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Abstract

Parabutoporin (PP) and opistoporin 1 (OP1) are amphipathic a-helical antimicrobial peptides that were recently isolated from

scorpion venom. In assays in which single granulocyte-like HL-60 cells as well as cells in suspension were used, both peptides were

able to induce a reversible Ca2þ release from intracellular stores and to increase Ca2þ influx. Both effects could be clearly differ-

entiated for OP1, inducing Ca2þ release at lower concentrations. The Ca2þ release was pertussis toxin-sensitive indicating the

involvement of G-proteins. Ca2þ release depended on the stage of differentiation of the cells with undifferentiated cells being the

most sensitive. Desensitization occurred with OP1. No cross-desensitization occurred between OP1 and the bacterial chemoattr-

actant fMLP indicating the involvement of different types of receptors. Ca2þ release by OP1 was found not to be mediated via

interaction with the formyl peptide receptor-like 1. Although some of the results might favor a receptor-like interaction, the receptor

involved could not be identified.

� 2003 Elsevier Inc. All rights reserved.
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Recently we isolated antimicrobial peptides (AMPs)

from the venom of scorpions living in Southern Africa:
parabutoporin from Parabuthus schlechteri [1] and the

opistoporins from Opistophthalmus carinatus [2]. They

belong to a group of cationic, a-helical, cystein-free,

amphipathic peptides. Members of this group are widely

spread in nature and function as part of the innate de-

fence mechanism against different kinds of pathogens

[3]. Besides parabutoporin and the opistoporins, other

peptides of this group have recently been isolated from
scorpion venom: hadrurin [4], pandinins [5], and IsCTs

[6,7]. Although the role of AMPs in the defence against

microorganisms is well established, the mechanism of

killing of bacteria, fungi, and other microorganisms is

still a matter of discussion. Most likely, disintegration of
qAbbreviations: AMP, antimicrobial peptide; fMLP, N-formyl-

methionyl-leucyl-phenylalanine; FPR, formyl peptide receptor;
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the cell membrane and its permeabilization for ions are

the cause of cell death [3].
In addition to this function, a complex interaction of

cationic AMPs with intracellular signaling has been

described in vertebrates and humans. These effects have

first been studied for mastoparan, a cystein-free cationic

peptide from wasp venom [8,9]. Further investigations

revealed that these peptides are able to degranulate

neutrophils and mast cells, to neutralize the action of

endotoxins, and to promote chemotaxis of white blood
cells (for reviews, see [10–14]). Concerning the mecha-

nism of action of AMPs on intracellular signaling, it has

been suggested that insertion of mastoparan into cell

membranes directly affects G-proteins without the in-

volvement of a receptor [15,16]. Recently, however, it

has been shown that the bacterial peptide Hp(2-20) [17],

the human peptide LL-37 [18], and a synthetic peptide

domain derived from the V3 region of the HIV-1 gp120
[19], all three cystein-free, a-helical peptides, interact

with the formyl peptide receptor FPRL1 influencing

Ca2þ signaling in neutrophils. In addition to amphi-

pathic peptides, LXA4, a lipid metabolite exhibiting
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anti-inflammatory properties, is able to increase ½Ca2þ�i
in monocytes [20] and, to a lesser extent, in neutrophils

[21] via interaction with the FPRL1 [22].

We found that fractions of scorpion venom contain-

ing antimicrobial peptides and synthetic PP and OP1

were able to degranulate human granulocytes and to

stimulate chemotaxis [1,23]. Because degranulation of

human granulocytes is known to be a Ca2þ-mediated

process [24], we investigated the effects of PP and OP1
on intracellular Ca2þ in more detail and analyzed the

type of receptor that eventually might be involved. Re-

sults were compared with the effects of melittin from

bee venom and mastoparan. Additionally the action of

the scorpion AMPs was compared with the effects

of N-formyl-methionyl-leucyl-phenylalanine (fMLP), a

major leukocyte chemoattractant from Escherichia coli

[25]. This compound releases Ca2þ from intracellular
stores via an IP3-mediated mechanism [26]. Finally, the

effects of the scorpion peptides were compared to the

actions of the FPRL1 ligands V3 peptide and LXA4.

