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A novel peptide (designed to bind to α
IIb

β
$
) caused platelet

aggregation and aggregation-independent secretion of the con-

tents of α-granules in an α
IIb

β
$
-dependent fashion. The agonist

peptide induced secretion in the presence of prostaglandin E
"
.

In cell-free assays, α
IIb

β
$

bound specifically to immobilized

INTRODUCTION
Platelet aggregation, under conditions of low shear stress, is

dependent on the binding of fibrinogen to its receptor (the

integrin α
IIb

β
$
) on the surface of the platelets [1,2]. The glyco-

proteins α
IIb

and β
$

exist as inactive heterodimeric calcium-

dependent complexes on non-activated, resting [prostaglandin E
"

(PGE
"
) present] platelets [1]. Attachment of fibrinogen to

activated α
IIb

β
$

on activated platelets mediates aggregation by

cross-linking adjacent platelets [1]. The α subunit, α
IIb

, of the

platelet fibrinogen receptor, α
IIb

β
$
, is thought to be unique to

platelets and megakaryocytes. The results of peptide cross-linking

studies, the characterization of peptides derived from α
IIb

and the

characterization of chimeric receptors implicate residues 294–314

of α
IIb

as being at least part of a presumptive fibrinogen γ-chain

binding site [3–7]. The sequence ESRADRK (ESR), corres-

ponding to residues 315–321 of α
IIb

, is adjacent to the presumed

fibrinogen binding site on α
IIb

[8]. Because of its proximity to the

presumptive fibrinogen γ-chain binding site, the binding of a

synthetic probe to the ESR sequence of α
IIb

might disrupt some

fibrinogen–platelet-interaction-dependent function(s). Con-

sequently, a peptide was designed to bind to residues 315–321 of

α
IIb

[9–11]. Surprisingly the peptide designed for that purpose,

LSARLAF (LSA), activated α
IIb

β
$
.

MATERIALS AND METHODS

Peptide synthesis and design

Peptides were synthesized and purified in our laboratory and the

amino-acid compositions and sequences were confirmed as

described previously [12]. The molecular-recognition hypothesis

was used to design a peptide to bind the target residues 315–321,

ESR, on α
IIb

of the integrin α
IIb

β
$

[9–11]. The α
IIb

mRNA

nucleotide sequence for ESR is shown below. The complement of

this nucleotide sequence is labelled cRNA. According to the

molecular-recognition hypothesis, the complementary peptide

predicted by the cRNA should bind to the region of the protein

coded for by the corresponding mRNA. Translation of this

cRNA in the 3«! 5« and 5«! 3« directions generates the amino-

acid sequences LSA and FSVCPAL respectively :

Abbreviations used: PGE1, prostaglandin E1 ; ESR, ESRADRK, residues 315–321 of αIIb ; LSA, LSARLAF, synthetic peptide designed to bind to ESR;
FRA, FRALASL, peptide with the same amino-acid composition but different sequence to LSA; anti-ESR, antibodies raised to ESR; TRAP, thrombin-
receptor-activating peptide ; mAb, monoclonal antibody; PF-4, platelet factor 4 ; PI, preimmune IgG.

1 To whom correspondence should be addressed.

agonist peptide and the peptide enhanced the binding of

fibrinogen to immobilized α
IIb

β
$
. The agonist peptide apparently

activates α
IIb

β
$
by directly inducing a conformational change in

the receptor. This change activates the platelets and causes

secretion in a manner independent of fibrinogen binding.

Note that for the 5«! 3« translation the amino terminus of the

peptide is on the right and is designated by superscript H. The

carboxyl terminus is designated by the superscript HO or OH.

Only LSA was synthesized and characterized because it had

the better hydropathic profile (Figure 1) of the two peptides (the

plot for FSVCPAL is not shown).

Antibodies

Mouse IgG (technical grade) was purchased from Sigma. Anti-

bodies to ESR (anti-ESR, against residues 315–321 of α
IIb

) were

obtained from salt precipitate rabbit serum as described pre-

viously [13]. Control IgG was obtained from the same rabbits,

but before immunization with ESR, and was designated pre-

immune IgG (PI) [14]. Monoclonal antibodies (mAbs) were gifts

(see Acknowledgments section).

