dxl 8ayg AT9 ©TY na nsrl

DY 000
usy oxg

V0D IVY 90V ©IV LOL VYV
ATH usy Bbay 39N 84D SAT

DLE DLV YOO DILL2 DLV DL LIV IOV LOL LOL Y4V 9L9
TeA 39W ATD TeA ©TI oUd STI Iyl 84D I88 =TI TBA

LY 0¥V LIV OYd
YL Uy oT7I I&AL

VYT OOk LOD ¥OuL
gk syd eTv I58

Yol 02D V¥V 22V 200 YLD 2I0 LLL LYY IOY 200 YR
asg K10 nwﬂ. I98 OXd N8 TBA NS USY JUL OId UTH

IVVY OOV VLD IVY ¥YOU DOV OYL ¥DY DUYD LoD I¥V¥ L¥D

UsY I8 Ne usy I I98 IAL BIY nTo oxd usy dey 198 3T TeA SAD ATD TeA neT ©TY naT dIl oUd 198 eTY¥ BaIy neT 84D

\

IND IOV DOV LIO DIO OIL DHY DI
STH IUL JUL TeA NST Sud I9g naT

LOY O0¥ ¥4LD IOL ¥2D LLD DLO YOO

QLY OUY O¥D LYD DVD D¥D BYY DY
oTI sA1 dey day dey dey sAT IAT

LIV old IO IVL
STI TBA TeA AL

LLL YLD O¥Y OOV LoD DL
8Ud TeA UsSy 8T oId nerl

IO
devyy

DYV
SAT

IOV ¥DD IVY D99
YL eIV UsSY ATD

DYV DYD DVL
usy uTo IAL

LIN OI¥ DOV ol
STI ST bay nef

DLO
ne

foLoh]
sAD

IV.L OVV O¥0 DIV
IAL USY STH 19N

IOV LW ¥VYV 40VY O¥0 D0 YOO
Yy 1T SAT IYL UTHD UTH 0XJ

PYD YoV 08D ILDD LLL IOV ODY JLub
nie IYL ATH BIY 9Uyd IUL IYL ayd

IV¥D LVD DLD ILU¥D
dey devy TeA 8TH

LID OOV VU0 DIV
na UL TP BN

VL0 DOL LLL 204 YO DDV 04D ODh

35



human endothelin-A
receptor

signal sequence 60

0

1284

Xho [ splice/poly A

CMYV promotor HinD 111

d

hET AR in
pcDNAIneo
(8.3 Kb)

SupF—

RSV LTR

Neomycin
Resistance

Poly A

Figure 6. Organization of the human endothelin-A receptor subcloned into the
pcDNA Ineo expression vector (from Invitrogen). Numbers represrent nucleotide

distance from translational start site. Thickened line represents the ETpAR sequence

cloned into the Hind TII and Xho I sites of pcDNA1neo expression vector.
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available monoclonal antibodies (IBI/Kodak) recognize a defined epitope of the amino
acid sequence [Asp-Tyr-Lys-Asp] (130). This sequence is part of the “flag” epitope. The
greatest advantage of this sequence is that it is short (8 amino acids), and therefore
unlikely to interfere with important structural aspects of the receptor (see figure 7).
Another advantage to this epitope is that it contains the amino acid sequence cleaved by
enterokinase, which is potentially useful for protein purification or elimination of cell
surface epitopes. Twenty-four base pairs coding for the eight amino acids were inserted
immediately 3' to the putative signal peptide (see figures 5 and 7). Prediction of the
sleavage site for the signal sequence of the ET AR was used to position the flag to become
the new extracellular N-terminus of the receptor (40). Insertion into the cDNA was
accomplished using an oligonucleotide directed mutagenesis system (Amersham), which
primes a single stranded plasmid with an oligonucleotide containing the desired mutation.
The parent strand is then digested, leaving only the newly polymerized DNA. A second
strand is then primed from the remaining single stranded DNA, resulting in a complete
plasmid with site-specific mutations.

The ETAR|r construct was subcloned into the m13mp18 plasmid because
mutagenesis requireed a single-strand plasmid template. The new construct was partially
sequenced to verify the fidelity of the insertion. Once mutated, the cDNA sequence was

then recloned back into pcDNAL/neo, and was given the designation ET ARjr-flag.

