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Functional Diversity of Endothelin Pathways in Human Lung Fibroblasts May Be
Based on Structural Diversity of the Endothelin Receptors
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ABSTRACT. Posttranslational modifications of the endothelin receptors A and B from human lung fibroblasts
were investigated before and after stimulation of the cells with {gB}S-EMC-endothelin-1. The patterns

of phosphorylation and palmitoylation of both receptors were much more complicated than expected. In
both the stimulated and the unstimulated states, multiple isoforms differing in the number and location of
posttranslational modifications were present. MS analyses suggested rapid changes in these isoforms
following stimulation. Overall, the ETA receptor was modified at 20 sites (15 phosphorylation, five
palmitoylation sites) and ETB at 17 sites (13 phosphorylation, four palmitoylation sites). Part of the structural
diversity involved hypermodification of short sequence regions, and it is suggested that this could represent
a mechanism for incremental modulation of receptor activity. It is postulated that the observed structural
diversity over disparate parts of the receptor sequences forms the basis for parallel stimulation of different
signaling pathways at spatially and functionally distinct ET receptors differing in posttranslational
modifications.

One of the most challenging endeavors of modern biologi-  The classical paradigm for GPCR signaling was essentially
cal science is the current effort to understand the function linear and sequentiall. However, more recent evidence
of living cells at the molecular level (i.e., how do cells shows that the signaling pathways of GPCRs are very
achieve finely tuned control of growth and division, me- complex. Both classical GPCR pathways and G-protein-
tabolism, shape, and movement in response to dynamicindependent pathways can be activated, and responses can
internal and external cues). Despite an unprecedentedinvolve the cross-regulation of many specific pathways,
proliferation in the quantity and quality of the available including cross-talk between different GPCRs as well as
information, large gaps in our knowledge still exist. The interactions with other signaling pathway®.(Interactions
introduction of highly parallel technologies embodied in with adaptor and scaffolding proteins can enhance the
various “omics” approaches has begun to give a more globalactivation of proteins in the signal cascades, ensure specificity
view of cellular signaling and response systems but at the by bringing only the necessary proteins into close proximity,
same time has demonstrated that these cellular systems argnq effect a compartmentalization of the signaling cascade
much more compllcatgd than initially annmpated. . (3, 4). GPCRs may undergo dimerization and even higher-

Many cellular functions depend on various kinds of gorder oligomer formations), which can contribute to the
receptor-mediated signaling. The G-protein-coupled receptorsgiyersity of signaling by altering the specificity of agonist
(GPCRs) are one of the largest protein superfamilies in the 504 antagonist interactions)( Although the evidence is
human genome and constitute @ major proportion of cellular jnqnciusive at present, there are increasing indications that
receptors, but at present many GPCRs are orphans (i.e., the, o single cell different molecules of a given GPCR may

fe'e"a’.“ phyglologlcal ligand |'s'unkn'own.). GPCR.S 'Imk the contribute in different ways to the cellular response upon
cell to its environment by receiving stimuli, transmitting this stimulation

signal to the cell, and initiating and regulating the response. . ) _
Itis no surprise that these receptors are involved in numerous Many aspects of cellular life are regulated via protein

disorders and that, with kinases, they predominate as targethosphorylation. Phosphorylation plays a major role in
for the development of drugs. intracellular communication during development, in physi-

ological responses, in homeostasis, and in the functioning
* Corresponding author. E-mail: j.godovac-zimmermann@ucl.ac.uk. of the nervous and immune _SySte_mS' This very SOph'St'(_;atEd
* Centre for Molecular Medicine. cellular regulatory mechanism involves phosphorylation/
$Bone and Mineral Centre. dephosphorylation of as much as 30% of all cellular proteins,

1 Abbreviations: MEM, minimum essential media, with Earle’s salts, ; ; i ; ;
w/o L-Glu; NEAA, nonessential amino acids; FBS, fetal bovine serum; including the GPCR superfamily. Stimulation of GPCRs

ET-1, endothelin-1; (dA)-5-S-EMC-ET, (dA)e-5'-S-N-(e-maleimi- typically triggers a cascade of phosphorylation events on
docaproyloxy)succinimide-endothelin-1; MALDI-TOF MS, matrix-  other cellular proteins, which in turn feed back to modifica-

assisted laser desorption ionization-time-of-flight mass spectrometry; +ions of GPCRs that are critical to their functional roles. In
ESl-ion trap MS, electrospray ionization-ion trap mass spectrometry; )