Aggregation

Aggregation studies using platelets in plasma (Figures 2a and 2b)

and gel-filtered platelets (Figure 2c) were performed as described

[12]. Platelets in plasma and platelets to be gel-filtered were

prepared from blood drawn into White’s anticoagulant [2.94%

(w}v) citrate}2.45% (w}v) glucose, pH 6.5]. Dissociation of

receptor subunits was accomplished by treating platelets in

plasma with the calcium chelator EDTA (5 mM) at 37 °C under

alkaline (pH 7.8) conditions for 20 min. Acidic conditions (pH

6.6) were used for the non-dissociation control. The platelets

were removed from EDTA-containing plasma by low-speed

centrifugation (650 g, 10 min) and were suspended in normal,

platelet-poor plasma before testing for their ability to aggregate

in response to LSA. Gel-filtered platelets were freed of fibrinogen

in Ca#+-free Tyrodes buffer containing 0.5 mM Mg#+ [12]. Resting
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Figure 1 Plot of hydropathic scores for LSARLAF

The plot shows the potential for the peptide to bind to the ESR sequence of αIIb and thereby affect

fibrinogen-dependent platelet functions. Residues of a peptide are scored on a scale of 0–5 with

regard to their relative hydrophobicity (positive numbers) or hydrophilicity (negative numbers).

For best complementarity, one sequence should be approximately the inverse of the other. For

further details see Markus et. al. [32].

gel-filtered platelets were in the presence of 1 µg}ml PGE
"
.

Mouse and rabbit antibodies, in these experiments, were added

to platelets in plasma at final concentrations of 25 µg}ml and

0.4 mg}ml respectively, just before the cuvettes were placed in

the aggregometer and approx. 1 min before the peptide was

added.

Secretion studies

Platelet factor 4 (PF-4, a platelet α granule component) released

from platelets in aggregation experiments was quantified by an

anti-PF-4 antibody ELISA (Asserachrom2 kit) using a modi-

fication of the manufacturer’s instructions. Briefly, the platelets

were stirred in the aggregometer at 800 rev}min for approx. 30 s

at 37 °C, with or without inhibitors, before the addition of

thrombin-receptor-activating peptide (TRAP) (50 µM), LSA

(0.75 mM for platelets in plasma or 0.25 mM for gel-filtered

platelets) or the control peptide, FRALASL (FRA) (0.4 ml final

volumes). After stirring for 3 min, 0.1 ml samples of the platelets

in plasma, gel-filtered platelets or resting gel-filtered platelets

were removed and centrifuged briefly at " 1000 g (micro-centri-

fuge 59A; Fisher Scientific). PF-4 release was estimated in 50 µl

aliquots of the supernatant, diluted 1:500 in the kit dilution

buffer. Developed PF-4 adsorption strips were read at A
%*!

(Microplate Autoreader, model EL309; Bio-Tek Instruments).

See the Aggregation section for antibody concentrations.

Receptor binding ELISA

Thebinding ofα
IIb

β
$
toLSA- orFRA-coatedwellswas measured.

The peptides LSA and FRA (5 µg}ml) were immobilized on

XENOBINDTM covalent binding micro-well plates, which were

post-coated with a solution of clarified BSA (35 mg}ml). Samples

of purified [15], biotinylated [16] α
IIb

β
$
(10 µg}ml) were incubated

for 10 min with or without excess (100 µg}ml) free LSA, or with

1 mg}ml of BSA, and then added to the LSA-coated wells.

Incubation was continued overnight at 30 °C.

In a second set of cell-free assays, binding of fibrinogen to

purifed α
IIb

β
$

was quantified as described previously [16].

Biotinylated fibrinogen (0.5 µg}well), in the presence or absence

of increasing amounts of the designated peptide, was added to

Figure 2 LSA induced platelet aggregation is (b) dependent on intact
fibrinogen-receptor complexes and (c) occurs under conditions requiring
secretion as a prerequisite to aggregation

(a) The anti-αIIbβ3 mAb A2A9, which blocks binding of fibrinogen to αIIbβ3, and the non-

blocking anti-β3 mAb AP3, but not the non-blocking anti-αIIb mAb Tab or murine control IgG,

inhibited LSA-induced aggregation. Platelet aggregation induced by ADP (30 µM) was

not inhibited by either of the non-blocking antibodies (results not shown). Anti-ESR, but not PI,

inhibited LSA-induced platelet aggregation in plasma. LSA-induced platelet aggregation was

rescued from anti-ESR-IgG-imposed inhibition by preincubation of anti-ESR IgG with free ESR

peptide (0.25 mM) for 30 min before addition of the mixture to the platelets in plasma. ADP-

induced platelet aggregation was not inhibited by anti-ESR IgG (results not shown). (b) Platelets
removed from EDTA acidic treatment aggregated in response to 1 mM LSA, whereas platelets

removed from EDTA alkaline treatment, which dissociates αIIbβ3 complexes, did not. Control

peptide was without effect at 1 mM (results not shown). The trace labelled LSA represents

aggregation of non-EDTA-treated control platelets in replaced plasma induced by 0.75 mM LSA,

and is compared with aggregation of platelets in plasma induced by TRAP (50 µM). (c) LSA

induced the aggregation of non-resting gel-filtered platelets as extensively as did TRAP under

conditions requiring secretion as a prerequisite to aggregation (first two traces). The control

peptide FRA did not cause gel-filtered platelet aggregation (third trace). High doses of LSA

