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SUMMARY

We have recently shown that the sphingomyelinase toxins P1 and P2 from the venom of the

spider Loxosceles intermedia induce complement (C)-dependent lysis of autologous

erythrocytes by induction of the cleavage of cell surface glycophorins through activation

of an endogenous metalloproteinase facilitating the activation of the alternative pathway of

C. Phospholipase D (PLD) from Corynebacterium pseudotuberculosis shows some degree of

homology with the spider sphingomyelinases and can induce similar clinical symptoms to

those observed after spider envenomation. The aim of this study was to investigate if the

bacterial PLD-induced haemolysis of human erythrocytes was C dependent and if cleavage of

glycophorins occurred. We show here that haemolysis of both PLD- and P1-treated human

erythrocytes was C dependent, but while PLD-mediated haemolysis was dependent on

activation of the classical pathway of C, P1 induced lysis via both the classical and alternative

pathways. P1, but not PLD, induced cleavage of glycophorins and no change in expression of

complement regulators was induced by either of the toxins. In both cases, annexin V binding

sites were exposed, suggesting that the membrane asymmetry had been disturbed causing

exposure of phosphatidylserine to the cell surface. Our results suggest that C susceptibility

induced by L. intermedia and C. pseudotuberculosis PLD is a result of exposure of

phosphatidylserine, and the higher potency of P1 toxin can be explained by its additional

effect of cleavage of glycophorins.

INTRODUCTION

Envenomation by spiders belonging to the genus

Loxosceles, found in temperate and tropical regions of

America, Africa and Europe, commonly results in impres-

sive local necrotic skin lesions. Mild systemic effects induced

by envenomation, such as fever, malaise, pruritus and

exanthema, are common, while intravascular haemolysis

and coagulation, sometimes accompanied by thrombo-

cytopenia and renal failure, occur in approximately 16%

of victims.1–7

We have recently identified and characterized the toxins

from L. intermedia venom that are responsible for all the

local and systemic effects induced by whole venom.8–10

Two highly homologous proteins, termed P1 and P2, with

molecular weight 35 000, were purified to homogeneity

and shown to be endowed with sphingomyelinase activity.

The only proteins in current sequence databases that are

structurally similar to that of Loxosceles toxins (accession

numbers: P83045, P83046) are bacterial toxins from

Corynebacterium pseudotuberculosis (accession number:

AAA99867)11 and Arcanobacterium haemolyticum (acces-

sion number: I39484).12 These toxins are also sphingo-

myelinases but are generally named phospholipase D

(PLD). They show 24–34% homology with the first 30

amino acids of the Loxosceles toxins10 and have a similar

molecular weight and isoelectric point.11 No structural

homology was found with other phospholipases.

Phospholipases are frequently found as toxic com-

ponents in animal venoms and bacterial toxins. They
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promote the hydrolysis of the ester bonds in phospholipids

