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Geldanamycin disrupts platelet-membrane structure, leading to membrane
permeabilization and inhibition of platelet aggregation
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Geldanamycin (GA), a benzoquinoid ansamycin antibiotic, has

been used as a tyrosine kinase inhibitor and an anti-tumour

agent and is known to bind to heat-shock protein 90. In the

present study on human platelets we have found that GA

inhibited platelet aggregation induced by ADP, thrombin and

the thrombin-receptor-activating peptide and caused platelet

plasma-membrane damage, detected by leakage of adenine

nucleotides as well as serotonin. Scanning electron microscopy

(SEM) revealed that platelet exposure to GA led to the formation

of holes or fenestrations in the platelet plasma membrane,

confirming GA’s ability to initiate membrane damage. In ad-

dition, GA itself caused both the dephosphorylation and

phosphorylation of proteins in resting platelets and prevented

INTRODUCTION

Platelets are essential for haemostasis and normally circulate in

a resting state. When exposed to agonists such as thrombin, ADP

and collagen, they can aggregate, change shape and secrete

granule contents within seconds [1,2]. Platelet activation by

agonists leads to a change in the phosphorylation state of many

platelet proteins on serine, threonine and}or tyrosine residues.

Characteristically, pleckstrin (47 kDa) and myosin light chains

(MLCs; 20 kDa), which are markers of activated protein kinase

C and increasing [Ca#+]
i
, respectively, are phosphorylated [3–6].

In addition, non-receptor tyrosine kinases become activated,

resulting in an increase in tyrosine phosphorylation levels of

proteins including paxillin, talin, vinculin, focal-adhesion kinase,

β
"
-integrins, p21RasGAP (GTPase-activating protein), cortactin,

Syk and Src homology region 2-domain phosphatase 1 (SHP-1)

[7]. In resting platelets, the state of protein phosphorylation

must be actively balanced and ready to respond to agonist

stimulation [8].

Geldanamycin (GA), a benzoquinoid ansamycin antibiotic

produced by Streptomyces hygroscopocus var. geldanus, is

strongly cytotoxic against tumour cells, fungi and protozoa, as

well as having weak anti-microbial activity [9]. Studies show that

GA exerts inhibitory effects on cancer cells and transformed

cells, including v-Src-induced transformation [10–12], and also

suppresses c-Myc expression, inhibiting DNA synthesis [13].

Therefore, GA has been used as a tyrosine kinase inhibitor and

an anti-tumour agent and is known to inhibit signalling by

steroid hormone receptors, Src and Raf [14]. Similar to GA,

herbimycin A (HA), another benzoquinoid ansamycin analogue

[15], possesses anti-tumour activity and is a tyrosine kinase

inhibitor [16–18]. Both HA and GA have been used in platelet

signal-transduction studies involving tyrosine phosphorylation

and fibrinogen receptors [19]. The mechanisms by which GA

Abbreviations used: GA, geldanamycin ; HA, herbimycin A; GP, geldampicin ; SEM, scanning electron microscopy; 6-CF, 6-carboxyfluorescein ; TRAP,
thrombin-receptor-activating peptide ; MLC, myosin light chain ; hsp90, heat-shock protein 90 ; hsc70, heat-shock protein 70 ; TTBS, Tween-20-
containing Tris-buffered saline ; ACD, acid-citrate dextrose ; PRP, platelet-rich plasma.
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agonist-induced phosphorylation of pleckstrin, the 20-kDa myo-

sin light chain and other proteins. Another ansamycin, herbi-

mycin A, also inhibited platelet aggregation, but caused minimal

membrane permeabilization, as detected by $H release from

platelets labelled previously with [$H]adenine, and much less

membrane damage, revealed by SEM. Overall, GA is able to

disrupt membrane structure and inhibit platelet aggregation, an

ability which may be linked to alterations in the activity of

protein kinases and phosphatases.

Key words: herbimycin A, heat-shock protein, tyrosine kinase

inhibitor.

reverses cell transformation and inhibits tyrosine kinase activity

are not well understood. GA has been reported to associate

specifically with the ATP}ADP-binding domain of heat shock

protein 90 (hsp90) [20], resulting in dissociation of complexes

between hsp90 and its partners and accelerating the degradation

of these proteins, including the glucocorticoid and dioxin

receptors, Raf, erbB2 and mutated p53 [21–24]. In addition, GA

blocks intracellular translocation of the glucocorticoid receptor,

Raf and mutated p53 [25–27]. These results suggest that functions

of hsp90 in signal transduction involving the stabilization and

translocation of its partners can be inhibited by GA.

