J. Mol. Biol, {1994) 244, 361-369

Isolation of a Peptide Antagonist to the Thrombin Receptor

using Phage Display
John Doorbar and Greg Winter

MRC Centre for Protein Engineering
Hills Road, Cambridge, CB2 2QH, UK.

The thrombin receptor on platelets is an integral membrane protein and is cleaved by thrombin
to expose a “tethered ligand” that binds to and triggers the receptor. Here we have explored
the power of phage selection technology to make a peptide antagonist of this receptor using
platelets directly for the selection. To focus the selection to the thrombin receptor, we eluted
the phage with a peptide agonist of the thrombin receptor. A repertoire (1x1¢7 phage clones)
displaying peptide sequences based on the sequence of the tethered ligand, was constructed
and selected by binding to the platelets. After several roands of selection, we identified phage
clones that were able to immunoprecipitate the thrombin receptor from platelets and the
encoded peptides were sequenced. This revealed some features in common with the tethered
ligand, in particular an arginine residue followed by a proline. Several of the peptides were
synthesized chemically and one of the peptides was shown to antagonise platelet aggregation
triggered by the agonist peptide, and to inhibit serotonin release and tyrosine phosphorylation
triggered by either thrombin or the agonist peptide. Anti-aggregatory activity was ahout
ten-fold higher than that of previously reported peptide antagonists of the thrombin receptor.
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1. Introduction

The display of peptides on filamentous bacterio-
phage by fusion to the N-terminug of the g1 or g VIII
coat proteins {Smith, 1985; Greenwood ef ef., 1991;
Felicietal., 1991), hag provided the means forselecting
peptides with many binding specificities from large
repertoires {for a review see Hoess, 1993). Forexample,
peptides have been selected that hind to antibodies
{Scott & Smith, 1990} streptavidin(Deviinetal., (990},
immunoglobulin binding protein {BIP{) (BlondE!
guindiefal., 1993}, ribonueclease 8 (Smith et al., 1993)
and the carbohydrate-binding protein concanavalin A
{Scott et al., 1992, Oldenberg ot al., 1992). The
sequences of selected peptides have often proved to be
related to each other (Stephen & Lane, 1992), and have
helped identify a sequence “motif” required for
binding. Sometimes the sequences have resembled the
natural peptide ligand; those that have not have been
termed mimotopes (Geysen et af., 1986; Scott ef al.,,
1992; Smithetal., 1993). Tt has been suggested that the
technology should be capable ofproviding new peptide
leads for agonists and antagonists of receptors (Cwirla
efal., 1990). Indeed the purified extracellular domains
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of the a;b, fibroneetin receptor { Kotvunen ef al., 1993)
and theay, b, platelet fibrinogen receptor (' Neiletal.,
1992) were used toselect peptides related to the natural
ligand fibronectin, with RGD motif. The selected
peptides were able to antagonise integrin-mediated
cell adhesion.

The receptors of the (-protein coupled receptor
{GPCR)superfamily are of particular pharmaceutical
interest. The members of this group all share a highly
related structure; seven o-helical transmembrane
domains form a ligand binding pocket within the
plane ofthe membrane, and it bas been estimated that
80% of all known receptors belong to this family
{Bockaert, 1991}, including the opiate/muscarinie,
tachykinin, 5-hydroxytryptamine and thrombin
receptors. Thrombin plays a critical role in
haemostasis and thrombosis by activating the
thrombin receptor on platelets, and is invalved in the
mediation of inflammatory responses to vascular
injury (Walz ef a., 1986; Coughlin, 1993). Thrombin
receptor antagonists might therefore help block
inflammation and thrombosis.

Here we have tried to make an antagonist of the
thrombin receptor. Thrombin cleaves the extracellu-
lar N-terminal domain of the thrombin receptor to
create a new N-terminus which behaves as a tethered
ligand in receptor activation {Vu et al., 1991). The
N-terminal six residues of the cleaved receptor are
responsible for the agonist activity, and can be
mimicked by a free hexapeptide of the same sequence
(Vassallo et al., 1992; Chao et al., 1992). As the
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receptor is an infegral membrane protein and
cannot be purified as with the integrin receptors,
we used platelets for the selection of phages. To
foens the selection to the thrombin receptor, we eluted
the phages with the agonist peptide.