and are classified into phospholipases A1, A2, C and D by

the position in the ester bond that is attacked.13 In contrast

to most phospholipases, the Loxosceles and bacterial

phospholipases have an unusual substrate specificity. Of

the four major phospholipids in mammalian cell mem-

branes, only sphingomyelin is hydrolysed by bacterial PLD

and spider toxins resulting in the formation of ceramide-

phosphate.11 The PLDs from C. pseudotuberculosis,

C. ulcerans and A. haemolyticum have been shown to have

similar biological effects to Loxosceles venom11,12,14,15

with C. pseudotuberculosis PLD playing a vital role in the

pathogenesis of caseous lymphadenitis in sheep and

goats.16,17

We have previously shown that the lysis of erythrocytes

induced by Loxosceles sphingomyelinases is dependent on

activation of complement (C) via the alternative path-

way,9,10 which was caused by induction of cleavage of cell-

surface glycophorins.18 The sialic acid on glycophorins

increases the binding of factor H (fH; the co-factor for

factor I in the degradation of C3b) to surface-bound

C3b,19,20 which can limit activation of the alternative

pathway. Removal of sialic acid by enzymatic cleavage of

glycophorins thus facilitated activation of the alternative

pathway. The cleavage of glycophorins observed after incu-

bation of erythrocytes with Loxosceles spider toxins was

a result of activation of an endogenous membrane-bound

metalloproteinase.18

Purified sphingomyelinase from C. pseudotuberculosis

(PLD) can cause haemolysis and kidney failure in lambs,

similar to the symptoms observed in human loxoscelism.21

It is not known if C is involved in bacterial PLD-

induced intravascular haemolysis. The aim of this

study was to investigate if haemolysis induced by the

C. pseudotuberculosis PLD is dependent on C activation,

and to compare the mechanisms of action of the bacterial

and spider sphingomyelinases. Understanding the molec-

ular mechanisms of action of these toxins will help the

development of therapies to alleviate the clinical symptoms

of both spider envenomation and bacterial infection.

MATERIALS AND METHODS

Chemicals, reagents and buffers

Tween-20, bovine serum albumin (BSA), ethyleneglycol-

tetraacetic acid (EGTA), trinitrophenylaminolauroyl–

sphingomyelin (TNPAL–sphingomyelin) and paraform-

aldehyde were purchased from Sigma (St Louis, MO). Both

5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro-

blue tetrazolium (NBT) were from Promega Corporation

(Madison, WI). Annexin V–fluorescein isothiocyanate

(FITC) was purchased from R & D Systems (Abingdon,

Oxon, UK). Buffers were: veronal-buffered saline (VBS2+),

pH 7.4, containing 10 mM sodium barbitone, 0.15 mM

CaCl2 and 0.5 mM MgCl2; alternative pathway buffer,

pH 7.4, containing 10 mM sodium barbitone, 7 mM MgCl2
and 10 mM EGTA; phosphate-buffered saline (PBS), pH 7.2,

10 mM sodium phosphate, 150 mM NaCl; and fluorescence

activated cell sorter (FACS) buffer, containing VBS2+,

1% BSA, 0.01% sodium azide.

Antibodies

Monoclonal antibodies against DAF (Bric 216), CD59

(Bric 229), glycophorin A (GPA: Bric 256 recognizes the

extracellular epitope amino acids 41–58; Bric 163 recognizes

an intracellular epitope, transmembrane region amino

acids 73–95), and glycophorin C (GPC: Bric 4 extracellular

epitope amino acids 16–23; BGRL 100 intracellular epitope

amino acids 112–128, transmembrane region amino acids

59–81) were all from the International Blood Group

Reference Laboratory (IBGRL, Bristol, UK).22 The mono-

clonal antibody against CR1 was from Serotec (Oxford,

UK). Goat sera against human C components C1q and C4

were from Atlantic Abs (Scarborough, ME), and those

against C3 and fB from Quidell (San Diego, CA). Rabbit

anti-mouse immunoglobulin G (IgG)-FITC, goat anti-

rabbit IgG-FITC and rabbit anti-goat IgG-FITC were

from Amersham Pharmacia Biotech (Buckinghamshire,

UK). Goat anti-mouse IgG-alkaline phosphatase was from

Promega Corp. (Madison, WI).

Venom

Loxosceles intermedia Mello-Leitão spiders were pro-

vided by ‘Laboratório de Imunoquı́mica, Instituto

Butantan, SP, Brazil’. The venom was obtained by electro-

stimulation by the method of Bucherl,23 with slight modifi-

cations. Briefly, 15–20 V electrical stimuli were repeatedly

applied to the spider sternum and the venom drops were

collected with a micropipette, vacuum dried and stored at

x20u. Stock solutions were prepared in PBS at 1.0 mg

venom protein/ml.

Spider sphingomyelinase purification

The sphingomyelinase toxin P1 from L. intermedia venom

was purified by Superose 12 gel filtration followed by

reverse-phase high-performance liquid chromatography

using a Wide-Pore Butyl C4 column (Pharmacia, Uppsala,

Sweden) as described previously.10 The protein content of

the samples was evaluated by the Lowry method.