ETA and ETB receptors, endothelin A and endothelin B receptors; € companion to this paper)( we present evidence from
GPCR, G-protein-coupled receptor. studies of rapid changes in the cellular phosphoproteome that
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ETA and ETB receptors engage a wide variety of cellular procedures of Roos et all3). A total of 0.5 g of oligo-
signaling pathways upon stimulation of human lung fibro- (dT)-cellulose powder was added to 1 mL of 0.1 M NaOH
blasts 7). and packed in a column that was rinsed with water until the
Given their low cellular abundance and status as integral column effluent had a pH o&8. The column was equili-
membrane proteins, direct characterization of posttransla-brated with 5 column volumes of loading buffer (50 mM
tional modifications of GPCRs has been limited. Apart from sodium citrate, pH 7.5, 0.5 M LiCl, 1 mM EDTA, 0.1% (w/
pioneering work on rhodopsir8(9), there are still only a  v) SDS) and transferred to a 15 mL tube. The 140.6 OD
few scattered reports in the literature involving direct (3.02 mg) of DMT-hexyl-SS-(dAy) (BioTeZ, Berlin-Buch
observation by mass spectrometry of posttranslational modi- GmbH) was dissolved in 4 mL of loading buffer and mixed
fications of GPCRs X0—16). Much of what is presently  with the oligo(dT) cellulose. The mixture was shaken at room
known about posttranslational modification of GPCRs is temperature for 2 h, then 1600 of 1 M DTT and 80uL
largely based on indirect methods. These include geneticof 200 mM tributyl phosphine (TBP) in DMF were added,
substitution of amino acid residues that are possible sites ofand shaking continued f8 h at RT. Thesuspension was
modification (e.g., Ser, Thr, Tyr for phosphorylation, or Cys then transferred to a column, repacked, and washed with 10
for acylation) and the in vitro phosphorylation/dephospho- column volumes of reaction buffer (50 mM sodium citrate,
rylation by kinases or phosphatases of synthetic peptidespH 7.0, 0.5 M LiCl, 1 mM EDTA, 0.1% (w/v) CHAPS).
derived from the receptor amino acid sequences. There areThe oligo(dT) cellulose was resuspended in 3 mL of reaction
indications that these types of indirect studies may give buffer and transferred to a 15 mL tube. A solutionNdfe-
misleading results1(7, 18), and in some cases, it has been maleimidocaproyloxy)succinimide (EMC, 10 mg in 1 mL
observed that genetic substitutions (e.g., Ser to Ala) can leadof 90% EtOH containing 0.5 M LIiCl) was added, and the
to the phosphorylation of alternative residues in protein tube was flushed with argon and shaken overnight at RT.
sequences with at most very moderate influences on protein  The suspension was repacked into a column and washed
activity (19). with 20 column volumes of reaction buffer. The material
We have developed methods for rapid, mild isolation of was then resuspended in 3 mL of loading buffer and
membrane receptors that, combined with the high sensitivity transferred to a tube. A total of 1 mg of ET-1 was dissolved
of MALDI and electrospray ion trap mass spectrometry, in 1 mL of loading buffer and added to the suspension. The
greatly facilitate the direct evaluation of the sites and types suspension was shaken overnight at RT. The slurry was
of posttranslational modifications of GCPRE3( 14). The repacked into a column and washed with 20 column volumes
present investigations of the posttranslational modifications of washing buffer (50 mM sodium citrate, pH 7.0, 0.5 M
of the ETA and ETB receptors of human lung fibroblasts LiCl, 1 mM EDTA, 0.05% (w/v) CHAPS). A total of 3 mL
both prior and after stimulation reveal an unsuspected numberof elution buffer was added (10 mM Tris-HCI (pH 7.4), 1
of isoforms involving differently posttranslationally modified mM EDTA, 0.05% (w/v) CHAPS), and elution fractions of

receptors. We suggest that the multiple phenotypes observed..5 mL were collected.

for individual protein sequences may correspond to another

level of diversification in the function of endothelin receptors
and that this is coupled to the wide diversity in the types of
responses elicited by endothelin stimulation.

MATERIALS AND METHODS

Materials. The cell line CCD19Lu was from the European
Collection of Cell Cultures (Salisbury, UK). Trypsin-EDTA,
antibiotic/antimycotic, minimal essential medium (MEM),
HBSS, nonessential amino acids (NEAA), andlutamine
were from GibcoBRL (Eggenstain, Germany). FBS was from
PerbioScience (Tattenhall, UK). HPLC-grade acetonitrile,
methanol, and acetic acid were from BDH (Poole, UK).
Duracryl (30% acrylamide, 0.8% BIS) was from Genomic
Solutions (Huntingdon, UK). TFA was from Perkin-Elmer
(Wellesley, MA). DMF was from Fluka Chemie (Gillingham,
UK). The terminal transferase’-Babeling kit was from
New England Biolabs (Hitchin, UK). Modified trypsin was
from Promega (Madison, WI1). Oligo-dT cellulose an€?P-
ddATP were from Amersham (Amersham, UK). (dAY'-
SS-R 10-dimethoxytrityl hexyldisulfide was from BioTeZ
(Berlin, Germany). All other chemicals were from Sigma-
Aldrich (Gillingham, UK) and of the best grade available.

Cell Culture.The human lung fibroblast cell line CCD19Lu
was grown in MEM containing 2 mM-Glu, 1% NEAA,
0.8% antibiotic/antimycotic solution, and 10% FBS. Cells
were grown at 37C, 5% CQ in 75 cn? dishes.

Synthesis of (dAy-5'-S-EMC-ET .Synthesis of (dAgy-5'-
S-EMC-ET was carried out using a modification of the

Calcium Response of Human Lung Fibroblasts to Stimula-
tion with (dAje-5'-S-EMC-ET Binding of ET by ET recep-
tors is known to produce a rise in intracellular calciu2)(
This property was used to test the function of the synthetic
ligand. Cells were grown on sterile cover-slips in a 12 well
plate with 1 mL of medium each (prepared as described
under cell culture), by which time they were 90% confluent.
The cells were then incubated for 30 min with serum and
antibiotic-free medium. The medium was then aspirated and
replaced with calcium buffer (127 mM NaCl, 5 mM KClI, 2
mM MgCl,, 0.5 mM NaHPO, 2 mM CaC}, 5 mM
NaHCQ;, 10 mM glucose, 10 mM HEPES, 0.1% BSA)
containing the red fluorescent dye Fluo-34#/mL), and
the cells were incubated at 3T for 30 min.

Three experiments were conducted: (i) stimulation with
(dA)se-5'-SS-R 10-dimethoxytrityl hexyl disulfide (the poly
dA tail), (i) stimulation with ET-1, and (iii) stimulation with
(dA)3-5'-S-EMC-ET. The fluorometer was allowed to take
10 readings to establish a baseline, and then 1.5 mL of 3.3
mM (dA)s0-5'-SS-R 10-dimethoxytrityl hexyl disulfide, 50
nM ET-1 (final concentrated), or 50 nM (d4y5'-S-EMC-

ET (final concentrated) was added. Readings were taken from
seven, six, and seven cells, respectively.