Site Directed Mutagenesis

Several G-protein coupled receptors are known to be phosphorylated in response
to hormone binding. Phosphorylation has been associated with desensitization (62, 64,
66, 131). The most direct way to determine if phosphorylation is involved in
desensitization is to alter the potentially phosphorylated sites in the receptor. Comparison
of the mutant receptor with a non-mutant form will reveal the role of phosphorylation in

the desensitization process. The oligonucleotide directed mutagenesis kit (from
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Amersham) was used to construct the mutants. The ET ARjr-flag was used as the
template so all of the constructs would contain the flag epitope. The mutations were
directed at the consensus protein kinase C/CaM kinase II phosphorylation sites (see table
3). One target for mutagenesis is a single serine located in the third intracellular loop
(Ser-289 between transmembrane domains 5 & 6). The other two target sites each
contain two serines and are located near the C-terminus of the receptor (Ser-391 & Ser-
393 or Ser-420 & Ser-421 distal to the 7th transmembrane domain). All selected serines
were mutated to alanines. ETARjr-flag constructs were made which contain each of the
mutated targets, as well as an additional construct which contains all three target mutated
sites (5 serines in total). The clones were named based on the number given to the
oligonucleotide used to mutate the ET ARjr-flag sequence. Therefore the S289A mutant
was called ET ARjr-flag/A176, the S391A+S393A mutant was called ETsRjr-flag/A219,
and the S420A+S421A mutant was called ET ARjr-flag/A225. The S289A, S391A,
S393A, S420, S421A combined mutant construct was called ET pARjr-flag/A5x (see

figures 5 and 8).

Protein Kinase C MOTIF REPORTS
S/T-X-K/R 20
K/R-X-X-S/T 13
K/R-X-X-S/T-X-K/R )
K/R-X-S/T 10
K/R-X-S/T-X-K/R 6
calcium calmodulin kinase IT R-X-X-S/T

TABLE 3. Phosphorylation sites of PKC. S/T represent serine or threonine (which are
phosphorylated), X represents any amino acid, K/R represents lysine or arginine. Reports
represents number of times the specific sequence has been reported to be phosphorylated
(132). The calcium calmodulin kinase II consensus sequence was reported by Kennelly
and Krebs (117).

39



A. Oligo #176

5' AGA AGG AAT GGC AGC TTG AGA ATT GCC C 3
Arg Arg Asn Gly Ser Leu Arg Ile Ala Leu

lAmino acid #289
5' AGA AGG AAT GGC GCC TTG AGA ATT GCC ¢ 3

Arg Arg Asn Gly Ala Leu Arg Ile Ala Leu

B. Oligo #219

5'" TGC TGC TGT TAC CAG TCC AAA AGT CTG ATG ACC TCG GTC 3
Cys Cys Cys Tyr Gln Ser Lys Ser Leu Met Thr Ser Val

Amino acid #391 Amino acid #393

5' TGC TGC TGT TAC CAG GCC AAA GCT CTG ATG ACC TCG GTC 3
Cys Cys Cys Tyr Gln Ala Lys Ala Leu Met Thr Ser Val

C. Oligo #225

5' CAC AAC ACA GAC CGG AGC AGC CAT AAG GAC AGC ATG 3!
His Asn Thr Asp Arg Ser Ser His Lys Asp Ser Met

Amino acid #420 Amino acid #421

5' CAC AAC ACA GAC CGG GCT GCT CAT AAG GAC AGC ATG 3
His Asn Thr Asp Arg Ala Ala His Lys Asp Ser Met

Figure 8. Oligonucleotide primers used in the mutation of cytoplasmic serines. The
top sequence for each oligo represents the base composition and protein sequence of
the ET AR ¢cDNA. Amino acids affected by the mutations are in bold type. The
sequence of the oligonucleotide primer used in site directed mutagenesis is shaded,
and the underlined bases represent homology with ET 5R.
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STABLE TRANSFECTIONS

CHO-K1 cells (ATCC CRL 9618) were transfected with each of the six different
constructs of the ETAR (cloned into pcDNAI/neo) using the calcium phosphate technique
(121). These were designated CHO-KI[ET sRjr], CHO-K1[ET sRjr-flag], CHO-
KI1[ETaARjr-flag/A176], CHO-KI1[ET pARjr-flag/A219], CHO-K1[ET s Rjr-flag/A225], and
CHO-KI1[ET pRjr-flag/A5x]. Individual clones were selected for resistance to G418 (also
known as geneticin or neomycin). The CHO-K1 cell line was chosen as the expression
system because of its low background reactivity to ET-1, and because rat ETAR is
functional when expressed in those cells (42). Two cell clones of each construct were
chosen based on their inositol phosphate (IP) accumulation in response to ET-1 exposure.
This was determined using [3H]myo-inositol labeled cells, as described (124). All

selected clones accumulated IPs at levels five to 15 times that of non-expressing controls.