Recombinant C. pseudotuberculosis PLD

Recombinant C. pseudotuberculosis PLD was expressed in

Escherichia coli strain DH5a (pJGS90) as a fusion protein

composed of the mature PLD protein with a 33 amino

acid N-terminal extension containing a 6r histidine tag.

Recombinant PLD was purified from the soluble fraction of

cell lysates of DH5a (pJGS90) on TALON metal affinity

resin from Clontech (Palo Alto, CA). PLD was eluted from

the resin in 20 mM Tris–HCl, 100 mM NaCl, 100 mM

imidazole at greater than 95% purity.

Sphingomyelinase activity

The sphingomyelinase activity of P1 and PLD toxins was

assayed by measuring the enzyme-catalysed hydrolysis of

TNPAL-sphingomyelin as described.24 In brief, increased

amounts of P1, PLD, or PBS were incubated with 100 ml

of 20 mmol of sodium acetate buffer, pH 7.2, containing
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0.3 mmol of Triton X-100 and 60 nmol of TNPAL-

sphingomyelin for 2 hr at 37u. The reaction was stopped

by adding 375 ml of isopropanol/heptane/5 M H2SO4

(40 : 10 : 1, v/v). After shaking the samples, mixtures

containing 225 ml of heptane and 200 ml of water were

added to the tubes, which were thoroughly shaken and

centrifuged for 10 min at 3000 g. The absorbance of

the upper heptane-rich phase was measured at 410 nm and

the sphingomyelinase activity was expressed as the number

of nmol of TNPAL sphingomyelin hydrolysed per mg of

toxin (1 nmol of hydrolysed TNPAL-sphingomyelin cor-

responds to 0.023 absorbance units; control tubes, devoid

of enzyme, had no colour).

Antisera

Adult rabbits were injected intradermally with 500 ng of

F35 (unfractionated P1, P2, P3)9 absorbed to Al(OH)3. The

injections were repeated four times at weekly intervals.

Blood samples were collected 1 week after the last injection

and the serum (anti-F35 rabbit serum) was stored at x20u.
BALB/c mice were injected intradermally with 3 mg of

recombinant C. pseudotuberculosis PLD absorbed to

Al(OH)3. The injections were repeated four times at weekly

intervals. Blood samples were collected 1 week after the last

injection and the serum (anti-PLD mouse serum) was stored

at x20u.

Normal human serum and E

Human blood was obtained from healthy donors. Blood

samples drawn to obtain sera were collected without anti-

coagulant and allowed to clot for 2 hr at room temperature,

the normal human serum was stored at x80u. C8-depleted

human serum (C8d-HS) was obtained by passage of normal

human serum over a Sepharose 4B column containing

monoclonal antibodies against C8 a- and b-chains, as

described.25 Blood samples drawn to obtain erythrocytes

for subsequent use as target cells were collected in anti-

coagulant (Alsever’s old solution: 114 mM citrate, 27 mM

glucose, 72 mM NaCl, pH 6.1).

Treatment of erythrocytes with the sphingomyelinases P1

and PLD

Erythrocytes were washed and resuspended at 2% in

VBS2+ and incubated with the toxins for 30 min at 37u.
Control samples were incubated with VBS2+ alone. Purified

fractions did not induce spontaneous lysis of the cells. The

cells were washed five times, resuspended to the original

volume in VBS2+, and analysed in a haemolysis assay,

prepared for flow cytometry analysis or Western blotted.

For Western blotting, erythrocyte ghosts were prepared

by lysis of erythrocytes in water. Ghosts were pelleted by

centrifugation (14 000 g for 20 min at 4u) and washed with

water.