Recently, our laboratory reported that the heat-shock proteins

hsp90 and heat-shock protein 70 (hsc70) are present in human

platelets [28], being found in resting cells as members of a large

phosphoprotein complex, which is dissociated following platelet

adhesion to collagen. Therefore, we chose GA, which specifically

acts on hsp90 and which can disrupt signalling pathways, to

examine its effects on platelet function, specifically aggregation

and signalling. We have found that GA inhibited platelet

aggregation, induced disruption of the platelet plasma membrane

and caused major changes in protein phosphorylation in resting

platelets as well as inhibiting increased phosphorylation in

activated platelets.

MATERIALS AND METHODS

Materials

GA was obtained from Dr. Leonard Neckers (National Cancer

Institute, NIH, Rockville, MD, U.S.A.) and CalBiochem (La

Jolla, CA, U.S.A.). Geldampicin (GP) was also a gift from Dr.

Leonard Neckers. HA was from Gibco-BRL (Grand Island, NY,

U.S.A.). [$#P]Orthophosphate, ["%C]serotonin and [$H]adenine

were purchased from Dupont De Nemours (Boston, MA,

U.S.A.), Amersham (Arlington Heights, IL, U.S.A.) and ICN
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(Costa Mesa, CA, U.S.A.), respectively. Polyclonal phospho-

tyrosine antibody was obtained from Transduction Laboratories

(Lexington, KY, U.S.A.) and the Immuno-Lite Chemi-

luminescent (ECL) assay was from Bio-Rad (Hercules, CA,

U.S.A.). Apyrase (grade VII) and other speciality chemicals were

obtained from Sigma (St Louis, MO, U.S.A.). The Lumi-

aggregometer and Chrono Lume luciferase reagent were from

the Chrono-Log Corporation (Havertown, PA, U.S.A.).

Preparation of blood platelets

After informed consent, human venous blood was collected and

anti-coagulated with acid-citrate dextrose (ACD) for a final

citrate concentration of 11.5 mM as described previously [29].

Platelet-rich plasma (PRP) was prepared by centrifugation at

350 g, twice for 3 min and once for 5 min. The PRP was mixed

with extra ACD to double its concentration, and apyrase

(5 units}ml), prostaglandin I
#

(0.3 µg}ml) and indomethacin

(1 µg}ml) and centrifuged at 620 g for 20 min. The platelet pellet

was suspended in ACD (1}2 vol. of PRP), containing albumin

(3 mg}ml) and apyrase (5 units}ml) and centrifuged at 620 g for

20 min, followed by resuspension in Eagle’s}Hepes buffer [30]

containing 0.5 mg}ml fibrinogen.

For $#P labelling, the pellet from the first 620-g centrifugation

was resuspended in phosphate-free buffer (140 mM NaCl}5 mM

KCl}0.05 mM CaCl
#
}0.1 mM MgCl

#
}0.01 g}ml albumin}

16.5 mM glucose}15 mM Hepes, pH 7.35) and the platelet sus-

pension was left at room temperature for 20 min in the presence

of apyrase (5 units}ml) and indomethacin (1 µg}ml). [$#P]Ortho-

phosphate (0.1 mCi}3 ml of platelets) was then added to the

suspension, which was incubated for 90 min at 37 °C. ACD and

prostaglandin I
#
were added and the suspension was centrifuged

at 620 g for 20 min. The platelet pellet was next washed with

ACD containing apyrase (5 units}ml), indomethacin (1 µg}ml)

and albumin (3 mg}ml) and resuspended in Eagle’s}Hepes buffer

containing 0.5 mg}ml fibrinogen. These procedures are essen-

tially identical to those described previously [28].

For ["%C]serotonin labelling, PRPwas incubated with ["%C]sero-

tonin (1.0 µCi}5 ml of PRP) for 20 min at 37 °C. The labelled

platelet pellet was washed with ACD containing apyrase

(5 units}ml) and indomethacin (1 µg}ml) and resuspended in

Eagle’s}Hepes buffer [31].