(0.75 mM) overcame the inhibition of LSA (0.25 mM)-induced aggregation of resting gel-filtered

platelets by 1 µg/ml PGE1 (last two traces).

wells coated previously with α
IIb

β
$

(0.5 µg}well). Binding of

α
IIb

β
$
to LSA- or FRA-coated wells and binding of fibrinogen to

wells coated with α
IIb

β
$

was quantified using an anti-biotin-

antibody ELISA [16], and plates were read at A
%!&

(Microplate

Autoreader; Bio-Tek).

RESULTS AND DISCUSSION

The results reported here support the following model for the

platelet agonist activity demonstrated by the peptide LSA. LSA

interacts with and directly activates the fibrinogen receptor. LSA

appears to mediate receptor activation by driving a con-
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Table 1 LSA-induced secretion of α granule contents (measured by PF-4
release) from (a) platelets is dependent on (b) intact αIIbβ3 complexes but (c)
is not aggregation dependent

Platelets in plasma (a and b) or gel-filtered platelets (c) were treated with (a) anti-αIIbβ3 mAbs,

(b) the calcium chelator EDTA, or (c) 1 µg/ml of the adenylate cyclase agonist, PGE1, before

use in aggregation experiments. Supernatants from aggregation experiments were assayed for

PF-4 secretion. (a) LSA-induced secretion was inhibited by two blocking mAbs and also, AP3,

a mAb with a non-blocking function (n & 9). (b) LSA (1 mM) elicited PF-4 secretion in aggre-

gation experiments in platelet-rich plasma pretreated with EDTA under acidic conditions but

not in platelets pretreated with EDTA under alkaline conditions (n ¯ 9). (c) LSA (0.25 mM),

but not FRA, induced secretion from stirred gel-filtered platelets and gel-filtered platelets in the

presence of 5 mM EDTA (not stirred) (n ¯ 4), but not from stirred resting gel-filtered platelets

(n ¯ 9). Resting gel-filtered platelets were induced to secrete PF-4 when treated with 0.75 mM

LSA (n ¯ 6). The results presented are means³S.D.

(a)

Secretion from platelets in plasma (%)

Peptide only

With mouse

IgG

With mAb

Tab

With mAb

AP3

With mAb

A2A9

LSA 100.00 97.82³4.85 78.75³4.75 30.54³1.57 31.92³1.04

FRA 16.85³1.00

TRAP 144.50³4.20

(b)

Secretion from platelets in reduced plasma (%)

Not pretreated

Pretreated

with EDTA (acidic)

Pretreated with

EDTA (alkaline)

LSA 100.00³0.75 69.50³2.32 24.95³0.87

FRA 17.34³0.30 12.94³1.72 23.72³1.08

(c)

Secretion from gel-filtered (plasma free) platelets (%)

Platelets only With PGE1

With EDTA

(not stirred)

LSA 0.25 mM 100.00³8.00 1.57³0.51 87.60³7.10

LSA 0.75 mM 28.90³2.40

FRA 0.25 mM 6.90³3.10 3.08³3.63

TRAP 50 µM 180.51³4.32

formational change in α
IIb

β
$
. The LSA-activated receptors elicit

platelet activation and secretion of PF-4. The conformationally

active receptors can bind fibrinogen and thereby mediate

activation-dependent platelet aggregation.

Testing of the peptide LSA in the aggregometer revealed that

it behaved as a platelet agonist. The peptide induced both the

aggregation of platelets (Figure 2) and platelet secretion (PF-4

release) (Table 1), whereas FRA did not elicit either response

(Figure 2 and Table 1). The anti-α
IIb

β
$

murine mAbs 7E3 [17]

(results not shown) and A2A9 [18] (each can block the binding of

fibrinogen to α
IIb

β
$
), but not mouse non-specific IgG control or

mAb 6D1 [19] (anti-GPIb, results not shown) blocked LSA-

induced platelet aggregation (Figure 2a) and secretion (Table

1a). These results indicate that LSA-induced platelet aggregation

is dependent on the normal function of α
IIb

β
$

and does not

simply represent platelet agglutination.