2. Materials and Methods

(a) Construction of libraries and phage controls

Control phage expressing either the SFLLRNP-
NDKYE (thrombin receptor activating peptide),
RPKPQQFFGLME (substance P), HETDS-
FVGLME (neurokinin A) or DMHDFFVGLME
{neurokinin B) ligands were prepared by cloning
oligonucleotide pairs between the Apelll and Notl
sites of the display vector fdtetDOG (Hoogenbogm
et al., 1991}, or between the Sfi1 and Notl sites of the
vector fdtetSfi/Not. The pairs were 5CGG CCA
TGG CAT GCA TCT TTC CTA CTA AGA AAT
CCG AAC GAT AAG TAC GAG CQG TTC CCA
CCA CCA CCA GC 3 and 5 GGC CGC TGG
TGG TGG GAA CGG CTC GTA CTT ATC
GTT CGG ATT TCT TAG TAG GAA AGA
TGC CAT GGC CT 3 (encoding SFLLRNPND-
KYE); 5 T GCA CGT CCT AAA CCT CAA CAA
TTT TTT GGT CTT ATG TAG CCA CCA CCA
CCA GC 3' and 5'GGC CGC TGG TGG TGG TGG
CTA CAT AAG ACC AAA AAA TTG TTG
AGG TTT AGG ACG 3 (encoding RPKPQQF-
FGLME); 5 T GCA CAC AAA ACT GAC AGC
TTC GTC GGT CTA ATG TAG CCA CCA CCA
CCA GC 3 and 5 GGC CGC TGG TGG TGG
TGG CTA CAT TAG ACC GAC GAA GCT GTC
AGT TTT GTG 3 (encoding HKTDSFVGLME)
and 5 T GCA GAT ATG CAT GAT TTC TTC
GTC GGT CTT ATG TAG CCA CCA CCA CGA GC
3" and 5 GGC CGC TGG TGG TGG TGG CTA
CAT AAG ACC GAC GAA GAA ATC ATG CAT ATC
TGC A 3 (encoding DMHDFFVGLME), The
tethered ligand library (see Figure 1) was prepared
in the vector fdtetSfifNot following digestion with
Sfil and Notl. The oligonucleotide used for library
preparation, &' G TTG TTC CTT TCT ATG
CGG CCC CAG CCG GCC ATG GCA (NN(G/T),
CCG AAC GAT AAG TAC GAG CCG TTC CCA
CCA CCA CCA GCG GCC GCA GAA ACT GTT
CGC GCG-CGC GAA CAG 3, encoded the random
hexapeptide from a sixfold repeat of the codon
NN(G/T}, (where N represents any nuclectide)
and had a ten base repeat at the C-terminal end
which was able to form a hairpin structure following
denaturation at 95°C and rapid reannealing at
4°C. The second strand was synthesised from the
3" end of the hairpin using the Klenow fragment
of Escherichia coly DNA polymerase (as previously
described (Sambrook et af., 1989)), and the resulting
double-stranded olige was digested with Sfl
and Nof] before being cloned into fdtetSfi/Not.
Annealing, synthesis and enzyme digestion were
maonitored by polyacrylamide gel electrophoresis.
A second hexapeptide library was provided by
G.P Smith, University of Missouri (Scott & Smoith,

1990j. The vector fdkanDOG was a gift from
A. Griffiths, and had been constructed by removal
of the tetracycline resistance gene from fdtetDOG
(as a Nsil fragment) followed by its replacement
with a Pstl fragment derived from the vector
pUC-4K (Pharmacta) which encodes kanamycin
resistance.