Some of our findings fit with the interaction of PP

and OP1 with a receptor but arguments will be pre-

sented to show that a non-receptor-mediated interaction

cannot be excluded. In the latter case binding could

result from interaction with specific lipid–protein clus-
ters as has been hypothesized for some bacterial [27] and

plant [28] toxins.
Materials and methods

Cell culture. HL-60 cells were cultured in RPMI medium with

LL-glutamine (BioWhittaker Europe) supplemented with 20 vol% de-

complemented calf serum (BioWhittaker Europe), 50lg/ml gentamicin

(Gibco), and 0.075 vol% NaHCO3 (Gibco). Granulocytic differentia-

tion was induced by addition of dimethyl sulfoxide (DMSO), final

concentration of 1.3 vol% for 1–4 days [29]. Cells were passaged three

times a week, keeping the cell number below 106 cells/ml.

Loading of cells with fura-2. Fifty micrograms of fura-2 AM

(Molecular Probes) was dissolved in 12.5ll DMSO containing 0.5%

pluronic acid (fura-2 AM concentration: 4mM). The solution was

sonicated. The loading medium was Tyrode solution (130mM NaCl,

5.4mM KCl, 1.2mM MgSO4 � 7H2O, 1mM CaSO4 � 2H2O, 10mM

Hepes, and 10mM glucose, pH adjusted to 7.4 by addition of 1M

NaOH) with a final fura-2 AM concentration of 4lM. About 2� 105

HL-60 cells for measurements on single cells or 2� 107 cells for mea-

surements on cell suspensions were centrifuged (5min, 50g) and re-

suspended in the loading medium. The loading was carried out for

45min with continuous shaking at room temperature. Thereafter, the

cells were resuspended in Tyrode solution.

Fluorescence measurements in single HL-60 cells. The suspension

containing loaded cells was put on a glass coverslip coated with pol-

ylysine, was transferred to a perfusion bath, and was allowed to adhere

to the glass for about 15min during which fura-2 AM hydrolysis took

place. For ratiometric fluorescence measurements in single cells, the

PTI RF-D4012 fluorimeter model was used, as described previously

[30]. The ratio of fura-2 fluorescence at 510 nm with excitation at 340

and 380 nm was indicative for ½Ca2þ�i. Cells were perfused continu-

ously with Tyrode solution. Test solutions were applied to the cell

under study via another perfusion system that was put close to the cell

in order to obtain a fast solution exchange. Cationic, a-helical peptides
were added until the maximum ratio of the fluorescence was obtained,

unless otherwise stated. The experiments were carried out at room

temperature. Parameters of the Ca2þ transients in single cells are given

in the text as averages� SEM, n refers to the number of cells analyzed.

Statistical analysis of these average values was performed by Student’s

t test with a significance level of 5%.

The relationship between the ratio of fura-2 fluorescence and

½Ca2þ�i was determined as described [31] and ½Ca2þ�i was calculated

according to [31]

½Ca2þ�i ¼ Kd � ðSf2=Sb2Þ � ððR� RminÞ=ðRmax � RÞÞ

with Kd 236 nM [32].

Measurements of intracellular Ca2þ concentration in cell suspensions.

After loading with fura-2, HL-60 cells were resuspended at a concen-

tration of 2� 107/ml. Measurements were carried out with an Aminco-

Bowman fluorescence spectrophotometer. The sample was excited at

340 nm and the emitted light was measured at 510 nm. At the end of

each experiment the maximal emission was determined by addition of

10 lM ionomycin (100% fluorescence) and the minimal fluorescence by

subsequent addition of 10mM EGTA (0% fluorescence).

Products. Parabutoporin (Swiss-Prot Accession No. P83312) and

opistoporin 1 (Swiss-Prot Accession No. P83313) were chemically

synthesized by Ansynth Service BV (The Netherlands) as described

previously [2]. V3 peptide was a kind gift of Dr. Paul Proost (Rega

Institute, Katholieke Universiteit Leuven, Belgium) and fMLP,

pertussis toxin, and LXA4 were purchased from Sigma.
Results

Effects of fMLP and parabutoporin on [Ca2þ]i in HL-60

cells

To analyze the potential interaction of antimicrobial

scorpion toxins with the Ca2þ release mechanism in

granulocyte-like HL-60 cells, the effects of synthetic PP

and OP1 were investigated. In principle, a rise in ½Ca2þ�i
can originate from an increased Ca2þ influx, e.g., via

peptide-induced pores and/or by an intracellular release.