Affinity Purification of Endothelin Receptors on Oligo-
(dT)-Cellulose Using Oligo(dA)-Coupled EndothelinAt:-
finity purification of endothelin receptors was carried out
by a modification of the procedures of Roos et dl3)(
Twelve p100 dishes of CCD19Lu at 90% confluence were
washed twice with HBSS and incubated at°&7, 5% CQ
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for 30 min in serum-free medium. The cells were then
cooled on ice for 15 min. A total of 100 pmol of (d4)5'-
S-EMC-ET was added to each dish. The stimulated group
was incubated at 37C. The unstimulated group remained
on ice. After 2 min, all cells were washed with ice-cold buffer
P. Atotal of 3 mL of buffer S (20 mM potassium phosphate,
pH 7.4 containing 0.4% digitonin, 0.25% CHAPS, 500 mM
NaCl, 20 mM EDTA, 1 mg/mL RNase, protease inhibitors ° 100 200 300
as stated previously plus 10 mg/mL pepstatin) was added to time (s)

each dish. The cells were incubated on ice for 15 min and
then scraped from the dishes and homogenized on ice in a
Dounce homogenizer. The homogenates were shaken at 4
°C for 1 h and then spun down for 45 min af@, 13 000

rpm (Sorvall, SS34). The supernatants were rotated overnight
at 4 °C with 40 mg of oligo-dT cellulose.

The following day, the samples were spun down at 2000
rpm, 4°C for 10 min. The pellets were resuspended in 1400 0 : . :
uL of buffer S, loaded into empty microcolumns (Amer-
sham), and pelleted for 5 min at 2500 rpm,°@. The
columns were washed at°€ with 4 mL of buffer S and
then eluted three times with 10 mM Tris/HCI, pH 7.4
containing 1 mM EDTA, 0.4% digitonin, 0.25% CHAPS,
and protease inhibitors as buffer S.

SDS-Gel ElectrophoresisEluates were mixed 1:1 with
a 2X Laemmli sample buffer (Sigma) and incubated at 95

°C for 2 min. Thirty mL of each sample was run on a 10% AU A A A

polyacrylamide gel and silver stained. °3 st 100 200 300

In-Gel DigestionMajor bands were selected from stimu- time (s)
lated and unstimulated samples, and a small square of gelFgure 1: Calcium imaging studies for CCD19Lu cells. The cells
from each band was digested as follows. The gel was were stimulated with (a) 50 nM ET-1, (b) 50 nM (d#¥%'-S-EMC-
reswollen in 50 mM NHHCO, for 3 x 18 min and then - 0 e oligonucletie contol). and the fluoreseence of e red

; : ; ; i i

d.EStalneq n 5.0 mM sodium Fthfsquate and 15 mM potas- glLtljorescent dy% Fllfjo-3 was monitored vs timl::u The line labeled St
sium ferricyanide. After washing in 2 100 mL of ddHO, shows the point of stimulation.
the gel was dried for 3« 10 min in AcN. The liquid was
removed, and the gel was dried in a speedvac for 30 min. ResULTS
The dry gel was incubated at 3€ in 100 mM NHHCO;
containing 10 mM DTT for 30 min, then dehydrated in AcN We have isolated endothelin receptors A and B from the
as stated previously, and dried in the speedvac for 30 min. human lung fibroblast cell line CCD19Lu, which expressed
The gel pieces were incubated overnight at@0n a mixture both endothelin receptors. The isolations were carried out
of 5 mL of modified trypsin (75 ng/mL) and 5 mL of 70% using a modified synthesis of a fishhook that we described
DMF. previously (3). The fishhook consists of poly-dA (df

MALDI-TOF Mass SpectrometrA total of 0.5 mL of joined by a linker to the-amino group of Lys-9 of ET-1. It
the tryptic digest was applied to the target plate and allowed can be recovered from solutions of cellular lysates by
to air-dry, then overlaid with 0.5 mL of a saturated solution chromatography on immobilized poly-dT under very mild
of a-cyano-4-hydroxysuccinamic acid in 50% AcN, 0.1% conditions. The fishhook was labeled with®?P-ddATP at
TFA v/v. Spectra were taken on a Biflex Il MALDI-TOF  the 3 end using the terminal transferase, and its specific
spectrometer (Bruker, Germany) calibrated with a mixture binding to fibroblast membranes was measured. This served
of five known peptides. The spectrometer was in reflector both to confirm the expression of ET receptors in CCD19Lu
mode, detector voltage 1.8 kV, laser attenuation 70%. Peakscells and to verify that binding of the fishhook to these
were identified manually using Bruker DataAnalysis soft- receptors was virtually indistinguishable from binding of
ware. The peaks identified were compared with theoretical ET-1. In addition, measurement of the calcium response of
receptor digests generated by the Protein Prospector MS+the cells to (dA)¢-5-S-EMC-ET-1 has shown that the
Digest tool (http://www.jpsl.ludwig.edu.au). synthetic ligand was able to produce a response from the