(b} Selection of competing peptides

Platelets were obtained from the East Anglia Blood
Transfusion service {Long Road, Cambridge, UK .Yon
the day of bleeding, and were washed once at room
temperature in PBS {135 mM Na(Cl, 2.5 mM KCl,
10 mM Na,HPO,, 1.8 mM KR,PO,, pH 7.2}, 10 mM
EDTA, 0.25% {w/v} bovine serum albumin, befare
resuspension in 2% (w{v) dried milk {in PBS) at a
concentration of 1 x 10° platelets/ml. A total of
2.5 x 10" phage particles were mixed with 3 x 107
platelets and the volume was made up to 1 ml with
PBS, 2% milk. Binding was allowed to proceed for one
hour at room temperature with end over end rotation.
The unbound phage were removed by five cycles of low
speed centrifugation (5000 ¢, Eppendor{ centrifuge)
and washing with PBS, 2% milk. The resulting
platelet/phage pellet was resuspended in 200 ul of
PBS, 2% milk containing 1mM SFLLERNPNDKYE
peptide and incubated at 37°C for 30 minutes. The
eluted phage were recovered using £. coli TG as
previously degcribed (Hoogenboometal., 1991; Marks
et al., 1991) before being used in subsequent rounds
of selection.

Each round of selection was monitored by the ratio
of eluted to input phage, and by platelet ELISA.
Washed platelets were suspended in PBS, 10 mM
EDTA at a concentration of 1 x 10°/ml before being
added to ELISA plates (100 ulfwell) which had been
previously coated with poly L lysine hydrobromide.
The ELISA plates were prepared by incubation in
0.1 mg/m! poly L lysine hydrobromide for 30 minutes
at room temperature followed hy three washes with
PBS. Platelets were left to bind for 30 minutes at room
temperature, after which unbound platelets were
washed off, and those remaining were lightly fixed
with PBS, 0.05% (v/w) glutaraldehyde for 15
minutes. Following five washesin PBS, the plates were
blocked by incubation at 37°C with PBS, 2% milk
before phage ELISA (McCafferty et al., 1990). For
competition ELISA, the fixed platelets were
incubated with either thrombin or the SFLLRNP-
NDKYE peptide (Sigma, Poole, UK.) for 15 minutes
at room temperature before the phage were added.
{With thrombin, the plates were washed three times
before phage was added.} Phage DNA templates were
prepared for sequencing (Sanger ef af., 1977) as
previously reported (Marks ef al., 1991).

(¢} Biological activity of selected peptides

Peptides were synthesised by Neosystem (Stras-
bourg, ¥rance) or were obtained from Sigma
(SFLLRNPNDKYE, RGDS, TKPR, VGSE: Poole,
UK.) or Bachem {MS, MM, SFLLRN; Bubendor{,
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Switzerland). Platelet aggregation was performed on
a PAP four channel platelet aggregometer using
platelet rich plasma as described by Vassallo ef al.
{1992). Potential antagonists were added one minute
before the addition of agonist, and the response was
ntonitored for four minutes after this. Serotonin
release was according to Chao et af. (1989, 1992), and
tyrosine phosphorylation according to Vassallo ef al.
{1992} except that phosphotyrosine was detected
using a rabbit polyeclonal antibody (1CN Immunobio-
logicals, Cosa Mesa, CA).

Lactoperoxidase was used to radioactively lodate
platelet surface proteins according to Harlow & Lane
(1988) and platelet membranes prepared by differen-
tial centrifugation (Harman & Jamieson, 1985} were
fragmented by sonication onice (6 x 10 second bursts,
miniprobe}. For immunoprecipitation, phages were
prepared as follows: clones were grown overnight in
TGl cells (100 mb); the bacteria were pelieted at
4000 ¢ for ten minutes; 1/5th volume of 20% poly-
ethylene glycol 6000, 2.5 MNa Cl was added to the
supernatant; and after one hour at 4°C phage were
pelleted (8000 g, 15 minutes) resuspended in 1 ml of
PBS, filtered through an 0.45 mM sterile filter and
titred (10" TU/ml). Platelet membranes (50 ug) were
incubated with 1 x 10° phage partieles in PBS, 2%
itk for one hour, and 100 gl {50 ul packed volume)
of antiphage Dynabeads were added. (The anti-phage
Dynabeads were prepared by coating anti-mouse
Dynabeads {Dynal, Wirral, UK.) with excess mouse
anti-sheep antibody (250l of 1 mgfml solution),
followed by excess sheep anti-M13 antibody (a gift
from Cambridge Antibody Technology} and then
washed three times with PBS.} The trapped receptor
on the Dynabeads was solubilised in gel sample buffer
(1% SDS, 15 mM f-mercaptoethanol, 5% glycerol,
10mM Tris-HClL, pH 8.8) and the proteins were
analysed by Western blotting aceording to Harlow &
Lane (1988), using the monoclonal antibody ATAP
138 which binds to the thrombin receptor { Brassefaf.,
1992).