Haemolysis assays

One hundred microlitres of 2% erythrocytes pretreated with

purified P1 toxin from Loxosceles spider venom, bacterial

PLD or VBS2+ were mixed with 100 ml of normal human

serum (1/2 in VBS2+). Background or total cell lysis was

evaluated by incubation of erythrocytes with VBS2+ or

H2O, respectively. After incubation for 1 hr at 37u, unlysed

cells were spun down; the absorbance of the supernatant

was measured at 414 nm and expressed as percentage of

lysis. Because high concentrations of serum were used in the

assays, background subtraction of the absorbance of serum

was also carried out. Means and standard deviations were

determined from duplicate samples. Erythrocytes and

normal human serum were always from the same donor.

To verify alternative pathway C activation, normal human

serum and erythrocyte suspensions were made in alternative

pathway buffer.

Flow cytometry

Erythrocytes (25 ml of 2%) were incubated for 30 min with

25 ml of anti-C regulator or anti-glycophorin monoclonal

antibodies (1 mg/ml) or with rabbit or mouse sera against

F35 or PLD, respectively, diluted 1 : 250 in FACS buffer.

After washing, cells were incubated with the appropriate

FITC-labelled secondary antibodies for 30 min. The cells

were washed and fixed in FACS buffer containing 1%

paraformaldehyde and analysed by flow cytometry

(FACScalibur, Becton Dickinson, CA). Binding of annexin

V was carried out by incubation of erythrocytes (25 ml of

2%) with annexin V–FITC (diluted 1 : 1000) for 30 min.

Erythrocytes were washed and analysed by flow cytometry.

Analysis of deposition of C components on erythrocytes

Erythrocytes, treated with P1, PLD or buffer were

incubated with C8d-HS (1 : 10 in VBS2+, 30 min, 37u).
C8d-HS did not cause any haemolysis. Cells were washed

twice in VBS2+ and subsequently analysed by flow cyto-

metry using anti-C1q, -C3, -C4, or -fB goat sera (diluted

1 : 100), followed by RAG/Ig-FITC as described above.

Electrophoresis and Western blotting

Erythrocyte ghosts (10 ml from a 2% erythrocyte ghost

suspension) were solubilized in non-reducing sample buffer

and run on 12% sodium dodecyl sulphate–polyacrylamide

gel electrophoresis (SDS–PAGE).26 Gels were blotted onto

nitrocellulose. After transfer, the membranes were blocked

with PBS/1% BSA and incubated with anti-glycophorin

monoclonal antibodies (1 mg/ml) for 1 hr at room tempera-

ture. Membranes were washed three times with PBS/0.05%

Tween-20 for 10 min, and incubated with GAM/IgG-AP

(1/3000) in PBS/1% BSA for 1 hr at room temperature.

After washing three times with PBS/0.05% Tween-20 for

10 min, blots were developed using NBT/BCIP according

to the manufacturer’s instructions.

Dermonecrotic activity

Two hundred microlitres of L. intermedia P1 venom

toxin or PLD from C. pseudotuberculososis in PBS

(25 mg/ml) were injected intradermally in the shaved back

of adult rabbits. Control sites were injected with an equal

volume of PBS. The size of the lesions was measured

after 24 hr.
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RESULTS

L. intermedia venom toxin P1 and C. pseudotuberculosis
PLD induce C susceptibility

To assess the ability of L. intermedia venom sphingo-

myelinase P1 and recombinant C. pseudotuberculosis PLD

to induce C-dependent haemolysis, human erythrocytes

were incubated with increasing amounts of the respective

toxins P1 and PLD. The haemolysis assay was carried out

under classical and alternative pathway conditions. As

shown in Fig. 1(a), P1 and PLD were both able to render

erythrocytes susceptible to lysis by autologous C under

conditions that facilitated both classical and alternative

pathways. Although P1 could induce a dose-dependent

effect resulting in 100% haemolysis, increasing the amount

of PLD never resulted in more than 50% haemolysis. We

have previously shown that L. intermedia sphingomyelinase

toxins render cells susceptible to activation by the alter-

native pathway.9 However, when P1- and PLD-treated cells

were subjected to human serum under alternative pathway

conditions, only P1-treated cells were lysed (Fig. 1b).