For $H labelling, the pellet from the ACD wash was suspended

in a BSA-free modified Tyrode’s Hepes buffer containing

100 µM MgCl
#

and 50 µM CaCl
#
. The platelet suspension was

left for 20 min at room temperature, mixed with [$H]adenine

(0.5 µCi}ml) and incubated for 60 min at 37 °C. The labelled

platelet suspension was centrifuged and resuspended in Eagle’s}
Hepes buffer. This procedure was similar to that described by

Simon and Gear [32].

Platelet aggregation

Two methods were employed to assess platelet aggregation. A

test-tube stirring system was used for most of the aggregation

experiments and other studies described below. Platelet sus-

pensions were normally preincubated for 30 min at 37 °C with

DMSO (control) or GA and then mixed with saline or agonists

under stirring conditions (1000 revs.}min). After 10 s, the

reactions were quenched with an equal volume of glutaraldehyde

(1% final concentration) and aggregation assessed by using a

resistive-particle counter from the loss of platelet singlets.

A quenched-flow method was used to assess platelet ag-

gregation under arterial flow conditions [29]. Washed platelets

and ADP were mixed by pumping through a narrow-diameter

tube and the reactions were quenched by glutaraldehyde. Samples

were then collected and aggregation assessed by single-particle

counting.

For gel electrophoresis and Western blotting, the test-tube

system was used and after collecting samples for aggregation

assay, SDS-containing buffer [2% (w}v) SDS}5% (v}v)

2-mercaptoethanol}10% (v}v) glycerol}0.002% (v}v) Bromo-

phenol Blue}62.5 mM Tris, pH 6.8] was added to the platelet

suspension, followed by procedures described below.

Serotonin release

The ["%C]serotonin-labelled platelets were preincubated with

DMSO (control) or GA and mixed with saline or agonists in the

test-tube stirring system. After 10 s, the reactions were quenched

with glutaraldehyde (1% final concentration). The stimulated

platelets were pelleted in a microfuge and supernatants were

mixed with scintillation cocktail for analysis (multipurpose

scintillation counter, Beckman LS6500). Serotonin release was

determined by the following equation: [(S
c
®S

s
)}(T

s
®S

s
)]¬100,

where S
c

is the counts in an aliquot of supernatant after GA

treatment, S
s
is the counts in the aliquot of supernatant without

any treatment, and T
s

is the counts in an aliquot of the total

platelet suspension.

3H release

The [$H]adenine-labelled platelets were incubated with DMSO

(control) or GA in the test-tube stirring system. After 10 s, the

platelets were quenched with glutaraldehyde (1% final con-

centration) and pelleted in a microfuge. Aliquots of the super-

natant were mixed with scintillation cocktail for analysis

(Beckman LS65000) with $H release calculated by the equation

[(S
c
®S

s
)}(T

s
®S

s
)]¬100, as for serotonin release.

Detection of ATP release by luciferase

Washed platelets were preincubated in an aggregometer (Lumi-

aggregometer model 560) with the Chrono Lume luciferase

reagent according to the manufacturer’s directions and gain

control set at 0.005¬ for ATP detection. DMSO or GA was

added to the mixtures, and luminescence and light-scattering

changes were recorded. At the end of each run, Triton X-100 was

added to solubilize the platelet membranes, so that platelet ATP

was released into the suspending buffer and detected, reflecting a

total pool of ATP containing cytoplasmic and granule com-

ponents.

Scanning electron microscopy (SEM)

Washed platelets were preincubated with DMSO or GA and

aggregated in the test-tube stirring system. The platelets were

fixed with 1% glutaraldehyde, subjected to graded alcohol

dehydration as described previously [33], and analysed by SEM

(JSM-6400, JEOL).

Leakage of 6-carboxyfluorescein (6-CF) from lipid vesicles

Lipid vesicles were prepared and loaded with 6-CF, which

fluoresces intensely when released into an aqueous medium [32].

The fluorescence intensity of vesicles alone was measured until it

reached a baseline at 37 °C and then GA or GP was added.

Recording of fluorescence intensity was performed for 10 min

and then Triton X-100 was added to obtain the maximum

fluorescence attainable. 6-CF leakage from the vesicles was

assessed from the increase in fluorescence intensity, with the aim

of assessing potential detergent properties of GA.
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Gel electrophoresis

The $#P-labelled platelets were preincubated with DMSO or GA,

then stimulated with the agonists in the test-tube stirring system

and lysed with SDS-containing buffer. The platelet lysates were

boiled for 5 min and normally loaded on SDS}polyacrylamide

12% gels. For autoradiography, gels were dried and exposed to

autoradiograph film (Hyperfilm4 from Amersham) at ®70 °C
overnight.