3. Results

{a) Selection against the thrombin receptor on
platelets

A recombinant phage was constructed in which the
12 residue sequence {SFLLENPNDKYE) exposed
following cleavage of the thrombin receptor by
thrombin, was fused to the gene 111 coat protein of the
phage fd-tet-8fi/Not {derived from fd-tet-DOGI)
(Hoogenhoom et al.. 1991). The phage was used to
spike a preparation of kanamycin resistant phage
{fd-kan-DOG) (see Materials and Methods) and the
mixture was panned against either platelets or HEL
cells, both of which express the thrombin receptor at
high levels {Brass et al., 1991, 1992), or againgt COS-1
cells. which display low levels of receptor on their
surface (Hung ef al., 1992). The phage were eluted
with the peptide agonist, at a concentration of 1 mM
{100-fold higher than required for platelet activation)
and enrichment was detected by determining the
ratio of tet.” tokan ™ colonies after infection of £. coli.
The phage bearing the natural peptide ligand could be
enriched on platelets or HEL eells, but not on CO8-1
cells (Table 1}, We therefore used platelets for the
selection of peptide repertoires.

{b) Construction of a tethered ligand library and
selection for novel binders

As the N-terminal six residues of the tethered
licand appear to have binding (indeed agonist)
activity, we randomised this region, but retained eight
residues of the tether (Figure 1). After three rounds
of selection on fresh platelets, 59/%6 of the eluted
phage clones bound to fixed platelets as shown by
ELISA. For most of these clones, the binding to
platelets was consistently reduced in the presence of
the agonist peptide, or after treatinent of the platelets
with thrombin {Figure 2). Clones were also sereened
for binding in the presence of other peptides not

Table 1
Enrichment for peplide fusion phages

Enrichment

Selection ——— — —
Displayed peptide farget 1.000,000 11000 1200 1:50
Thraombin receptor ligand Platelets 57x 7x H08x 87x
SFLLRNPNDKYE HEL cells 13x Ox

OB cells 1.3z 1.5x
NK-3 ligand Platelets L3x Lax Llx 1.0x
DMHDFFVGLM HEL cells 1.4x 1.4x

("O8 cells 1.7x bax
fd DOG gene {11 Platelets 1.35x Lix 1.Ix I2x
QVQLAQELEIKRA HEL cells 1.1x 1.8x 2.1x

08 cells 1Lax i.8x

The enrichment of tet® phage displaying 3 different peptides (SFLLENPNDKYE.
DMHDFFVGLM and QVQLQE LEIK RA) after seloction using 2 different cell types (HEL
and COS) or platelets. The tet * phage were spiked with kan* phage (displaying the peptide
QVQLQELEIKRA)in the ratio of 1/10% 1/107, 1/200 and 1/50 and the degree of envichment
calculated after plating of the phage before and afterselection, as tet * coloniesjtet* + kan™*
colonies after selectionftet* coloniesjtet * + kan™ colonies before selection. Results are

typicel of duphlicate experiments,
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Figure 1. Fusion phage construets. a, Thrombin ligand repertoire. Following cleavage of the N-terminal pel B signal
sequence the random hexapeptide (X;) is displayed at the N terminus of the gene 111 protein. Kight amino acids derived
from the thrombin receptor tether region are encoded C-terminal to the random peptide. The displayed sequences are linked
o the gene I11 protein by a rigid poly-proline spacer. The cleavage site for removal of the signal sequence is indicated by
an arrow. b, Tethered ligand library. ¢, Hexapeptide library (Scott & Smith, 1990) that incorporates 4 fixed amine acid

residues at the N terminus.

expected to compete for the thrombin receptor.
Included among these was the tetrapeptide RGDS
which interaets with the highly abundant 11b/11]a
receptor present on the platelet surface. With only
one exception (T16), the selected phage showed no
reduction in platelet binding in the presence of this
peptide, even at concentrations as high as 5 mM.