Deposition of C-components on P1- and

PLD-treated erythrocytes

P1-, PLD-, or buffer-treated erythrocytes were incubated

with C8d-HS for 30 min at 37u, washed twice in VBS++ and

resuspended in FACS buffer. C8d-HS did not induce

haemolysis of treated cells.9,18 Deposition of components of

the classic and alternative pathways was measured by flow

cytometry. The classic pathway components C1q, C3 and

C4 were found deposited on both P1- and PLD-treated E

but not on control cells. However, only P1-treated cells

showed increased fB deposition, suggesting activation of the

alternative pathway (Fig. 2). These data suggest that on

PLD-treated cells only the classical pathway occurs, while

on P1-treated cells both the alternative and the classic

pathways occur, which corroborates our data of the

haemolysis assay described above. No change in binding

of control antibodies was observed (not shown).

P1 and PLD do not modulate the expression of

membrane-bound regulators of C

To assess whether the increased susceptibility to human C

was because of interference of the toxins with membrane

regulators of C, erythrocytes were analysed for the

expression of DAF, CR1 and CD59 by flow cytometry.

No change in expression of any of the regulators was

observed after incubation of erythrocytes with the purified

toxins (data not shown).

P1 but not PLD induces release of glycophorins

Although DAF, CR1 and CD59 are powerful inhibitors

of C-mediated lysis, glycophorins, a set of abundantly

expressed heavily glycosylated erythrocyte membrane

proteins, also contribute substantially to C-resistance27–30

and we have previously shown that removal of glyco-

phorins is responsible for the increased C susceptibility

of P1-treated erythrocytes.18 To investigate if bacterial

C. pseudotuberculosis PLD could induce a similar event,

erythrocytes were incubated with P1 or PLD and analysed

for the expression of glycophorins A and C (GPA and GPC)

by flow cytometry. A large reduction in binding of anti-

GPA (Bric256) and anti-GPC (Bric4) antibodies, recog-

nizing extracellular epitopes close to the membrane, was

observed after treatment of erythrocytes with P1 (Fig. 3).

However, no change in the expression of glycophorins was

observed in PLD-treated erythrocytes. The disappearance

of the GPA and GPC epitopes was associated with the

incorporation of P1 into the erythrocytes, as detected by

the rabbit serum anti-F35 (Fig. 3). The failure of PLD to

induce cleavage of GPA and GPC was not a result of an

inability to bind erythrocytes, because PLD bound to the

membrane as efficiently as the P1 toxin from L. intermedia

venom (Fig. 3).

Analysis of the cleavage of glycophorin induced by

venom toxins

We have previously shown that P1 induces cleavage of

glycophorins on erythrocytes, resulting in the removal of the

extracellular domain of the glycophorin.18 The exact

cleavage site is not known but is believed to be close to

the membrane. Although bacterial PLD treatment did not

Figure 1. Induction of C susceptibility by spider and bacterial

sphingomyelinases. C-dependent haemolysis of erythrocytes

after incubation with L. intermedia toxin P1 (#) or with

C. pseudotuberculosis PLD (s). The haemolysis assay was carried

out under classical (a) and alternative (b) pathway conditions.

Results are representative of three different experiments carried

out in duplicate represented as meantSD.
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result in loss of the extracellular epitope, the possibility that

PLD does induce cleavage, resulting in glycophorins still

retained by the erythrocytes, was investigated by Western

blotting.

GPA from untreated erythrocytes shows two bands on

Western blot, a monomeric form of 41 000 and a dimer with

a molecular weight of 82 000. The reactivity of antibodies

recognizing an extracellular epitope in GPA indicated a

Figure 2. Deposition of C-components of classic and alternative pathways on P1- and PLD-treated erythrocytes. Erythrocytes

incubated with buffer (Control), P1 or PLD (5 mg/ml) were exposed to C8d-HS, incubated with polyclonal sera against C1q,

C3, C4, or fB, and submitted to flow cytometry analysis. Results are representative of three different experiments carried out

in duplicate and represented as meantSD.