The demonstration that FRA did not induce platelet ag-

gregation or secretion shows that the ability of LSA to induce

platelet aggregation and secretion is dependent on the amino-

acid sequence of the peptide. Therefore, the response of platelets

to treatment with LSA is not due to non-specific effects of the

peptide.

Antibodies raised against the presumed LSA binding site

(anti-ESR), but not PI (Figure 2a), inhibited the LSA-induced

aggregation of platelets in plasma. As a control for the specificity

of the antibody, free peptide ESR incubated with anti-ESR

before the addition of the antibodies to platelets in plasma,

rescued LSA-induced aggregation from anti-ESR inhibition

(Figure 2a). ADP-induced aggregation was not affected sub-

stantially by the presence of anti-ESR (results not shown).

Although these results support the conclusion that LSA binds to

theESR region of α
IIb

, they are also consistent with the alternative

explanation that some antibodies that bind to α
IIb

β
$
can prevent

LSA-induced activation of the receptor without blocking LSA

binding to α
IIb

β
$
.

The hypothesis that LSA mediates its effects specifically by

binding to α
IIb

β
$

is supported by the following observations.

Neither of the anti-α
IIb

β
$

mAbs, AP3 [20] nor Tab [21], inhibit

the binding of fibrinogen to α
IIb

β
$

or platelet aggregation in

response to physiological agonists. However, the mAb AP3

inhibited both LSA-induced platelet aggregation and PF-4

secretion (Figure 2a and Table 1a). In contrast, the mAb Tab was

almost without inhibitory effect on LSA-induced secretion and

platelet aggregation (Table 1a and Figure 2a). Although these

results obscure the significance of the anti-ESR data, they support

the hypothesis that LSA causes platelet aggregation by binding

to the platelet fibrinogen receptor. This is evident since AP3 does

not inhibit platelet aggregation in response to physiological

agonists [20].

Further support for the model that LSA causes its effects by

binding to α
IIb

β
$

comes from cell-free direct binding assays.

Purified α
IIb

β
$

bound to immobilized LSA in an ELISA (Table

2a). Approximately four times more biotinylated α
IIb

β
$
bound to

LSA immobilized in microtitre plates than to immobilized FRA.

The binding of the receptor to LSA was inhibited by excess free

LSA but not by excess BSA. These data support the conclusion

that LSA can bind to α
IIb

β
$

in an amino-acid sequence specific

manner. In a separate cell-free assay, LSA in solution activated

immobilized receptors. LSA (at 250 µM) enhanced the binding

of fibrinogen to immobilized α
IIb

β
$

by two and a half times

relative to the binding of fibrinogen to α
IIb

β
$

in the absence of

LSA, or in the presence of control peptide (Table 2b). Thus,

activation of α
IIb

β
$
(at least the isolated form of the receptor) by

LSA does not depend on signal transduction. These observations

support the view that LSA exerts its effects on platelets by

binding to α
IIb

β
$
and inducing an activated conformation in that

receptor.

Other data reveal that LSA-elicited platelet functions are

dependent on functional α
IIb

β
$

complexes. Platelets in plasma

were treated both under conditions which cause and conditions

which do not cause the irreversible dissociation of α
IIb

β
$

complexes (see the Materials and methods section) [22,23]. Both

types of platelets were treated with LSA in an aggregometer and

secreted PF-4 was measured. The results reveal that LSA-treated

platelets with putatively dissociated receptors did not aggregate

or secrete PF-4, whereas LSA treated platelets with intact

receptors both aggregated and secreted PF-4 (Figure 2b and

Table 1b). These results support the conclusion that LSA causes

secretion by binding to α
IIb

β
$
.

Presumably, plasma-free platelets (platelets removed from

plasma by gel-filtration) must secrete the fibrinogen required for

aggregation before aggregation can occur. The results shown in

Figure 2(c) and Table 1(c) reveal that LSA acts as an α
IIb

β
$
-

dependent agonist which can cause secretion in the absence of

both aggregation and the binding of fibrinogen to α
IIb

β
$

com-



312 J. M. Derrick and others

Table 2 Purified αIIbβ3 (a) binds directly to and (b) is activated by LSA but
not FRA in a cell-free system

(a) Solutions of purified αIIbβ3, with or without excess free LSA, added to LSA or FRA

immobilized on XENOBINDTM covalent binding microwell plates, bound specifically to LSA

(n ¯ 3). (b) In separate experiments, LSA specifically activated the immobilized receptors to

bind fibrinogen (n ¯ 4). In addition, the binding of fibrinogen to αIIbβ3 (non-specific binding

! 15%) in the absence of LSA was inhibited by the peptide GRGDSP (results not shown).