CHARACTERIZATION OF RECEPTOR MODEL

The receptor constructs were stably transfected into CHO-K1 cells. Cell clones
were isolated based on resistance to neomycin, and accumulation of IPs in response to
ET-1 exposure. Although normal levels of IP were recorded, cell clones may have a
greater number of receptors with lower activity, or fewer receptors with higher activity
levels than the control. It is also possible that molecular manipulations altered the
receptor’s affinity for ligand. Therefore it was important to verify that the affinity of the
cloned receptor constructs did not differ from receptors expressed naturally. Another
concern was that modifications had changed the receptor’s ability to signal. The model
tested here predicts that regulation of mutants would be different from wild-type, but
binding and transduction mechanisms would not.

Receptor constructs were characterized in CHO-K1 cells and in Xenopus oocytes.
The CHO-K1 cells are useful because they are mammalian in origin, and can be

manipulated easily over the course of hours. Electrophysiology studies in Xenopus

41



oocytes measure the movement of charged ions across the plasma membrane and are able

to discern discrete events that occur over the period of seconds.

ETAR AFFINITY FOR ET-1 IN CHO-K1 CELLS

To address the question of cloned receptor affinity, binding studies of
radiolabeled ET-1 were carried out. The first analysis was done to characterize an
endogenous ETAR expressed on a rat vascular smooth muscle cell line (A10 ATCC CRL
1476). 1251 ET-1 bindings were done as described in Materials and Methods, and are a
variation of the method described (110). Binding analysis was accomplished by
incubating cells with varying concentrations of 1251 ET-1, and allowing the binding to
reach equilibrium by binding at 4°C for 3 hours. Binding done in the presence of excess
unlabeled ET-1 represented the non-specific binding of label to the cells. Scatchard
analysis of the data derived from the A10 cells revealed that they express a single high
affinity receptor for ET-1 with a Kd of about 100pM, and a Bmax of 14,000 receptors/cell
(see figure 9a and 9b). This receptor density and affinity are consistent with other reports
of cultured rat vascular smooth muscle cells (110, 133).

It was necessary to show that the affinity of the various constructs for ET-1 had
not been affected by the manipulations of the receptor sequence. The insertion of eight
amino acids in the amino terminus of ETsRjr-flag, and subsequent mutations of the five
serines were both tested for changes in affinities. Binding was carried out identically to
that described for A10 cells. Scatchard analysis of the CHO-K1[ET pARjr-flag] cells
revealed a Kd of 220pM, and a Bmax of 1.3x100 receptors per cell (see figure 9¢ and 9d).
The Scatchard analysis of ET-1 binding to CHO-K1[ET aARjr-flag/A5x] cells revealed a
Kd of 300pM, and a Bmax of 2.8x10° receptors per cell (see figure 9¢ and 9f). Although
these cells express a higher density of receptors on the cell surface, their affinity for ET-1

is unaffected by the flag epitope.
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Figures 9A and 9B. Binding and Scatchard analysis of A10 cells. A. Total binding of
ET-1 to Vascular smooth muscle cells (A10) was determined by incubating 1.5x10° cells
per well with specified concentrations of 25T ET-1 for 3 hr. at 4°C, followed by a wash

and lysis. Background binding was determined in the presence of 4x10-’M unlabeled
ET-1. Subtraction of background from total binding provided specific binding. B.
Scatchard plot of data obtained in A. providing the "best fit" line, the equation of which

is provided.
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of ET-1 to CHO-K1 cells expressing ETRAjr-flag was determined by incubating 7.5x10°
cells per well with specified concentrations of 1231 ET-1 for 3 hr. at 4°C, followed by a