Figure 3. Loxosceles venom P1 toxin incorporates into erythrocytes and causes loss of expression of glycophorins.

Erythrocytes were treated with buffer, P1 (#) or PLD (s), and analysed for the expression of GPA and GPC by flow

cytometry using the antibodies Bric 256 (GPA) and Bric 4 (GPC). The ability of the toxins P1 and PLD to bind to the

erythrocyte surface was analysed using monospecific polyclonal rabbit serum against P1 (anti-F35) or monospecific mouse

serum against PLD (anti-PLD), respectively. Results are representative for three different experiments expressed as mean of

duplicates tSD.
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nearly complete loss of this epitope in P1-treated erythro-

cytes but no alteration was observed in PLD-treated cells

(Fig. 4a). Using a monoclonal antibody recognizing an

intracellular epitope of GPA, a single band was observed

in untreated erythrocytes and PLD-treated erythrocytes,

while upon P1 treatment multiple fragments of GPA,

ranging from 19 000 to 27 000 P1 were observed (Fig. 4b).

GPC ran as a single band on Western blotting and was

detected using a monoclonal antibody against an extra-

cellular epitope (Fig. 4c). This epitope completely dis-

appeared upon incubation of erythrocytes with P1 while

PLD had no effect on the GPC migration. Using a

monoclonal antibody recognizing an intracellular epitope

of GPC, in P1-, but not PLD-treated erythrocytes, this band

disappeared and multiple fragments of GPC, ranging from

20 000 to 29 000 were observed (Fig. 4d). These results show

that while P1 induces cleavage of the extracellular domain

of GPA and GPC, PLD did not induces cleavage at any site

in glycophorins.

Sphingomyelinase activity

To analyse if the differences observed in the haemolysis-

inducing effect of the toxins was a result of a lower

sphingomyelinase activity of the recombinant bacterial

toxin, P1 and PLD were assayed for their ability to cleave

TNPAL-sphingomyelin, a synthetic coloured derivative of

sphingomyelin.24 Figure 5 shows that P1 and PLD samples

(a) (c)

(b) (d)

Figure 4. L. intermedia venom P1 toxin, but not PLD, induces cleavage of GPA and GPC on erythrocyte membranes.

Erythrocytes were incubated with buffer, P1, or PLD. Erythrocyte ghosts were prepared and run on 12% SDS–PAGE under

non-reducing conditions and Western blotted. Blots were probed with monoclonal antibodies recognizing different

glycophorin epitopes: (a) Bric256: GPA extracellular epitope; (b) Bric163: GPA intracellular epitope; (c) Bric4: GPC

extracellular epitope; (d) BGRL100: GPC intracellular epitope.
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were both able to hydrolyse the synthetic sphingomyelin

substrate with similar specific sphingomyelinase activity.

These data suggest that the differences observed in

C-dependent haemolysis induced by the toxins were not

related to the sphingomyelinase activity exhibited by the

protein samples used in this study.

Dermonecrotic activity

We have recently demonstrated9,10 that sphingomyelinases

from L. intermedia venom besides rendering human

erythrocytes susceptible to lysis by C, in vitro, also induce

dermonecrosis in experimental animals. To analyse if PLD

could also induce dermonecrotic lesions, rabbits were

injected with 5 mg of P1 or PLD. The animals received

buffer as negative control. A typical dermonecrotic lesion

revealed by the presence of oedema, erythema and mild

tenderness, developed in the skin area injected with P1

or PLD within a few hours of injection. Approximately

24 hr post-injection, necrosis and scar were observed at

the inoculation site. The intensity and size of the skin

lesions were similar for both sphingomyelinases (data not

shown).