Similar results were obtained with biotinylated αIIbβ3 binding to immobilized fibrinogen

(results not shown). The results presented are means³S.D.

(a)

αIIbβ3 binding to peptide (A405)

αIIbβ3/biotin

With 10¬free

LSA With 10¬BSA

Binding to LSA 0.780³0.021 0.186³0.020 0.629³0.019

Binding to FRA 0.163³0.014

(b)

Fibrinogen binding to αIIbβ3 (A405)

Peptide added No peptide 50 µM 100 µM 250 µM 500 µM

LSA 0.946 0.927 1.750 2.330 2.500

FRA 0.946 0.851 0.892 0.872 0.877

plexes. First, LSA elicited the secretion-dependent aggregation of

plasma-free platelets, demonstrating that secretion can occur in

the absence of prior aggregation (Figure 2c). Secondly, secretion

was shown not to be dependent on binding of fibrinogen to

α
IIb

β
$
, since the plasma-free platelets in EDTA (binding of

fibrinogen to α
IIb

β
$
is Ca#+ dependent) secreted PF-4 in response

to LSA but not FRA (Table 1c).

The significance of the effects of LSA on platelets is a function

of how LSA causes platelet activation. Although intact α
IIb

β
$

complexes on platelet surfaces are not necessary for platelets to

secrete in response to thrombin (thrombasthenic platelets secrete,

see [24]), intact α
IIb

β
$

complexes are necessary for platelets to

secrete in response to LSA treatment. Furthermore, it is apparent

that intact α
IIb

β
$

complex-dependent LSA-induced secretion

does not require α
IIb

β
$
–fibrinogen binding. That is, LSA stimu-

lates platelet secretion in the absence of available fibrinogen (to

mediate aggregation-driven secretion) under conditions elimi-

nating the ability of α
IIb

β
$

to bind fibrinogen. Therefore LSA-

induced platelet secretion is due to LSA–integrin interaction, and

not to fibrinogen-mediated crosslinking. This explanation is

supported by the results presented here. In summary, the integrin

binds specifically to LSA in cell-free assays. Purified α
IIb

β
$

is

activated in cell-free assays by LSA. A mAb specific for α
IIb

β
$
,

which cannot block α
IIb

β
$
–fibrinogen interaction or ADP-driven

platelet aggregation does block LSA-driven aggregation and

secretion. This non-blocking mAb may prevent either the binding

of LSA to the integrin or the conformational response of the

integrin to LSA binding.

A strong agonist is defined as one which causes platelet

secretion in a non-aggregation-dependent manner [25]. LSA

treatment of plasma-free platelets caused aggregation to the

same extent as TRAP (Figure 2c) under conditions which

presumably precluded aggregation in the absence of prior se-

cretion. The LSA-driven PF-4 secretion by these platelets was

approximately half as extensive as TRAP-stimulated secretion

(Table 1c). Furthermore, a high concentration of LSA (0.75 mM

compared with 0.25 mM, which is usual for plasma free platelets)

overcame the inhibitory effects of PGE
"

on LSA-induced

secretion by, and the aggregation of, resting plasma-free platelets

(Figure 2c and Table 1c). These effects are characteristic of a

strong agonist. For example, a high concentration of thrombin

(a strong agonist) can overcome the inhibitory effects of PGE
"
,

whereas a high concentration of ADP (a weak agonist) cannot

overcome the inhibitory effects of that inhibitor [6].

Ligand-induced conformational changes in α
IIb

are not un-

precedented. For example, α
IIb

β
$

assumes a ligand-induced

conformation as a consequence of fibrinogen binding [26–28].

Also, some mAbs specific for ligand-induced binding sites can

drive conformational change in α
IIb

β
$

in the absence of ligand

and activate the receptor directly, rather than by working through

classical signal transduction [29,30]. Similarly, the peptide RGDS

can drive a conformational change in the receptor but does not

activate platelets [31] or drive secretion (results not shown).

Despite these observations, the action of LSA is unprecedented

in that LSA is the only peptide reported to elicit platelet secretion

by binding to an integrin (α
IIb

β
$
).
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