Western blotting

Platelet lysates were prepared, subjected to SDS}PAGE and

proteins transferred on to nitrocellulose membranes, which were

blocked overnight at 4 °C with TTBS buffer (Tween-20-

containing Tris-buffered saline) with 5% albumin. Then the blot

was washed in TTBS, incubated with rabbit anti-phosphotyro-

sine antibody (P11230 from Transduction Laboratories) for 2 h,

washed with TTBS, and incubated with anti-rabbit IgG (HL)

alkaline phosphatase conjugate (Bio-Rad) for 1 h. The blot

was next developed by using an ECL assay (Immun-Star

Substrate from Bio-Rad) and exposed to film.

Statistics

Student’s t test was used to determine the statistical significance

of the data where indicated. Results are expressed as

means³S.E.M.

RESULTS

GA inhibits platelet aggregation

Initial experiments involved the quenched-flow system. GA

(18 µM) inhibited platelet aggregation induced by 10 µM ADP

by about 60% (results not shown) with significant inhibition at

the ADP-exposure times of 3, 4, 5 and 8 s (P! 0.05 for 3 and

4 s; P! 0.01 for 5 and 8 s).

To investigate further the inhibition of platelet aggregation by

GA, we used a simpler system and studied three different agonists,

ADP, thrombin and the thrombin-receptor-activating peptide

(TRAP) at various concentrations of GA. The data (Figure 1)

show that aggregation induced by these agonists was inhibited by

GA in a dose-dependent manner. Inhibition of ADP, thrombin

and TRAP-induced aggregation was statistically significant (P!
0.01) at 18 and 36 µM GA. In addition, ADP-induced ag-

gregation was inhibited significantly (P! 0.05) by 9 µM GA. We

also tested the alternative ansamycin GP, which does not bind to

hsp90, but which still possesses the quinone- and ansa-ring

structures [34]. GP at concentrations of up to 36 µM did not

inhibit platelet aggregation induced by ADP, thrombin and

TRAP (results not shown).

GA causes leakage of serotonin and adenine nucleotides

Since GA inhibited platelet aggregation (Figure 1), we expected

that GA would also block agonist-induced secretion. Thrombin

and TRAP induce serotonin release from platelets, but ADP

does not. Surprisingly, GA did not inhibit agonist-induced

serotonin secretion, but apparently induced leakage or release on

its own without any evidence for blocking thrombin or TRAP-

induced secretion. At the highest GA concentrations (18 and

36 µM) used, even more secretion or release of serotonin was

noted than with thrombin or TRAP alone (Figure 2).

In view of these results, we hypothesized that GA might

directly perturb platelet-membrane structure, causing granule-

Figure 1 GA inhibits platelet aggregation

Washed platelets (2.9³0.4¬108 platelets/ml) were preincubated with DMSO (control) or GA

(4.5, 9, 18 and 36 µM) for 30 min at 37 °C. The preincubated platelets were reacted for 10 s

in the test-tube stirring system with 10 µM ADP (E), 1.0 unit/ml thrombin (+) or 10 µM

TRAP (_). Platelet aggregation was determined by the loss of platelet singlets. The data were

normalized such that aggregation stimulated by ADP, thrombin or TRAP in the absence of GA

was set at 100%. The absolute aggregations induced by 10 µM ADP, 1 unit/ml thrombin and

10 µM TRAP were 78³2.2, 78.8³2.1 and 60.8³3.7%, respectively. The results are

means³S.E.M. from four different donors.

content release. Therefore, we carried out experiments using

[$H]adenine-labelled platelets to test for loss of low-molecular-

mass compounds such as AMP, ADP and ATP. No release was

observed following stimulation with any of the agonists (results

not shown). However, incubation of [$H]adenine-labelled plate-

lets with GA caused a dose-dependent $H release (Figure 3,

Figure 2 GA causes serotonin release from blood platelets

[14C]Serotonin-labelled platelets were preincubated with 1% DMSO alone or DMSO with 4.5,

9, 18 or 36 µM GA for 30 min at 37 °C (DMSO was kept at 1% for all GA concentrations).