PLD and P1 induce exposure of annexin V-binding sites

Negatively charged lipids, such as phosphatidylserine are

normally only expressed in the inner leaflet of the erythro-

cyte plasma membrane and are only exposed upon loss

of membrane asymmetry.31 Phosphatidylserine has been

reported to be able to activate the complement system.32–35

A standard assay for the detection of phosphatidylserine

on the cell surface is the binding of annexin V, which

has been shown to have a high binding affinity for

phosphatidylserine in the presence of calcium.36 Flow

cytometry experiments showed that PLD and P1 treatment

of erythrocytes facilitates binding of annexin V-FITC,

suggesting loss of membrane asymmetry and exposure of

phosphatidylserine (Fig. 6).

DISCUSSION

Loxosceles is the most venomous spider in Brazil and

causes local and systemic reactions. Intravascular haemo-

lysis is one of the more severe symptoms of envenomation

and can lead to renal failure and death. PLD from

C. pseudotuberculosis and A. haemolyticum show some

structural and functional homology with the spider

sphingomyelinases and are often compared to the spider

toxins. We have recently shown that the purified sphingo-

myelinase toxins (named P1 and P2) from the venom of

L. intermedia induce C susceptibility by inducing the

cleavage of membrane-bound glycophorins, thus facilitating

C activation via the alternative pathway.18 The precise

mechanism of action of the PLDs is not known. The aim

of this study was to investigate if the bacterial sphingo-

myelinase is able to induce C-dependent lysis of erythro-

cytes and compare the mechanism of action with the

Loxosceles toxins.

We show here for the first time that bacterial sphingo-

myelinase PLD-induced haemolysis is dependent on C

activation (Fig. 1). Loxosceles toxin P1 was a more potent

inducer of C susceptibility than PLD. However, while P1

could induce susceptibility to lysis by both the alternative

and classic pathways, PLD only induced susceptibility to

lysis by the classic pathway (Fig. 1). Neither P1 nor PLD

caused alteration in expression of the membrane-bound

regulators of C. However, P1, but not PLD, induced

cleavage of glycophorins (Figs 3, 4), an observation that

explains why only P1, and not PLD, treatment facilitated

lysis via the alternative pathway. Our finding that P1 can

induce C activation via the alternative and classic pathways

explains our previous observation that inhibitors of

metalloproteinases, which prevented the P1-induced cleav-

age of glycophorins and so prevented alternative pathway

activation, could only partially prevented haemolysis by

human serum.18

The mechanism of activation of the endogenous

metalloproteinase, which causes cleavage of glycophorins,

is not known and we have no explanation for the appar-

ent difference in abilities of P1 and PLD in initiating this

event other than that P1 and PLD may have slightly

different substrate specificities. We have tested several other

phospholipases and sphingomyelinases for induction of

Figure 5. Sphingomyelinase activity of P1 and PLD. TNPAL-

sphingomyelin was incubated with different amounts of buffer, P1,

or PLD. After 2 hr incubation at 37u, the reaction was terminated

and the absorbance of the released TNPAL was determined. The

extent of sphingomyelin hydrolysed was calculated and expressed

as nmol/mg toxin.

Figure 6. Binding of annexin V to sphingomyelinase-treated

erythrocytes. Erythrocytes pretreated with buffer (Control), P1 or

PLD (5 mg/ml) were incubated with annexin V-FITC and submitted

to flow cytometry analysis. Results are representative for three

different experiments expressed as median of duplicates tSD.
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glycophorin cleavage, but so far only the sphingomyelinases

from various Loxosceles species show this ability.

On the other hand, a possible difference in the

sphingomyelinase activity of P1 and PLD, influencing their

C-dependent haemolysis-inducing activities, could be dis-

counted because neither toxin showed any significant

difference in its lipase activity, as measured by the amount

of sphingomyelin hydrolysed per mg of toxin (Fig. 5).

Moreover, when analysed for the ability to induce dermo-

necrosis in rabbit, both toxins caused lesions of similar size

and characteristics (data not shown).