wash and lysis. Background binding was determined in the presence of 4x10-"M
unlabeled ET-1. Subtraction of background from total binding provided specific
binding. B. Scatchard plot of data obtained in A. providing the "best fit" line, the
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Figures 9E and 9F. Binding and Scatchard analysis of ETRAjr-flag/A5x. A. Total
binding of ET-1 to CHO-K1 cells expressing ETRAjr-flag/A5x was determined by

incubating 4.0x103 cells per well with specified concentrations of 1251 ET-1 for 3 hr. at
40C, followed by a wash and lysis. Background binding was determined in the presence

of 4x107M unlabeled ET-1. Subtraction of background from total binding provided
specific binding. B. Scatchard plot of data obtained in A. providing the "best fit" line,



The ET-1 affinity calculated for the ET ARjr constructs was consistent not only
with endothelin receptors expressed in vascular smooth muscle cells, but with those
expressed natively in a variety of cell-types, as well as cloned receptors derived from rat,
bovine, and human sources (37, 41, 42). Most of the Kds reported for ET AR vary over a
range from 100pM to 400pM (12). Normal Kds provided evidence that ET ARjr-flag and
ET ARjr-flag/AS5x represent normal endothelin-A receptors, and that neither the cloning

nor the serine manipulations have significantly affected the receptor’s affinity for ligand.

RECEPTOR SIGNALING

The data reported above supports the idea that mutations did not affect the
receptor-ligand interactions. Subsequently, it was demonstrated that transmembrane
signaling was also intact. This was shown both in Xenopus oocytes and in CHO-K1 cells
expressing the different receptor constructs (see Materials and Methods for details of
techniques used for oocyte expression). Electrophysiology recordings from these cells
provided an opportunity to monitor cellular activation at the ionic level, which correlates
to receptor activity. The real-time current across the cell membrane is represented by

these measurements (134).

DOSE RESPONSE

Tissue culture systems were also used to characterize signaling in the different
constructs. Responses were measured over a range of ET-1 doses. IP accumulation was
measured over the first 15 minutes of stimulation with doses ranging from 1pM to 1nM
of ET-1 (see figure 10). Each dose-response data point represents a naive batch of cells
with no previous stimulation with ET-1. Results not only revealed that the relative
responses of ETARjr-flag and ETpAR|jr-flag/ASx were identical, but also that near 100nM

ET-1 elicits a 50% maximal response (ECs5p). The range of responses to ET-1 and the
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RESPONSE (CPM inositol phosphate)

Dose-Response Relationship for
ETRAjr-flag and ETRAjr-flag/ASx
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/
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DOSE (Molar ET-1)

Figure 10. Dose-response comparison of ETRAjr-flag and ETRAjr-flagA5x
constructs. CHO-K1 cells expressing either ETRAjr-flag or ETRAjr-flagASx were
prelabeled with [3H] myoinositol (a substrate for IPs). Cells were stimulated with
specified dose for fifteen minutes in the presence of 100mM LiCl and then lysed
and assayed for IPs as described in Materials and Methods. Each point represents

the mean of triplicate samples, plus or minus standard deviation.
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EC5q are consistent with reports for transfected CHO cells, as well as native receptors in

mesangial, glial and endothelial cells (135-138).

ELECTROPHYSIOLOGY IN XENOPUS OOCYTES

Oocytes expressing ET ARjr-flag and ETARjr-flag/A5x constructs were tested for
response to ET-1 stimulation. Signaling was measured three to seven days after injection
of mRNA. The current was recorded while cells were voltage clamped at -60mV.
Different constructs tested gave equally strong responses, lasting for similar lengths of
time (see figure 11a and 11b). The current tracings revealed a biphasic response. The
first phase was a rapid onset spike of inward current of approximately 1y Amp, which
lasted about one minute. This was followed by a slowly developing inward current of
200-300pAmps which lasted for 20-30 minutes. When cells were bathed in calcium free
solution the first phase of the response was unaffected. The current flux, however,
returned to baseline and showed no signs of a secondary rise (see figure 12). The sources
of the two phases appeared to be internal stores and extracellular environment
respectively. The flow of these currents reversed direction when the voltage clamp was
-25to -35mV. This reversal potential is characteristic of a calcium-dependent chloride
channel (139). All measurable parts of the current tracings from the various systems used

were indistinguishable between the constructs.