ESI-lon Trap Mass Spectrometriryptic digest samples  cells similar to ET-1 and that this effect is not caused by the
were diluted 1:5 with ddkD, then 1:10 in 50% methanol, oligonucleotide alone (Figure 1). To use this fishhook to
0.5% acetic acid. Samples were subjected to MS/MS analysisobtain samples of ETA and ETB receptors from both
using a Finnigan-Matt LCQ. Collision energies ranged stimulated and unstimulated cells, we have taken advantage
between 25 and 55%. Spectra were compared to theoreticabf the fact that at 4C, ET-1 does not activate downstream
fragmentations of the peptides identified by MALDI-TOF processes. Stimulated cells were exposed &C3for 2 min,
analysis using MS-Product (http://www.jpsl.ludwig.edu.au), while unstimulated cells were retained i@ Subsequently,
and the sites of phosphorylation or pamlitoylations were ETA and ETB receptors were recovered as described
determined where possible. (Materials and Methods) and then subjected to further
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interpretation of the MS data. First, the observed peptides
made it clear that for both the unstimulated and the stimulated
forms of the ETA receptor, there were multiple forms of
the receptor differing in the sites and degrees of the
posttranslational modifications. For example, the sequence
378-392 in the C-terminal region of the unstimulated ETA
receptor showed a variant with no posttranslational modifica-
tions at all, a variant with phosphorylation of all three
possible phosphorylation sites, and a variant with no phos-
phorylation but attachment of five palmitoyl chains (Figure
3). An even more complicated pattern of modifications was
observed for the sequence 37892 in the stimulated
receptor, where a total of nine different sequence variants
were observed (Figure 3). Peptides from other regions of
the sequence also indicated the presence of multiple species
for the ETA receptor. The existence of multiple forms of
the ETA receptor and of regions with very heavy degrees of
modification complicated the determination of the exact
residues that were modified, especially in peptides with only
partial occupation of the sites.

A second complication in the interpretation of the MS data
was that different peptides were recovered from the stimu-
lated and unstimulated forms of the ETA receptor (Figure
3). Since the peptides were produced by tryptic fragmentation
of the receptor, this is likely to be a consequence of the
different patterns of posttranslational modifications of the
receptor following stimulation (e.g., phosphorylation can
affect the sites of tryptic hydrolysis2)). Nonetheless,
differences could be established between the sites and the
degree of modification of the second and third intracellular
loops as well as the C-terminus of the ETA receptor in the
stimulated and unstimulated states (see Discussion). Fur-
thermore, the volatilization of phosphorylated peptides is
often reduced. This may have contributed to differences in
the sequence coverage between the stimulated and the
unstimulated receptors, and in some cases, this appeared to
limit the amount of peptide available for MS/MS sequencing
experiments to determine the exact sites of the posttransla-
tional modifications.

Altogether, the MS evidence indicated that there was a
total of 20 sites modified in the ETA receptor, five sites with
palmitoylation and 15 sites with phosphorylation (Figure 2).

ETA Receptor

cytoplasm

cytoplasm

Ficure 2: Summary of all sites of phosphorylation (S, Y, T) or
palmitoylation (C) of ETA and ETB receptors in the stimulated
receptor, the unstimulated receptor, or both.

purification and separated via PAGE gel electrophoresis.
These gels (not shown) indicated that (¢ -S-EMC-ET-1 All of these sites could be conclusively established from the
has a very high selectivity for the endothelin receptors. MS data. Although the sites were clearly defined, it was not
In the following, we describe the experimental MS always possible to ascertain which of the sites were occupied
evidence used to identify the posttranslational modifications in peptides with only partial modification of the sites. For
for both stimulated and unstimulated forms of the receptors, example, the sequencing information obtained for the peptide
first for ETA and subsequently for the ETB receptor. Figure (378-392 + 2P + 1Palm) did not locate the site of
3 shows the orientation of these receptors in the membranepalmitoylation, and we could not definitively establish
and a summary of all the sites that have been observed towhether the second phosphorylation was at Tyr-389 or Ser-
undergo palmitoylation or phosphorylation in either the 391 (Figure 3).
stimulated or unstimulated states of the receptors. Consid- MS Analysis of Posttranslational Modifications of Un-
eration of the differences between the simulated and thestimulated and Stimulated ETB Recepi&snilar complica-
unstimulated receptors and of the functional significance of tions were encountered for the ETB receptor (Figure 4). For
the observed maodifications, as well as a comparison of thesethe C-terminal sequence 43842, six different peptides
modifications to information obtained for other GPCR differing in the degree or sites of phosphorylation were

receptors, is deferred to the Discussion.

MS Analysis of Posttranslational Modifications of Un-
stimulated and Stimulated ETA Receptoks summarized
in Figure 2, a large number of sites showing either phos-
phorylation or palmitoylation of the ETA receptor could be
identified by MS. There were two complications in the

observed for the unstimulated receptor, and a complex pattern
with multiple phosphorylations was also observed for the
stimulated receptor (Figure 4).

Evidence for multiple forms of both the stimulated and
the unstimulated forms of the ETB receptor was also obtained
at several other regions of the sequence (Figure 4). Similar
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C . Terminal Sequence
SHEKERKNOEEEOLOOCOYEEKELMIEOVEMNETEOOEKNEOENNERNTORESHKOEME 373- 427

Peptides recoverd from unstimulated ETA receptor OOOOAROEOEROOOE 400 - 423 4 2P
OEOCNEENGOROOCKOOMN) 409- 427+ 4P
UMV HVOODABRE 393 - 408 + 5
ORACEOOCOOCOPIOR 376-392 + 3P
EERNOEQEELEECOIRAEK 375-392
KERKEOPOEOOOEOOOOYEEK 375 - 392 + SPam

Peptides recovered from stimulated ETA receptor B LMV PMNGOE QW) 393 - 408 + 5P
BOVERYEOONCHERDOWE 393- 408 + 3P
BUVEEBYOUECHE OOWKNEOONNENEIDER 393- 410 + 2P
376392 + 3P
NOEAQOOLOCOCOPREE® 378-302+2F
378302 + Paim
NOEQECHLEEEI Y QSK 378- 392 + 2Palm
376 - 392 + Paim
KERKNCEQEOLEOOOOYEK 375- 392 + SPalm
NOEOEUIEEXET S 378 -392 + 1P + 1Paim
NOEOOCEE U IEEEERIOSK 378- 302 + 1P + 3Paim
OO EERICEK 378-392 + 2P + 1Paim