Deposition of the classic pathway components C1q and

C4 on both P1- and PLD-treated cells clearly demonstrated

that classic pathway activation took place. As erythrocytes

and serum were always used from the same donor,

activation of classic pathway by pre-existing antibodies

could be excluded which was confirmed by absence of

human IgG/IgM on treated erythrocytes as measured by

flow cytometry (data not shown). The absence of binding

of human IgG/IgM to the P1- and PLD-treated cells also

demonstrates that the fluorescence of cells incubated with

antibody against C components is specific and not because

of an increased aspecific binding of the antibodies used in

these experiments. Moreover in all experiments controls

antibodies were used.

Of the four major phospholipids in normal erythrocytes,

phosphatidylserine is found almost exclusively on the

inner leaflet of the membrane bilayer, while the outer

monolayer of the membrane is rich in neutral phospholi-

pids, particularly sphingomyelin and phosphatidylcholine.

Phosphatidylethanolamine is mainly but not exclusively

found in the inner lamella of erythrocyte membranes. The

asymmetric distribution of phosphatidylserine and phos-

phatidylethanolamine in the cell membrane is maintained

by the activity of an ATP-dependent flipase.31 Inhibition of

this flipase or increase in activation of a membrane-bound

scramblase results in loss of membrane asymmetry with

external exposure of phosphatidylserine.31

One pathological condition in which the normal

distribution of phospholipids is disrupted is sickle cell

anaemia. Membranes of deoxygenated sickle erythrocytes

have significant quantities of phosphatidylserine and

phosphatidylethanolamine in the outer monolayer and a

compensatory increase in phosphatidylcholine in the inner

monolayer.31 It is well known that sickle cell erythrocytes

are capable of activating complement because of the

exposure of phosphatidylserine and phosphatidylethanol-

amine on the outer monolayer.37,38 It is not known how

phosphatidylserine can activate the complement cascade.

The ability of phospholipids to activate complement has

been investigated in a number of studies, which have

generally made use of liposomes or unilamellar vesicles to

model the cell membrane. In some studies, activation of the

alternative pathway was induced by liposomes containing

cationic phospholipids,33,34 classical pathway activation

was induced by those containing anionic phospholipids

(e.g. phosphatidylserine) and there was no complement

activation by liposomes containing neutral phospholipids

(e.g. phosphatidylethanolamine).33

Considering the importance of anionic lipids in the

initiation of classic pathway activation we have analysed

human erythrocytes for the expression of phosphatidyl-

serine on the external lipid monolayer using annexin V,

which has been shown to have a high binding affinity for

phosphatidylserine in the presence of calcium.39– 41 Using

flow cytometry analysis we show here that annexin V-FITC

can bind to P1- and PLD-treated erythrocytes, which

suggests that these lipases induce loss of membrane

asymmetry and exposure of phosphatidylserine (Fig. 6)

and supports the idea that this membrane alteration is the

initiating factor for the classical complement activation.

Loss of erythrocyte membrane asymmetry may be a

result of the change of lipid composition induced by the

sphingomyelinase activity of the bacterial and spider

toxins. Annexin V has also been reported to bind to

phosphatidic acid.39,41 This lipid is normally not present in

the erythrocyte membrane, but the sphingomyelinase action

of both P1 and PLD leads to the generation of phospho-

ceramide, which has the same polar head group as

phosphatidic acid. There are no reports about the affinity

of annexin V for ceramide phosphate, but the possibility

exists that annexin V binds to ceramide-phosphate in

PLD- and P1-treated erythrocytes.

In conclusion, we have shown that both C. pseudo-

tuberculosis PLD and P1 toxin isolated from L. intermedia

induce C-dependent haemolysis. While PLD only induced

classic pathway activation, P1 also induced alternative

pathway activation. We suggest that the initiation of classic

pathway activation is a consequence of loss of membrane

asymmetry caused by the sphingomyelinase action of the

bacterial and spider toxins.
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