DISCUSSION

The binding data indicate that the ET ARjr construct expressed in transfected
CHO-K1 cells is structurally and functionally similar to ETAR expressed naturally in
vascular smooth muscle cells. Therefore, this construct can be used as the template from
which various altered constructs can be derived. The first variation was the insertion of

the flag epitope to produce ETpARjr-flag. Altering the amino terminus of the receptor did
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B. ==
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Figures 11A and 11B. Xenopus oocytes expressing A. ETRAjr-flag or B. ETRAjr-
flag/ASx. Oocytyes injected with in vitro transcribed mRNA 3-7 days prior were

voltage clamped at -60mV using two electrodes. These clamped cells were then

exposed to 1x10-3M ET-1 for one minute. Inward current flux is represented as a

downward deflection with an intensity represented by the scale markings given.
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Figure 12a and 12b. Xenopus oocytes expressing ETRAjr-flag with and without
extracellular calcium. Oocytyes injected with in vitro transcribed mRNA 3-7 days prior
were voltage clamped at -60mV using two electrodes. These clamped cells were
exposed to 1x10-8M ET-1 for one minute in A. normal ND96 containing calcium, or B.
calcium-free ND96. Inward current flux is represented as a downward deflection with

an intensity represented by the scale markings given.
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not negatively affect ligand binding, evidenced by the near identity of measured
dissociation constants with normal controls.

The mutation of multiple cytoplasmic serines was intended to test their role in
receptor desensitization. Mutation of the selected amino acids did not affect the
receptor’s affinity for ligand, evidenced by the normal Kd. It was also revealed that
signaling is unaffected by manipulations of protein sequence because the IP dose-
response curves of ET ARjr-flag and ETARjr-flag/A5x were identical. Signaling was
identical between the two receptor constructs in magnitude and duration in the Xenopus
oocyte expression system.

These data demonstrate that ET ARjr-flag and non-flagged receptors are
functionally indistinguishable from one another. The ET ARjr-flag will be used as the
“normal control” against which mutants will be tested. The binding and signaling data
also demonstrate the integrity of the ET ARjr-flag/AS5x construct. This mutated receptor
has wild-type affinity for ligand binding, signaling through IPs, and appropriately
activates ion flux in Xenopus oocytes. With affinity and signaling unatfected,
comparison of ET ARjr-flag and ET ARjr-flag/A5x should reveal the role of the five
serines in desensitization.

An additional CHO-K1 cell clone was characterized for each receptor construct in
order to ascertain which clones were best suited for this system. Binding studies revealed
that the alternate clones expressed either equal or greater numbers of receptors than those
previously tested (data not shown). Characterization therefore proceeded with existing
clones, but with the caveat that the receptor levels are high. If the density of receptors
found on these clones interfered significantly with some aspect of regulation, differences
would have been discovered that were unaccounted for by their molecular alterations.

This was not the case. There are 5x10° receptors per cell on the CHO-K1[ET ARjr] cell
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clone and 3x109 on the CHO-K1[ET aRjr-flag/A5x] cell clone, yet their signaling patterns
are indistinguishable. If differential overexpression affected the regulation of the

receptors it was not evident from their signaling patterns.

RECEPTOR DESENSITIZATION

Adaptation and desensitization are general terms for cells’ ability to decrease
responsiveness to prolonged or repeated stimulus. Desensitization can be quantitated by
measuring a reduction in signaling induced by a second stimulation relative to a first.
Another method for quantitating desensitization is to activate the receptors with a
stimulatory pulse, and subsequently record the rate at which the signal decays.
Experiments were carried out in cell culture and in Xenopus oocytes. Signaling was
quantitated in pre-labeled CHO-K1 cell clones by measuring tritiated inositol phosphate
levels. Receptor signaling in oocytes was measured using voltage clamping.
Desensitization was tested using cells expressing the wild-type receptor. Subsequently
ET ARjr-flag and ET zRjr-flag/ASx constructs were compared in cell culture and Xenopus
expression systems to test the hypothesis that phosphorylation of the receptor regulates

desensitization.