(¢} Peptide sequences

A selection of phage clones binding to platelets (and
competed with agonist peptide) were sequenced. All
of the selected hexapeptide sequences included a basic
residue {arginine, histidine or lysine), usually an
arginine as in the natural sequence, and frequently
preceded by either a serine or alanine residue
(Figure 3). When the peptides were aligned by the
basic residue (Figure 3), we also noted a proline
residue to the C-terminal side usually within three
residues. Proline is present as the first fixed residne of
the tether in the library, but was often also present
within the selected hexapeptide sequence. Oniy three
amino acid residues (methionine, serine and glycine)
were seen at the N-terminus of the selected peptides,
suggesting that these residues are selected and may
also form part of the receptor binding motif. Certainly
many different amino acid residues were encoded at
the N-terminal position in the unselected phages.
Thus the sequences of 44 phage clones isolated after
three ronnds of growth (but without selection on
platelets), encoded 17 different amino acid residues,
with arginine, alanine, fryptophan and valine
oceurring most frequently. When we used a second
peptide library, but in which the first four X-terminal
residues were fixed (Scott & Smith, 1980). we also
noted an arginine/proline motit {Figure 3).

(d} Immunoprecipitation of the thrombin receplor
Jrom platelels using phages

To provide direct evidence that the phages bound to
the thrombin receptor, whole platelets were surface
labelled with 1'* usinglactoperoxidase, and the phages
incubated with a high speed membrane preparation
(Harmon & Jamieson, 1985). The phages were then
captured on paramagneticbeads coated with anti-M13
antibody, and screened by Western blotting for the
thrombin receptor using Mab ATAP 138 (Brass et al.,
1992). The presence of the receptor was detected with
phagesdisplayingpeptides T, T3 and T8{and possibly
T5, Figure 4). However, we failed to detect the
thrombin receptor using phage displaying the natural
agonist peptide, perhaps due to poor affinity:

{e) Biological activity of selected peptides

Peptides T'1 and T8 were synthesized and sereened
for their activity as antagonists {or agonists) for the
thrombin receptor, using platelet aggregation,
serotonin releage and tyrosine phosphorylation
assays on human platelets. The peptides Ta, T9, T14
and T16 were also synthesised and screened as
controls, as well as shorter variants of the T1 peptide.

(1) Inhibition of platelet aggregation

Both thrombin and the peptide agonist ‘SFLL-
RNPNDKYE’ stimulate aggregation of platelets at
concentrations of around 1 nM and 10 uM, respect-
ively (Chao ef al., 1992; Vassallo ef af., 1992}, Only
peptides Tl and T16 were able to inhibit the
aggregation (figure ). However, peptide T1 was
anable to block platelet aggregation triggered by
other platelet activators such as ADP epinephrine
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Figure 2. Competition of phage binding. The binding of
phage displaying selected peptides to platelets by ELISA in
the absence of competitor peptide (track Nj 100%). in the
presence of 1| mM SFLLRNPNDKYE peptide {track S),
and following pretreatment of platelets with thrombin
{track T). In addition competition was carried out in the
presence of 3 other peptides, RGDS {track R), TKPR and
VGSE (not shown, but no sighificant inhibition seen). The
results represent the mean signals of & ELISA assays
Standard deviations are indicated by the error bars.

and the thromboxane A2 analog 146619, suggesting
that it was specific to the thrombin receptor. Peptide
T1 was found to lose activity on prolonged storage in
solution, presumably by oxidation of the cysteine
residie to cystine as purification on a solid phase
rechucing column {Pierce, UK.) restored the activity
By contrast peptide T16 (which contains an RGD
motif) blocked platelet aggregation triggered by other
activators (ADF, epinephrine, U46619; data not
shown), presumably by blocking the activated
L1h/I11a integrin (which mediates platelet aggrega-
tion through the binding of fibrogen and wvon
Willebrand factor). The peptides were also screened
for agonist activity, and peptide T9 wasz found to
stimulate the aggregation of platelets (EC50 about
100 mM, Figure 6).
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Figure 3. Sequences of displayed peptides. a, Sequences
of the displayved peptides in phage showing reduced hinding
to platelets both in the presence of the SFLLRNPNDKYE
peptide and following platelet pre-treatment with
thrombin. The peptides are aligned by a basic residue.
Peptides T1 to T16 were selected from the thrombin ligand
library, while 81 to 88 were derived from the hexapeptide
library, Peptides which were synthesised and tested for
biological activity are indicated by an asterisk. The motif
common to many of the selected sequences is underlined.
Peptides T14 to T16 bound to platelets but apparently not
to the thrombin receptor. b, The sequences of peptides
displayed on 44 phage picked at random following 3 rounds
of “mock” selection.