Second Intracellular Loop Sequence
EERVLIDVLNLOELEVORYREVASWERIVQGUGDELWD 167- 203
Peptides recoverd from unstimulated ETA receptor

EEVECCVONLOACEVORGREVESWE®R 167192+ P

Peptides recovered from stimulated ETA receptor

Third Intracellular Loop Sequence
279- 307
Peptides recoverd from unstimulated ETA receptor
287-301+ 2P
Peptides recovered from stimulated ETA receptor

RNGALRIOALEED® 286 - 299 + 2P
ROEOSEHOKOR 292- 302

Ficure 3: Peptides showing the patterns of posttranslational modifications that were observed by MS for the ETA receptor. For some of
the peptides, especially those with partial modification of the possible sites, sequencing by ESI-ion trap MS was used to establish the sites
of modification.

Phosphorylated Residues
Potentia Phosphorylation Sites
Palmitoylaled Residue

Beno
=
<

Potential Palmitoylation Sites

to the ETA receptor, the ETB receptor showed different stimulation of the receptors. The large number of diverse
tryptic fragmentation patterns for the stimulated and un- species for both the stimulated and the unstimulated receptors
stimulated receptor (Figure 4). was a surprise. In the first part of the following, we discuss
For the ETB receptor, a total of 17 sites for posttransla- how the observed modifications of the two receptors relate
tional modifications were established, four sites for palmi- to previous information about ET and other GPCR receptors.
toylation and 13 sites for phosphorylation (Figure 2). Among Subsequently, we consider the general implications of the
these sites, there was some uncertainty about the location ofarge number of different ET receptor isoforms that were
the two sites located in the second intracellular loop. This observed.
loop was recovered with phosphorylation at two of the three  posttranslational Modifications of the C-Termin@lus-
possible sites (Tyr-200, Ser-205, and Ser-207) for both the tering of cysteine residues in the C-terminal tail is a
stimulated and the unstimulated receptor (Figure 4). We wereconserved feature across species and receptor types in many
unable to obtain MS/MS sequencing data for this loop, and members of the GPCR family, and palmitoylation of these
the assignment of the two sites is based on the tryptic residues is thought to be involved in several important
fragmentation patterns. We cannot conclusively exclude receptor processes. Palmitoylation of cysteines is thought to
phosphorylation at Ser-207. dock the palmitoylated region to the cell membrane to
produce a fourth intracellular loo®2%). In several cases,
DISCUSSION evidence has been obtained that palmitoylation of the
The present experiments were initiated with the goal of C-terminus modifies the phosphorylation patte2$,(14).
correlating posttranslational modifications of the ET receptors !N addition, there is evidence from site-directed mutagenesis
with functional states. Such modifications are a product of Studies that for the ETB receptor and other GPCRs, the
the networks and fluxes characteristic of cellular signaling degree of C-terminal palmitoylation may act as a selector
and regulation systems, and conversely, observation of thefor coupling with different G-proteins and therefore for
modifications can provide a means to monitor the state of different pathways of intracellular signaling4-26).
cellular networks. As a first step in this direction, we have  ETB receptors showed the most striking change in receptor
been able to demonstrate the presence of multiple speciegpalmitoylation. For residues 399111, unstimulated receptors
of the endothelin receptors A and B and to show that the were highly palmitoylated, and stimulated receptors showed
patterns of posttranslational modifications change upon no evidence for palmitoylation (Figure 4). This rapid
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C - Terminal Sequence

ERREXNCERECLCOWCQEEEERKQAELEERAECORERENCHEYONEREENKIVES®

Peptides recoverd from unstimulated ETB receptor

Stannard et al.

442

%

-442 + 6P
-442 4+ 1P
-442 + 1P
-442 4 1P
-442 4+ 1P
-442 1P

QELEEKQECUKER 412-424

EELERWELOPEEKELEEX

Peptides recovered from stimulated ETB receptor

QECLRERKENDECHCNEREENRISESS
OCORERENEECHCNEROON®

NOEREOOOOWOOOEEEX 395 -411+1P

Second Intracellular Loop Sequence

EESVEOOVLELCELEOORYREVESWEORDKEOGCVEEWD

Peptides recovered from unstimulated ETB receptor

EVECWERDK
UDRAVAESEER

Peptides recovered from stimulated ETB receptor

202
200

399 - 417 + 2P + 4Palm

435
435

-442 1P
-442 + 3P
-442 + 6P
423 - 442 + 5P
418 - 442 + 1P
-438 + 4P

Sss@QB®YSsSsS

EENOHCOONERERNCIIEER

%

183 - 218

-210
-208 + 2P

ORGOOVER 209-216
DRAVAEWSRDKGIOOWVEX 200-216 + 2P

Third Intracellular Loop Sequence
MOCEMORKEKEEMAOELNOHOKARREVAEKDW

Peptides recovered from unstimulated ETB receptor

KSUWQOALNDELK
KOGUMATELNDHUKARREVEX

Peptides recovered from stimulated ETB receptor

CEUDAONOEL®
BEMQOEDNOEHLRQAR
KUMQOAELNOHLUKQRREVAX 304

-316 6 ﬂ 0 Phosphorylated Residues

-323+1P Potential Phosphorylation Sites
o Palmitoylated Residue

-316 Potential Palmitoylation Sites

-318+ 1P

-323+1P

Ficure 4: Peptides showing the patterns of posttranslational modifications that were observed by MS for the ETB receptor. For some of
the peptides, especially those with partial modification of the possible sites, sequencing by ESI-ion trap MS was used to establish the sites
of modification.