The samples were then reacted with saline (white bars), 10 µM ADP (black bars), 1.0 unit/ml

thrombin (hatched bars) or 10 µM TRAP (grey bars) for 10 s. Supernatants were analysed by

scintillation counting. The data are presented as means³S.E.M., with n ¯ 3 different platelet

preparations. The increases in serotonin release caused by 4.5 µM GA for control and ADP-

treated platelets were highly significant (P ! 0.008 and 0.006, respectively).
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Figure 3 GA causes membrane leakage, evidenced by [3H]adenine-labelled
nucleotide (upper panel) and ATP (lower panel) release

(Upper panel) [3H]Adenine-labelled platelets were preincubated with 1% DMSO (Control), GA

(4.5, 9, 18 or 36 µM), GP (4.5, 9, 18 or 36 µM) or HA (15 and 30 µM) for 30 min at 37 °C
and then stirred for 10 s, and 3H release analysed by scintillation counting as described in the

Materials and methods section. The data are means³S.E.M., n ¯ 3. The inset shows the

effects of GP and HA on 3H release. (Lower panel) Washed platelets (450 µl) were preincubated

with 50 µl of the luciferase reagent for 2 min in the Lumi-aggregometer. GA was added to the

mixture (9 and 18 µM) and ATP release was detected by luminescence (arbitrary units). Gain

control for sensitivity was set at 0.005¬. Data representative of three experiments with different

donors are presented.

upper panel), which was significant (P! 0.01) even at 4.5 µM

GA. This result is consistent with the hypothesis that GA causes

membrane damage and leakage of cell contents.

As an alternative approach to using [$H]adenine, we observed

that GA caused ATP leakage from platelets with a delay of about

2–6 min (Figure 3, lower panel). When lower concentrations of

GA were used, the lag phase of ATP leakage was longer.

Additions of Triton X-100 or thrombin (1 unit}ml) caused an

immediate, large increase in ATP detected by the luciferase

reagent (results not shown). When untreated platelets were

activated by thrombin, there was a very large luminescence signal

reflecting ATP secretion, as expected, severalfold greater than

that detected after GA treatment.

In addition to GA, the ansamycins HA and GP were used to

test if they caused any $H release. HA, which has a similar hsp90-

binding activity to GA [34], induced little $H release (Figure 3,

upper panel, inset). GP also caused minimal adenine leakage

(Figure 3, upper panel, inset).

GA can cause membrane damage

Since our results revealed that significant platelet-membrane

leakage occurred in response to GA, but that little happened

after HA or GP treatment, we examined effects of GA and HA

on platelet-membrane structure by using SEM. This analysis

(Figure 4) showed that platelet exposure to GA resulted in

plasma-membrane damage, even at low doses of GA (4.5 µM).

Formation of holes or fenestrations with varied sizes occurred

and the high dose of GA produced both more and larger holes

or fenestrations. Some of the platelets treated with 4.5 µM GA

still appeared smooth and discoid and they changed shape

normally, forming aggregates when stimulated with ADP. At the

high dose of GA (36 µM), aggregation was strongly inhibited

(Figure 1) and virtually all platelets exhibited major membrane

disruption with cells rounding up and often appearing highly

fragmented (Figure 4e). No pseudopodia were formed in response

to ADP (Figure 4f).

Since the ansamycin HA is known to possess similar effects to

GA and has been shown recently to inhibit exposure of fibrinogen

receptors [19], we also used this compound to examine whether

HA caused platelet-membrane damage. HA induced some for-

mation of holes at both concentrations used (15 and 30 µM,

Figures 4g–4j) and inhibited platelet aggregation, but to a lesser

extent than GA (36.5³0.1% inhibition of aggregation by 30 µM

HA, results not shown). In contrast to GA-treated platelets, HA-

treated platelets were still able to produce pseudopodia in

response to ADP stimulation (Figures 4h and 4j).

These SEM pictures were further analysed quantitatively

(Table 1). Platelets were counted and differentiated according

to their morphology, from normal to damaged, and low (1) to

high (4) levels of damage. GA at 4.5 µM caused membrane

damage in " 20% of cells. Most of the damaged cells had small

holes with smooth surfaces (1), as in Figure 4(c). However,

more severe effects were induced by 36 µM GA with " 50% of

cells exhibiting a sponge-like appearance (3 and 4). In the

case of HA, we observed much less cell damage.

GA alters phosphorylation of 32P-labelled platelet proteins

Since GA inhibited platelet aggregation and perturbed platelet-

membrane structure and permeability, we investigated potential

changes in protein phosphorylation in GA-treated platelets and

found a number of changes in phosphorylation status (Figure 5).