{il} fnhibition of serofonin release

Only peptide T1 proved to be effective inhibitor of
serotonpin release by thrombin (Figure 7). Such
inhibition is a characteristic of thrombin receptor
antagonists (Brass et al., 1992), as peptide antagon-
ists of the Ib/I1Ja receptor, although potent
inhibitors of platelet aggregation do not effect
serotonin release by platelets (Shattil ¢f af., 1985;
Eldor et al., 1985; Huang ef of., 1987). Peptide T
proved to be an agonist (Figure 6).

{iii) Suppression of tyrosine phosphorylation

Both thrombin and the agonist peptide induce
tyrosine phosphorylation of multiple platelet proteing



366 Dhscovery of Receptor [igunds by Phage Disploy

MO AL L LR L & 6 & M
-
H) -
97—
- —— e -
a-
9= W : iy

Figure 4. Immunoprecipitation of thrombin receptor by
phages. Fragmented piatelet membranes were incubated
with phage, and then the phage captured on paramagnetic
beads. The receptor was detected on Western blots using a
monoclonal antibody ATAP 138 after incubations with
phage displaying the peptides TT(SAAARVPNDKYE), T8
(SGVCRRPNDKYE}, Tl (MSRPACPNDKYE) and T5
{GERVPWPNDKYE). but not the other phages. Molecular
weight markers are shown in tracks M.

(Vassallo ef al., 1992; Golden & Brugge, 1989). This
induction can be blacked by an antibody which binds
to the tethered peptide of the thrombin receptor
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(Brass ef af., 1992). The peptides were assayed for
their ability to prevent tyrosine phosphorylation by
either thrombinor SFLLRNPNDKYE. Although we
could detect only a limited range of phosphorylated
proteins using a rabbit anti-phosphotyrosine poly-
clonal antibody, the intensity of the signal was
consistently reduced when activation was carried out
in the presence of T as compared to other peptides
(Figure 8). However, this was not the case when
U46619 was used as the activator

4. Discussion

The thrombin receptor is cleaved by thrombin to
expose anew N terminns that acts as a tethered ligand
to activate the receptor A peptide with the same
sequence as the N-terminal portion of the cleaved
receptor (SFLLRNPNDKYE) is able to act as
agonist, but only at high concentrations (EC
50 = 10 mM), indicating that the peptide sequence
has a poor affinity for the receptor. This emphasizes
the role of the tether in binding the natural ligand,
and suggests that the ligand has evolved towards high
turnover with the receptor binding site. Perhaps not

4 |
FLLRN BFLLAN..,
S00uM 1ouM

Ti4 SFLLRN...
[ 1o
L ]
’ 4 1 minte
Ta SFLLAN..
SO0UM 10uM

Figure 5. a, Inhibition of platelet aggregation by peptide T1 (MSRPACPNDK YE}. Platelet rich plasma was incubated
with peptide 1 minute before addition of the agonist peptide SFLLRNPNDKY E and aggregation detected using a4 channel
aggregometer. The response to other agonists such as ADP (30 mM) is also shown. The resulss are typical of triplicate
experiments. b, {nhibition of platelet aggregation by other peptides.
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Figure 6. Agonist activity of peptide T9 (SFVWRMP-
NDKYE). a, Aggregation of platelets in platelet rich
piasma by peptide T9. 100% aggregation was taken as that
induced by 500 mM agonist peptide (SFLLRNPNDKYE).
b, Serotonin release from platelets by peptide T9. 100%
release was taken as that induced by 500 mM agonist
peptide SFLLRNPNDKYE. The values represent the
mean of duplicate experiments.

surprisingly it has proved diffieult to make potent
antagonists based on this sequence. With the
exception of FFLLRNP and YFLLRNP (Vassallo
ef al., 1992} modifications of the natural ligand such
as SALLRNE, SLLRNP SFLRNP and propFLL-
RNP do not act as either agonists or antagonists
{Rasmussen ef af., 1993).