depalmitoylation may represent an unraveling of a fourth In ETB receptors, palmitoylation seemed to be an all or

internal loop upon stimulation, exposing a greater region of nothing phenomenon, whereas in ETA receptors, numerous
the tail sequence to interactions with other proteins, including intermediate species between the extremes of full palmitoyl-
kinases and phosphatases. This fits well with the greateration or full phsophorylation were observed. Some of these
diversity of phosphate modification observed in the C- differences between the two types of receptors might reflect
terminal sequence 435142 for the stimulated receptor as a cross-section of a dynamic process that proceeds more

compared to the unstimulated receptor (Figure 4).

rapidly for the ETB receptor than for the ETA receptor.

For the ETA receptor, three distinct species were observedHowever, the presence of three distinct species for the

for the unstimulated receptor at residues 3382: (i) a

variant with no palmitoylation and full phosphorylation at
all three possible phosphorylation sites, (i) a variant with
no phosphorylation and five palmitoyl chains, and (iii) a
variant with no posttranslational modifications at all (Figure
3). Given the evidence cited previously that palmitoylation
of the C-terminal region can lead to different G-protein

unstimulated ETA receptor indicates that this cannot be a

complete explanation of the observed differences.
Extensive phosphorylation of the C-termini was observed

for both ET receptors in both the stimulated and the

unstimulated states. Phosphorylation has been shown to be

a component of receptor internalizatid2v( and desensitiza-

tion (28—31); in particular, it is important in mediating the

interactions for GPCRs, these variants are suggestive ofinteraction with arrestins. In addition, there is evidence that

different functional entities for unstimulated ETA receptors.
Following stimulation, a variant with full palmitoylation and

no phosphorylation as well as a variant with phosphorylation

and no palmitoylation continued to be observed (Figure 3)

the phosphorylation of GPCR intracellular loops is involved
in an interaction with other signaling complex proteiBg)(
In the ETA receptor, changes in the phosphorylation of

. the C-terminus were seen between the unstimulated and the

In the stimulated state, a diverse combination of species withstimulated receptor (Figure 3). Apart from the region

intermediate levels of palmitoylation and phosphorylation

discussed previously that is both palmitoylated and phos-

was also seen. In general, more palmitoylation correlated phorylated (residues 37#892), there are clearly species that

with less phosphorylation for the stimulated ETA receptor
(Figure 3).

show a decrease in phosphorylation for residues-39B
in the stimulated receptor as compared to the unstimulated
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receptor. In the region 46927, two distinct species differently modified peptides but do not give any indication
differing in phosphorylation at Thr-417 were detected for of their relative abundance. For this reason, caution is
the unstimulated receptor. Comparison of the unstimulated warranted in interpreting some of the present results in terms
and stimulated receptor was not possible for residues-409 of changes between stimulated and unstimulated receptors.
427 because too few peptides from this region were For example, the previous results suggest at first sight that
recovered for the stimulated receptor. the third intracellular loop of the ETB receptor does not
In the ETB receptor, there is a high concentration of change its phosphorylation state during the first 2 min of
potential phosphorylation sites at the very end of the stimulation. Peptides with and without phosphorylation of
C-terminus (435442). It was this region that demonstrated Ser-305 are observed both before and after stimulation. This
the greatest variability between stimulated and unstimulated might suggest that phosphorylation/dephosphorylation of the
receptor (Figure 4). Fully phosphorylated variants and singly third loop is not important in the receptor/G-protein interac-
phosphorylated variants were present in stimulated andtion since data from GPCRs linked to ion channels suggests
unstimulated receptors, but in the stimulated state, variantsthat coupling occurs in less than a secog@(However, in
with zero, one, two, three, five, and six phosphates were the absence of quantitative data, it is theoretically conceivable
recovered. Phosphorylation of Tyr-431 seems to be a fixture that there is an equilibrium between an unstimulated state
in the stimulated ETB receptor. Unfortunately, the corre- and a stimulated state (rare in the absence of ligand), which
sponding region of the unstimulated receptor was not shifts in the presence of a stimulatory ligand. The MS results
recovered. For the unstimulated receptor, Ser-413 wasmight then detect trace amounts of the disfavored state both
observed in both unmodified and phosphorylated forms, pefore and after the addition of the stimulatory ligand. It is
while for the stimulated ETA receptor, a similar phenomenon also conceivable that the receptor/G-protein interaction occurs
was observed at Ser-419 (Figure 4). so quickly that the third loop has returned to its resting state
Posttranslational Modifications of the Second Intracellular  at the 2 min time point.
Loop. This region was of interest because it contains the Diversity of Receptor Formst is clear from the present

conserved D.RY.mOt'f thqt has' been .|dent|f|ed in other data that for both stimulated and unstimulated states of ETA
GPCRs as being important in the interaction between receptor

: : ; . and ETB receptors, there exist multiple covalent forms
and G-protein 33—36). Phosphorylation of this motif has e . . o
been reported for the bradykinin B2 receptad In the differing in the sites of posttranslational modifications. For

) . example, for the unstimulated ETB receptor, six different
unstimulated ETA receptor, Tyr-200 of the corresponding formspof the C-terminal sequence 43542 \E)vere identified
DRY motif was phosphorylated, but no information was