GA treatment of resting platelets under stirring conditions caused

dephosphorylation of protein bands at molecular masses of

about 62, 70, 85 and 90 kDa as well as of higher-molecular-mass

proteins of about 120, 130, 140 and 150 kDa (*, GA control,

Figure 5a) and of about 175, 208 and 220 kDa (†, GA

control, Figure 5a). These phosphorylation changes were dose-

dependent and observed at concentrations of GA as low as

9 µM (results not shown). We also observed an increase in pleck-

strin phosphorylation (Figure 5a) and a marked increase in

phosphorylation of 25-, 28- and 38-kDa unidentified protein

bands (Figure 5b), compared with untreated, resting platelets.

In agonist-stimulated platelets (ADP, thrombin and TRAP),

there was the ‘normal ’ activation of protein kinase C and

Ca#+}calmodulin-dependent MLC kinase, seen as phosphoryl-

ation of the 40–47-kDa protein pleckstrin and the 20-kDa protein

MLC, respectively. In addition, there was increased phosphoryl-
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Figure 4 GA disrupts platelet membranes, as seen by SEM

Washed platelets were preincubated with 1% DMSO (a, b), GA at 4.5 (c, d) and 36 (e, f) µM, or HA at 15 (g, h) and 30 (i, j) µM. Preincubated platelets were stimulated with saline (a, c, e,
g and i) or ADP (10 µM; b, d, f, h and j) for 10 s in the test-tube stirring system. The white scale bar in a represents 1 µm.

ation of protein bands of about 56, 62, 70, 85 and 90 kDa (Figure

5a). However, GA completely inhibited the phosphorylation of

pleckstrin stimulated by ADP, but only partially inhibited it

when thrombin and TRAP were used (Figure 5a), and the

phosphorylation of MLC was partially prevented by GA treat-

ment (Figure 5b). GA also completely blocked the extra

phosphorylation of the 56-, 62-, 70-, 85- and 90-kDa protein

bands induced by the agonists.

GA induces changes in tyrosine phosphorylation

To investigate whether GA also alters levels of tyrosine
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Table 1 Effect of GA and HA on platelet morphology

Washed platelets were treated as described in Figure 4 and platelet morphology was evaluated

from the scanning electron micrographs. Cell morphology represents the degree of membrane

damage : 1, platelets with small holes and a smooth surface ; 2, platelets with larger holes

and a rough surface ; 3, sponge-like platelets, but retaining cell shape ; 4, sponge-like

platelets without a defined cell shape. Total indicates the total number of cells counted. Data

were derived from two independent preparations.

GA HA

Cell morphology Control 4.5 µM 36 µM 15 µM 30 µM

Normal 87% 65% 21% 77% 71%

1 13% 31% 17% 18% 15%

2 0% 1% 8% 0% 0%

3 0% 3% 34% 5% 7%

4 0% 0% 20% 0% 6%

Total 93 55 69 160 84

Figure 5 GA alters protein phosphorylation in blood platelets

32P-Labelled platelets were preincubated with 1% DMSO (control) or GA (36 µM) for 30 min

at 37 °C, exposed for 10 s in the test-tube stirring system to saline, 10 µM ADP, 1.0 unit/ml

thrombin or 10 µM TRAP, and then analysed by SDS/PAGE. (a) Autoradiograph from a 12%

minigel. * represents bands at 175, 208 and 220 kDa and † is for bands at 120, 130, 140 and

150 kDa. (b) Autoradiograph from a 12% full-length gel. The molecular masses of standard

proteins are indicated on the left, and detected phosphoprotein bands on the right. An

autoradiogram of a gel representative of three experiments is shown.

phosphorylation, we carried out Western blots on total platelet

lysates. GA itself caused the dephosphorylation of protein bands

with molecular masses of 60, 72 and 130 kDa (Figure 6), with the

72-kDa protein band being almost completely dephosphorylated.

Figure 6 GA affects tyrosine phosphorylation in blood platelets

Platelet proteins were analysed as described in the Materials and methods section, and blotted

with a rabbit phosphotyrosine antibody. A blot representative of three experiments is shown.

Increased tyrosine phosphorylation of an 85-kDa protein band

was noted. After stimulation by ADP, thrombin and TRAP,

levels of tyrosine phosphorylation increased for many proteins,

notably for bands of 60, 72, 85, 110 and 130 kDa. However,

when platelets were preincubated with GA before exposure to

the agonists, phosphorylation of these bands of 60, 72, 85, 110

and 130 kDa was prevented.