DESENSITIZATION IN CELL CULTURE

Desensitization was measured in the transfected CHO-K1 cells. The first aspect
investigated was the diminished response of receptors to ligand following a prior
stimulation event. The responses to each dose of ET-1 were tested by independently
measuring the cellular signaling that resulted from each. Cells were exposed to ET-1 for
fifteen minutes, followed by washes of various time, and then restimulated.
Desensitization in this scenario is the percent reduction between responses to the first and

second stimuli.
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Cells expressing the wild-type ETARjr construct were tested to verify that the
cloned receptor desensitized. The relative response of these cells to a second dose of ET-
1, one hour after the first, was 28%. This indicated that the wild-type construct
underwent desensitization and would be suitable as a template with which mutants could
be compared.

CHO-KI1[ET aRjr-flag] and CHO-K1[ETaR]r-flag/A5x] cells were tested for
desensitization. Comparison of these two constructs was intended to assess the role of
the five potentially phosphorylated serines in desensitization. The response elicited by
each receptor to the first dose was arbitrarily called 100%. Both receptor constructs
displayed profound desensitization when exposed to ET-1. The response of both receptor
types to a second dose of ET-1 dropped quickly, reaching a minimum responsiveness by
one hour (see figure 13). Subtracting out the residual levels of IPs from the first dose of
ET-1 (see figl4), it was determined that the second dose elicited a 12.6% response in

CHO-KI1[ET aRjr-flag] cells, and a 17.8% response in CHO-K1[ET pRjr-flag/A5x] cells

(see table 4).
ET aRjr-flag ET ARjr-flag/A5x
% of maximum IPs remaining after 60’ wash (#1) 6.0% 22.5%
% of maximum IPs elicited from second dose of ET-1 (#2) 18.6% 40.3%
IPs resulting from second dose of ET-1 (2-1=#3) 12.6% 17.8%

Table 4. Percent of maximum stimulation measured relative to naive cells exposed to a
single stimulatory dose of 1x10-8M ET-1 for fifteen minutes. Results in #1 and #2 both
represent cells stimulated with a dose of 1x10-8M ET-1 for fifteen minutes, and then
washed in media for 60 minutes. Following this wash cells in #1 were exposed to 10mM
LiCl for fifteen minutes, and cells from #2 were exposed to a second dose of 1x10-8M

ET-1, and 10mM LiCl for fifteen minutes.
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SIGNALING (% OF CONTROL)

Responsiveness to a second dose of ET-1 on
ETRAjr-flag and ETRA jr-flag/A5x cells
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Figure 13. CHO-K1 cell clones expressing either ETARjr-flag or ETARjr-
flag/A5x were stimulated with 10-8M ET-1 for fifteen minutes, washed for
specified amount of time, and then restimulated again with 10-8M ET-1 for
fifteen minutes, this time in the presence of 100mM LiCl. At the end of the
second stimulation, cells were lysed and assayed for inositol phosphates as
described in Materials and Methods. All values are reported relative to IP

levels measured for cells previously unstimulated.
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SIGNALING (% OF CONTROLS)

Decay of signaling following a single dose
to ETRAjr-flag and ETRA jr-flag/A5x cells
120

100

—i=—— ETRAjr-flag

80 4
—&—— ETRAjr-flag/A5x

60

40

204

Y T T T ¥ 1
0 100 200 300
TIME (MIN)

Figure 14. Decay of cellular signal over time following a pulse of
stimulation. CHO-K1 cells expressing either ETARjr-flag and ETARjr-
flagA5x were exposed to a single fifteen minute dose of 10-8M ET-1 and
100mM LiCl, and then incubated for specified lengths of time before being
lysed and assayed for residual IP levels, as described in Materials and

Methods.
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This result does not uphold the hypothesis being tested. Cells lacking serines thought to
be phosphorylated were expected to demonstrate little or no desensitization.

The rate at which an activated receptor stops signaling is another aspect of
desensitization tested in CHO-K1 cell clones. Cells were stimulated with a pulse of ET-1
and IP levels were assayed at fifteen minute intervals (see figure 15). IP levels in CHO-
K1[ETsRjr-flag] and CHO-K1[ETaRjr-flag/A5x] cells decreased most rapidly over the
first 30 minutes following stimulation. The IP levels continued to fall until reaching
background levels after four hours of washing. Signaling patterns recorded for both
receptors throughout this experiment were similar. This appears to rule out the
possibility that phosphorylation at the five sites mutated is responsible for interfering

with receptor signaling as a mechanism of desensitization.