Here we have tried to harness selection technology
to build a peptide antagonist of the thrombin receptor
using the agonist peptide. Thus we built a repertoire
of sequences baged on portions of the agonist peptide,
hound the phage to platelets, and eluted with the
agonist peptide. However, we do not know whether
displacement of the bound phage was due to simple
competition or to receptor activation. After several
rounds of selection, we suceeeded in selecting phage
that bound to platelets, and in which the binding
could beinhibited with the agonist. At least one of the
phages {encoding the peptide T1) couid be used as a
reagent to immunoprecipitate the thrombin receptor
from membranes, and the free peptide T1 was able to
antagonise the agonist (or thrombin) triggered
aggregation of platelets, serotonin release and
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Figure?7. a, Inhibition of serotonin release by peptide Tt
(MSRPACPNDKYE). Platelet rich plasma (serotonin
loaded) was incubated in the presence of increasing
concentrations of peptide for 1 minute before the addition
of thrombin (0.5 U/m! to 2.0 U/ml). Serotonin release was
measured as deseribed in Materials and Methods. 100%
release corresponds to the total amount of [2H] serctonin
taken up by the platelets during the labelling period and
that could in principle be released (on addition of
thrombin). However, it was not possible to achieve 100%
release with the highest level of thrombin (2 U/ml) used
here. b, Inhibition of serotonin release by other peptides.

tyrosine phosphorylation. From another phage
(encoding peptide T9} we identified a free peptide
capable of receptor activation. Thus we succeeded in
isolating peptides binding to the receptor with both
agonist and antagonist activities.

Presumably peptides with binding activity will
only be agonists if they make specific contacts with
the receptor. Not surprisingly the sequence of the
selected agonist (T9) is rather close to that of the
eluting agonist peptide whilst that of the antagonist
bears a rore distant relationship. Thus the sequence
of T1 {and several other peptides selected by binding
to the thrombin receptor). includes an arginine
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Figure 8, Inhibition of tyrosine phosphorylation. Gel
fiitered platelets were incubated with either 300 mM
peptide (116, T1 or FLLRN]), or with PBS for 2 minutes
before the addition of either thrombin (1 Ujml, upper
panel) or SFLLRNPNDKYE peptide (10 mM, lower
panel). After 2 wminutes in the presence of agonist, tell
lysates were prepared and tyrosine phosphorylated protéins
were detected by Western blotting using a rabbit polyclonal
antibody.

residue followed (within three residues) by a proline.
As the N-terminal portion of the tethered ligand
also includes an arginine residue essential for agonist
activity {Chao et al., 1992; Vassallo et al., 1992;
Van Obberghen-Schilling et af., 1993), and a proline,
we suspect that the antagonist peptide T1 may
make some of the same interactions as the agonist.
The arginine may well form a salt bridge with an
acidic residue of the receptor, and the proline may
facilitate a turn as has heen suggested (Chao éf af.,
1992). However, the antagonist is presumably making
additional interactions, as it is more potent (at
least ten fold} than the antagonist peptides
FLLRNE YFLLRNP (Vassallo et af., 1992
Rasmussen e al., 1993) based on the natural
sequence. Furthermore it appears to be more potent
than an antagonist Mpr-F-Cha-Cha-RKPND de-
scribed more recently (Giesberts el al., 1993). The
sequence of T1, and other such peptides, may
therefore prove to be a useful lead for building yet
more potent antagonists.

We thank 8. Stone and other colleagues for advice,
. Horwell for advice and continuing support, L. E Brass
for the monoclonal antibody ATAP 138, G. Smith for
the hexapeptide phage display library and H. Griffin
for help with the phage sequencing. J.U. was supported
by Parke Davis Neuroscience Research Centre, LK.
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