DISCUSSION

GA inhibits platelet aggregation and disrupts membrane structure

GA was discovered in 1970 [9] and possesses anti-tumour activity

as well as being a tyrosine kinase inhibitor. How it exerts these

effects is not well understood, but there is good evidence that

GA’s ability to bind to hsp90, causing disruption of hsp90

complexes, may be involved. Thus GA has inhibitory effects on

signal transduction, involving steroid hormone receptors, Src,

Raf and mutated p53 [14]. In the present study, we have examined

the effects of GA on platelet function. Platelet aggregation was

inhibited by GA, but it apparently did not block dense-granule

secretion, but rather caused serotonin, ATP and $H leakage

(Figures 2 and 3), resulting from membrane damage, reflected by

our SEM images (Figure 4). In addition to GA, the ansamycin

HA also inhibited platelet aggregation (results not shown), but

caused little $H leakage. GP, a negative ansamycin control [34],

neither inhibited platelet aggregation nor caused significant $H

leakage. Treatment with GA and HA resulted in the formation

of holes or fenestrations, as seen in the SEM images (Figure 4

and Table 1). GA, however, was about three times more

destructive than HA. GP did not influence normal platelet

morphology (results not shown).

Leakage of labelled adenine compounds is usually interpreted

as indicating loss of ATP and ADP primarily and of AMP to a

lesser extent, since these normally cannot traverse the plasma

membrane [35,36]. However, if metabolic ATP levels drop

significantly, then hypoxanthine may be formed and potentially

cross an undamaged plasma membrane to the extracellular

environment [36]. Therefore, some of the apparent leakage of

adenine as nucleotides may represent loss of hypoxanthine. The

direct measurement of ATP via luciferase and, importantly, the

visualization via the scanning electron micrographs, provide

good evidence of significant membrane damage induced by GA.

Similarly, the serotonin-transport system of serotonin storage

granules is sensitive to the electrochemical proton gradient across
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the granule membrane [37,38]. GA-induced platelet-membrane

damage (Figure 4) may result in dissipation of this gradient, such

that serotonin cannot be retained in the granules and leaks out

into the cytoplasm and extracellular space (Figure 2). Therefore,

serotonin release caused by GA may not involve granule se-

cretion, but may rather be a result of membrane damage.

GA and phosphorylation of platelet proteins : mechanisms and
specificity of effects

Resting platelets exhibit a number of $#P-labelled phosphoprotein

bands, including ones at 56, 62, 70, 85 and 90 kDa, as well as at

higher molecular masses (Figure 5a). GA caused changes (both

increases and decreases) in protein-phosphorylation status of

several of these bands, suggesting an altered balance between

protein-kinase and protein-phosphatase activities in resting plate-

lets. GA apparently did not activate the calcium-dependent

MLC kinase, since the 20-kDa band remained unphosphorylated.

Interestingly, although pleckstrin phosphorylation increased fol-

lowing platelet exposure to GA, the drug prevented

phosphorylation of pleckstrin in response to ADP, but only

partially for thrombin and TRAP.

Based on molecular masses and the fact that the heat-shock

proteins hsc70 and hsp90 are phosphorylated in resting cells [28],

it is likely that the 70- and 90-kDa protein bands contained hsc70

and hsp90, respectively. GA is known to bind to hsp90 [34],

resulting in dissociation of hsp90 complexes, and that hsp90

forms a complex with hsc70 in platelets [28]. In the experiments

reported here, GA caused dephosphorylation of these protein

bands as well as inhibiting additional phosphorylation of the 70-

and 90-kDa bands in response to agonists (Figure 5a). It is

possible that these proteins are present in these bands and are

involved in platelet signalling, such that GA-dependent inhibition

of their phosphorylation by agonists impairs subsequent platelet

responses.

In the present study, we demonstrated specificity of GA by two

series of experiments using GP, which is an ansamycin derivative

with no hsp90-binding activity. First, GP neither caused $H

leakage nor induced membrane damage and did not inhibit

platelet aggregation. Second, we carried out a series of ‘ leakage’

tests on phospholipid vesicles loaded with 6-CF. The aim of these

experiments was to assess whether GA or GP might exert

‘detergent ’-like effects on lipid bilayers without involvement of

cellular proteins [32]. Neither GA nor GP caused 6-CF leakage

from the lipid vesicles. These results suggest that the damage to

platelet membranes by GA is caused by a specific mechanism

rather than by non-specific detergent-like effects on membranes.