DESENSITIZATION IN XENOPUS OOCYTES

Desensitization was also measured in the oocyte expression system following a
stimulation/wash/stimulation technique similar to the protocol used in cell culture. One
minute exposure to 1x10-8M ET-1 was used for stimulation because it gave a maximal
response in earlier experiments. The time between stimuli was 30 minutes; longer
washes resulted in increased cell death. Cells were voltage clamped at -60mV, and
currents were recorded throughout. Recording chloride ion flow gave a real-time
representation of cellular activity.

The oocytes expressing either non-mutant or mutant receptors responded fully to
the first dose of ET-1. The current peaked instantly at about 700nAmps and lasted one to
two minutes. A second peak in current, superimposed on the tail of the first, reached
about 250nAmps at 10 minutes, and returned slowly to baseline. At the end of the 30
minute wash, cells were restimulated. Neither of the receptor constructs responded
significantly (see figure 15). These experiments provided evidence that there was no

difference between the wild-type and mutant forms of the receptor in desensitization
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processes in from oocytes. However, controls were not done that would be necessary to
demonstrate that the cell retained its ability to signal during this refractory period, and

further that the ETRs were desensitized, and not simply lost.

DISCUSSION

The ET ARjr desensitization response to ET-1 in oocytes and cell culture is
consistent with other studies of the endothelin-A receptor (98, 107). My model of ETAR
desensitization predicted that the ET ARjr-flag/A5x construct would have a signaling
pattern distinct from the non-mutant. Possible differences could have included the
mutant receptor signaling longer than non-mutants following a pulse of the same
duration, or the mutant receptor may have resensitized rapidly or not desensitized at all.
None of these differences were seen in comparison of the ETARjr-flag and ETAR]jr-
flag/A5x receptor constructs. In conclusion, the phosphorylation of the receptor at these

five serines is not involved in the aspects of desensitization measured in this system.

RECEPTOR INTERNALIZATION

One mechanism that contributes to desensitization is the transport of receptors
away from the cell surface. If the net rate of internalization exceeds the rate of
externalization, fewer receptors will be exposed on the cell surface. The translocation of

receptors to the cell interior makes them inaccessible to ligand and unable to be activated.

IMMUNOFLUORESCENCE

To evaluate whether ETRs are redistributed away from the cell surface following
ET-1 stimulation, access of extracellular antibody to the receptor was assayed. Non-
permeablized cells were incubated with antibodies directed against the flag epitope. The
anti-flag antibodies are made from murine sources, and are commercially available from

Kodak. The cells were then incubated with fluorescent labeled antibody that recognizes
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mouse antibodies. Visualizing stained cells on a fluorescent microscope localized
flagged proteins to the cell surface.

Comparison of staining patterns in CHO-K1 cells expressing ETARjr and
ET aRjr-flag clarified which staining was specific for antibody reacting with flag epitope
and which was the result of cross-reaction with native cellular proteins (see figure 16a
and 16b). CHO-KI1[ETaRjr-flag] cells were also stained in the absence or presence of
excess soluble flag-epitope protein intended to compete against specific binding (see
figure 16b and 16¢). The fluorescence patterns that resulted from these techniques
revealed cell surface staining on cells expressing the flagged receptor, but not on those
expressing the non-flagged receptor. The cell surface staining was mostly absent when
assayed in the presence of the competitor flag peptide.

The control experiments in unstimulated cells revealed a distinct cell surface
pattern of ETsRjr-flag. As an assay of receptor internalization, cells were stimulated
with ET-1 for various times before staining (see figure 17 and 18). Diminution of
staining evidenced that receptors were redistributed away from the cell surface as a result
of stimulation with ET-1. The staining patterns before and after stimulation were similar
for cells expressing the different receptor constructs. Both receptors appeared to be

internalized as a function of time following stimulation with ET-1.

SATURATION AND INTERNALIZATION

The pH of the environment affects the binding of many receptors to their ligands.
Changing the pH influences the receptor-ligand interaction such that binding can be
prevented over some pH ranges, and reversed over other ranges. Acidification of media
can effectively dissociate ETAR-ET-1 complexes from the surface of vascular smooth
muscle cells (108). Acid wash only removes ligand from the external surfaces of the cell,

making it possible to differentiate between surface and internalized ligand.
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Figures 16A, 16B and 16C. CHO-K1 cells expressing: A. ETRAjr,
B. ETRAjr-flag, or C. ETRAjr-flag, in the presence of 10mg/ml sol-
uble flag peptide, were stained first with M2 anti-flag antibody for
90 minutes and subsequently with goat anti-mouse FITC antibody
for 60 minutes. All three panels represent photos taken at identical
F-stops and shutter speeds.