. : (Figure 5). With the present data it is not possible to specify
_obtalned for the stimulated ETA receptor. The s_econd exactly how many different receptor species exist, but some
intracellular loop of the ETB receptor was recovered in both estimates can be made. For example. for the unstimulated
stimulated and unstimulated states, and in both cases, it wag g receptor, two diffefent forms gf t,he sequence 412
fﬁ: en(l?/lg) dt;apvcgrs epEg?ﬂg:ﬁ:?u;tvgvguﬁftrtgf;p%?:sffgﬁlggf; "417 were also observed (Figure 4). This indicates that there
: ) are at least six forms of the C-terminal loop of unstimulated
tion pattern §ugg¢sted that Tyr-ZOQ and Ser-205 were theETB receptor (if modifications at residueps 39524 and
phosphorylation sites. Phosphorylation at Ser-207 could not,435_442 are correlated). but there could be as many as 12
however, be definitively excluded. For the unstimulated ETB ' Y

. : : distinct species for the C-terminal loop (no correlation at
receptor, a variant lacking phosphorylation at both Ser-205 )
and Ser-207 was also observed (Figure 4). 395-424 and 435442) (Figure 5). In the case of the

Posttranslational Modifications of the Third Intracellular St'm(;“atei 1%‘232re|(::¢ptor, 4the six rt)ept;ge_s 'ant'f'ed tror
Loop. The third intracellular loops were isolated from both resiaues . (Figure ) are not sufhicient fo exactly
receptors in both states. For ETA, receptor residues-280 specify the different C-terminal species. These six peptides

307 contain only two possible phosphorylation sites, and COUlo.I be gombmed to give a maximum Of. nine d'Stm.Ct
peptides with phosphorylation at both Ser-289 and Ser-305SPECI€S (Figure 5). On the of[her_hand, a minimum of f|ye
were observed for both the stimulated and the unstimulatedc'_termlnal sequences could give rise to.th‘? obser\{ed pepgdes
states. For the stimulated state, a peptide without phospho-('_:Igure 5) (|.e.,_the present ewdenc_e indicates five to nine
rylation at Ser-305 was also observed. For the ETB receptor,d'_ﬁe_rem C-.termlnal species for the st|mulated'ETB receptqr).
residues 298325 contain only a single possible phospho- Similar estimates of a possible number of different species

rylation site. Ser-305 was observed both unmodified and can also be made for the second and third internal loops of
phosphorylated in both the stimulated and the unstimulated the receptors (Table 1).
states. It has been postulat&dl(that GPCRs may exist in Overall, 20 sites of posttranslational modifications have
two unstimulated states, one of which is coupled to the been found for the ETA receptor and 17 sites for the ETB
G-protein even though there is no ligand bound. The receptor. If modification of these sites was completely
existence of two forms of the ETB receptor, with Ser-305 uncorrelated, there would be over 1 million (ETA) or over
of the third intracellular loop both unmodified and phos- 130 000 (ETB) different covalent species possible (Table 1).
phorylated, might indicate that one of these states is boundThe present data are not suggestive of such high numbers
to the G-protein in both stimulated and unstimulated recep- of receptor species, indicating that some level of correlation
tors. of modifications at distinct sequence locations occurs. The
The observance of differently modified peptides is good present data clearly indicate that there are a minimum of
evidence for changes in the posttranslational modifications three to nine distinct species for the different receptors (Table
of the ET receptors upon stimulation. However, it should 1). These numbers should be regarded as absolute minima
be kept in mind that the MS methods detect the existence ofsince, in the present experiments, the complexity of the
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C - Terminal Sequence
SKRERNCEEESOLCOWCASEEERQAOLEEKAEOLRKEKANOCHOYODNERSEONKISESS 39 - 442

Possible Sequences for unstimulated ETB receptor

395 413 424 4 35 442
9K IOOO o
sSOGOSOONL
1P+ 4P @OERSBOORIBOOEEERAESLEERASCORER COURIESEES 1°
2P + 4Paim - NOEKEBLOOWEOEEEKOLEEKQASOLKEX SNV 1P
ONKYES 1P
CENKYESES® 1P
Possible Sequences for stimulated ETB receptor
395 4 n 418 4 430 42
QEOLEKEKENCHOPCNEREEONKYOES® 1P
QECLKEKANOHEOGONECRAERNVKMEEN 2P
QECLKEKANOHEOGONERERNVKMEEE 4P
OO OBRERAOVPEE,Y OVGE s s O@ Y S s S MY
P HOEKEOLOOWOOEEEX QEOLKEXKENCHROCNERONKIONND 7P MAX
QOCLKEXKENCHOICNERINKYEOSS 4P
QOCLKEXKENCHOOCNEROSNKIIEEE 5P
QOCLKEXKENCHEOCNEROSNKIIEEN 7P
OOCLCHKEXKENCHEOONERONKWIOND P
QEOCKEKENCHOGCNEREEONKYOESS 1P
QECOKEXKANCHOOONERERNKIEENE
P HOEKEOLOOWOOEEEX QEOLCKEKENCHOOONERAERNKMERNE P MN
QEOLKEKENCHOOOCNERERNKEIEENE P
OOCLEKEXKENCHOICNERNKIOOD P
Ficure 5: Possible sequences for the C-terminal region of ETB receptor based on the observed peptides.
Table 1: Possible Numbers of Distinct Endothelin Receptor Species
second loop third loop C-terminal overall
receptor miA maxX min? maxX min2 maxX min¢ med! maxé comb
ETA unstimulated 1 1 1 1 3 12 3 12 12 1.6510°
ETA stimulated 1 1 2 4 9 27 9 18 108 1.851¢°
ETB unstimulated 2 4 2 2 6 12 6 24 96 1.3110°
ETB stimulated 1 1 2 2 5 9 5 10 18 1.3210°