Detergents or amphipathic compounds, including octyl glu-

coside, SDS, Triton X-100, dilauroylphosphatidylcholine,

dilauroylphosphatidylserine and chlorpromazine can induce

changes in platelet morphology, causing filopodium formation,

short blebs, rounding-up of the cells, as well as unusual elongated

or even ring forms [39,40]. C
#
-Ceramide may even act as a

detergent since it has an amphipathic structure, and after only

1 min of exposure will cause thin filopodium formation and

significant disruption of the membrane surface [32]. However,

these various ‘detergent ’ effects on plateletmorphology [32,39,40]

are distinct from those seen after GA exposure (Figure 4). Here,

few elongated filopodia were formed, and affected platelets often

exhibited major disruption or breakdown of the membrane

surface, together with appearance of large holes or fenestrations.

There are several reports about the effects of amphipathic

compounds on the patterns of $#P-phosphorylation of platelet

proteins. Opstvedt et al. [41] showed that chlorpromazine in non-

lytic conditions does not alter phosphorylation patterns. C
#
-

Ceramide under conditions which cause nearly complete platelet

lysis [32] has little effect on protein phosphorylation, except for

causing about a 50% decrease in a 67-kDa band. On the other

hand, GA induced a significant dephosphorylation of high-

molecular-mass bands, while increasing phosphorylation of sev-

eral low-molecular-mass bands (Figure 5).

Uses of GA and HA: relationships to other studies

GA and HA have usually been used to study signal-transduction

pathways involving tyrosine kinases as well as hsp90, which can

participate in signalling complexes, associating with tyrosine

kinases and other signalling enzymes. These ansamycins have

been tested in a wide variety of cell types and under different

incubation conditions. Concentrations of GA and incubation

times have varied between studies, with concentrations generally

being lower than used in the present study (4.5–36 µM), whereas

incubation times were usually much longer (hours) compared

with 30 min in our experiments.

It should be noted that choice of cell type may represent an

important factor with regard to drug sensitivity, with particular

importance as to membrane permeability of GA and subsequent

intracellular concentrations. For example, Czar et al. [25] used

L929 mouse fibroblasts to study the assembly of the hsp90–

glucocorticoid-receptor complex and its involvement in gluco-

corticoid-receptor signalling. They incubated L929 cells with

10 µM GA for 2 h at 37 °C and observed about 50%

dissociation of the hsp90–glucocorticoid-receptor complex.

Moreover, Schulte et al. [23] found that incubation of NIH 3T3

cells with 2 µM GA for 16 h resulted in destabilization of Raf. In

the case of blood platelets, Hers et al. [19] used HA and GA to

study roles of tyrosine kinases in the exposure of integrin α
IIb

β
$

on the cell surface after platelet stimulation. They observed that

preincubation of platelets with 30 µM HA and 10 µM GA for

5 min completely inhibited integrin exposure in response to

thrombin under stirring conditions. This study suggests that

higher concentrations of the drugs may be needed for blood

platelets. In addition, Mimnaugh et al. [22] treated mycoplasma-

free SKBr3 human breast carcinoma cells with 3 µM GA for

only 15–60 min and detected polyubiquitination of erbB2 and

loss of erbB2. This indicates that varied cell types respond with

different sensitivities to the drug.

We used GA at 4.5, 9, 18 and 36 µM and HA at 15 and 30 µM.

At these concentrations and after 30 min of incubation at 37 °C
both drugs inhibited platelet aggregation and caused membrane

damage. The effect of HA was less than that of GA, particularly

with regard to leakiness of the plasma membrane (Figure 3).

Otherwise, their potencies were relatively similar to the results

reported by Hers et al. [19].

Webelieve that our findings are novel since there are apparently

no data indicating that GA induces membrane damage and

permeabilization in other cell types. As discussed earlier, deter-

gents exert effects on platelets that appear to be distinct from

those caused by GA. Several minutes are required for GA to

induce lysis in intact platelets and this failed to lyse lipid vesicles,

unlike detergents and C
#
-ceramide, which do so with no delay. In

conclusion, the effects of GA on platelets are relatively specific

since the non-specific ansamycin GP failed to induce any of the

changes caused by GA. Binding of GA to hsp90 could well be

responsible, with subsequent modulation of protein kinase and

phosphatase activities. The mechanisms involved will require

further study.
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