Figures 17A, 17B and 17C. CHO-K1 cells expressing ETRAjr-flag
stimulated with 1x10-8M ET-1for: A. 0 minutes, B. 30 minutes, or
C. 60 minutes. Cells were then stained with M2 anti-flag antibody
for 90 minutes and subsequently with goat anti-mouse FITC anti-
body for 60 minutes. All three panels represent photos taken at
identical F-stops and shutter speeds.



Figures 18A, 18B and 18C. CHO-K1 cells expressing ETRAjr-
flag/ASx stimulated with 1x10-8M ET-1for: A. O minutes, B. 30 min-
utes, or C. 60 minutes. Cells were then stained with M2 anti-flag anti-
body for 90 minutes and subsequently with goat anti-mouse FITC anti-
body for 60 minutes. All three panels represent photos taken at identi-
cal F-stops and shutter speeds.



Acid treatment does not damage the ET receptor or the CHO-K1 cell. This was
demonstrated in cells expressing ET ARjr-flag constructs by prewashing untreated cells
with acid, and subsequently binding 1251 ET-1. Comparing the amount of ET-1 bound to
acid washed cells and to unwashed cells revealed that acid treatment resulted in only a
minor reduction (~10%) in total binding (data not shown).

Temperature has profound effects on internalization. Incubation at 4°C inhibits
the internalization of many different receptor-ligand complexes (108, 140)3. Resink
reported that 4°C treatment inhibits internalization without effecting the receptor’s ability
to recover internalization processes when returned to 37°C (108).

The effect of chilling cells to 4°C was assessed by measuring the amount of
ligand associated with the cell surface incubation at 4°C in the presence of 125 ET-1.
After three hours of binding, cells were acid washed, which revealed that 90-94% of the
bound ligand remained sensitive to acid, indicating it was located on the cell surface (data
not shown). The control experiments revealed that ligand could be bound and that the
receptor-ligand complex remained at the cell surface at 4°C. These experiments also
revealed that the surface-bound ligand could be removed with an acid wash. This

information was used to determine the rate of receptor saturation and internalization.

ACID WASH OF SURFACE BOUND LIGAND

Internalization was assayed using a technique involving saturation of binding sites
on the cell surface. After saturation, the fraction of receptors internalized and on the cell
surface was followed over time. The saturation was carried out at 4°C to inhibit
internalization during this period. Subsequent internalization was achieved by
transferring the cells to 37°C. The cell surface and internalized ligand were measured as
fraction of total ligand bound. Surface ET-1 was released and quantitated using the acid
wash technique. Following the acid wash, cells were lysed to determine the acid-

insensitive, or internalized, amounts of labeled ET-1.
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These experiments were designed to compare the internalization kinetics of the
receptor constructs with and without potential phosphorylation sites. Surface receptors of
CHO-K1 cells expressing ETARjr-flag or ET ARjr-flag/A5x bound by ET-1 internalized
rapidly (see figure 19). A platean of 40-50% of bound receptor internalization is reached
after 30-60 minutes. Although the rate is similar for the two constructs, neither one
internalized all of the bound receptors. Internalization of ETAR is cell type dependent,
which may explain the incomplete internalization of the ETARjr-flag and ET ARjr-
flag/A5x constructs in CHO-k1 cells. Vascular smooth muscle cells internalize a
maximum of about 70% of their cell surface ET receptors, whereas hepatocytes reach a

maximum internalization as high as 93% (105, 108).

SATURATION OF CELL SURFACE RECEPTORS

The rate at which receptors become bound and internalized can influence the
response to a given stimulus. The time required for cell surface ET ARs to be saturated
with ET-1 is about one hour in vascular smooth muscle cells (110). In striking contrast,
Marsault calculated the theoretical saturation of ETAR on aortic myocytes to be 95%
after a two minute incubation (141). The difference between the theoretical and
experimental times necessary for saturation imply that som