2The minimum number of receptor species that is consistent with the peptides observed in the indicated sequentdhegioaximum
number of receptor species that is consistent with the peptides observed in the indicated sequence region. Calculated by assuming no coordination
(other than that observed in the individual peptides) for posttranslational modifications at different locations within each indicated region of t
receptor sequencéThe minimum possible number of receptor species assuming total coordination of posttranslational modifications over the
entire receptor sequencA medium number of receptor species calculated by assuming full coordination of posttranslational modifications within
the two loops and the C-terminal sequnce but no coordiation between the two loops and the C-terminal seghenteximum number of
receptor species calculated by assuming that the only coordination between different sites of posttranslational modification is that seen in the
observed peptide$The combinatorial number of possible receptor species assuming that each site is modified completely independently.

mixtures of differently modified ETA and ETB receptors much more work will be necessary to elucidate this, but some
has prevented us from obtaining complete sequence coverag@ossible explanations can be considered already.
of all the different variants. Another reason to regard these First, for the stimulated receptors, it is possible that some
numbers as absolute minima is that they would require full of the diversity simply represents a cross-section of a
correlation in posttranslational modifications over residues dynamic process and that many intermediate species would
184—425 (ETA) or residues 260442 (ETB), and the present  disappear at longer times after stimulation. In the present
experiments do not provide any evidence in favor of (or experiments, the widely varying degrees of palmitoylation
against) this degree of correlation over widely disparate and phosphorylation observed for residues-3382 of the
regions of the receptor sequences. If correlation in the stimulated ETA receptor (Figure 3) could be an example of
modification of different sequence regions is less strict, then this phenomenon. Further data would be needed to test this.
there could be substantially larger numbers of different However, given that the unstimulated ETA receptor also
receptor species (Table 1). At present, the estimates in Tableshows multiple variants (Figure 3, Table 1), this type of
1 are purely illustrative (apart from the minimum numbers), explanation is not sufficient to explain all of the observed
but they serve to show that there could be large numbers ofdiversity.
structural isoforms and that determining the exact number Second, there is the possibility that some of the different
and form of the isoforms of the ET receptors will be a very modified forms of the receptors are functionally equivalent.
complex task. For example, for the unstimulated ETB receptor, the
What could be the source and significance of such diversity sequence 435442 was observed in a hyperphosphorylated
in posttranslational modifications of ET receptors? Clearly, form with five serines and Tyr-439 phosphorylated. Five
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further forms of this region were observed in which Tyr- initiated at the ET receptorg)might be based on the parallel
439 was not phosphorylated and any one of the five seinesstimulation of different signaling pathways at spatially and
was phosphorylated (Figure 4). It may be that one functional functionally distinct ETA and ETB receptor subtypes rather
unit for this region is simply the phosphorylation of any one than on a very complex branching of downstream signaling
of the five serines. At first, this appears somewhat counter- pathways following stimulation of a single functional type
intuitive since it is normally assumed that the substrate of ET receptor.
specificities of kinases and phosphatases lead to the phos- The wide variety of different posttranslationally modified
phorylation/dephosphorylation of specific residues deter- forms of the ET receptors observed in both stimulated and
mined by the protein sequence. However, recent evidenceunstimulated states suggests that this last possibility is worthy
from hyperphosphorylated Net-1, which plays a regulatory of further consideration. The large number of different
role in exit from mitosis in yeast, suggests that mechanisms modified forms of ETA and ETB receptors was a surprise
of this kind may exist. In that case, it was shown that Ser to for us, and it will clearly be challenging to unravel the
Ala substitutions of amino acid residues subject to phos- significance of this diversity. Elucidation of the patterns of
phorylation simply led to the phosphorylation of alternative, modifications over the full protein sequence for individual
proximal serine residues in the protein sequence with no subtypes of posttranslationally modified ETA and ETB
major effects on functional activityl@). This suggests that  receptors would provide one means to further investigate this
in sequence regions that can be heavily modified, it might hypothesis. It seems that the level of complexity involved is
be the number of modifications rather than the exact residuesprobably beyond the analytical capability of indirect methods
involved that is the relevant functional signal. This might such as genetic substitutions or in vitro modification experi-
even allow for incremental modulation of activity/response ments. We are therefore currently developing methods for
by the control of the level of modification of such sequence subfractionation of ETA and ETB receptors according to their
regions. type/degree of posttranslational modification with a view to

Third, the present data might be a consequence of theperforming full sequence analysis by more sophisticated,
observation of many cells at different stages of the cell cycle. direct MS analyses involving top-down, in situ fragmentation
We attempted to minimize this potential problem by using of whole protein molecules in the mass spectrome3y. (
cells that had been simultaneously cultured and by looking
at two different time points. While this possibility cannot ACKNOWLEDGMENT
e Compltel xluded i e present cea 16 SBAEIAION we ank . V. Sosc, UCL for tectrial el ang

; . . advice, Dr. L. R. Brown for critical discussions, and Dr. O.
receptors makes it unlikely that the degree of variety we Kleiner for heloful
i : ; pful comments.

detected is due simply to the observation of an average over
many cell states. At the least, this possibility would suggest gyppPORTING INFORMATION AVAILABLE
that there are strong changes in posttranslational modifica-
tions of ET receptors during the cell cycle (which we do ~ MS/MS spectra of phosphopeptide 16192 and tryptic
not exclude). Since these variants would presumably havephosphopeptide 469423. This material is available free of
functional significance, the putative influence of the cell cycle charge via the Internet at http:/pubs.acs.org.
would then simply provide an explanation for at least some
of the diverse forms of the ET receptors that have been NOTE ADDED AFTER ASAP

observed. The Supporting Information paragraph was added to the

Finally, it is possible that many of the different forms yersion published on the Web 11/01/03. The new version
represent functionally different ET receptors. Individual y5¢ posted 11/13/2003.
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