To differentiate between both pathways, ½Ca2þ�i was

determined by the Ca2þ sensitive probe fura-2 in the
presence of scorpion peptides and in the absence (Ca2þ-

free Tyrode solution containing 1mM EGTA) and the

presence of extracellular Ca2þ.

The ratio of fura-2 fluorescence in non-stimulated

single granulocyte-like HL-60 cells was 0.47� 0.01

(n ¼ 23) in the presence of extracellular Ca2þ. This

corresponds to a ½Ca2þ�i of 35 nM. Upon stimulation

with 0.1 lM fMLP, the ratio increased to a value of
1.82� 0.08 (equivalent to a ½Ca2þ�i of 675 nM, n ¼ 23).

Figs. 1A and B show examples of measurements on

single cells. In the absence of extracellular Ca2þ the ratio

of fura-2 fluorescence increased from 0.46� 0.02

(30 nM, n ¼ 7) to 1.77� 0.11 (640 nM, n ¼ 7) when

0.1 lM fMLP was added (not shown). No statistical

difference exists between the maximal ratios of fura-2

fluorescence achieved in the presence and the absence of
extracellular Ca2þ. In the 0 Ca2þ experiments, the cells

were superfused with EGTA-containing solution 3min

before the addition of fMLP. This period was kept short

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=P83312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=P83313
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to avoid a change in the Ca2þ content of intracellular
stores. There was no statistical difference in amplitude of

the Ca2þ transients induced by 0.1 and 1 lM fMLP,

indicating that the maximal release was induced by

0.1 lM fMLP.

Similar Ca2þ transients were obtained with PP.

Fig. 1A compares the effects of 0.5 lM PP and 0.1 lM
fMLP on a single granulocyte-like HL-60 cell. From

Fig. 1B it is obvious that the threshold concentration for
PP ranged between 0.2 and 0.5 lM. In contrast to

fMLP, the amplitude of the Ca2þ transient in the pres-

ence of 0.5 lM PP was significantly higher in the pres-

ence of external Ca2þ: the maximal ratio was 2.03� 0.09

(820 nM, n ¼ 6) in the presence and 1.66� 0.09 (580 nM,

n ¼ 10) in the absence of extracellular Ca2þ, indicating a

contribution of Ca2þ leak to the amplitude of the Ca2þ

signal induced by 0.5 lM PP. No statistical difference in
the duration of the transient in the presence and

the absence of extracellular Ca2þ could be observed with

PP.

In order to investigate the contribution of G-proteins

in the release of Ca2þ from intracellular stores induced

by fMLP and PP, cells were pretreated with pertussis

toxin. The release of intracellular Ca2þ induced by

0.5 lM PP in the absence of extracellular Ca2þ could be
inhibited by preincubating the cells with 500 ng/ml per-

tussis toxin for 2 h. From 26 single cells responding to

PP, only 2 responded to PP after pertussis toxin treat-
Fig. 1. Comparison of the effects of PP and 0.1 lM fMLP on ½Ca2þ�i in
single granulocyte-like HL-60 cells. (A) Effect of 0.5lM PP on ½Ca2þ�i
in the presence of extracellular Ca2þ. (B) Effects of 0.2 and 0.5lM PP

on ½Ca2þ�i in the absence of extracellular Ca2þ.
ment while in control conditions 17 single cells out of 25
responded to a second application of PP. Analogous

results were obtained with fMLP. The Ca2þ release after

2 h of incubation persisted in 63 single cells out of 75

tested in control conditions, while after pertussis toxin

treatment only 5 single cells out of 57 responded to a

second application of fMLP. The inhibition induced by

pertussis toxin was statistically significant for both

products. This finding indicates that a pertussis toxin-
sensitive G-protein is involved in intracellular signaling

by PP as is known for fMLP [26].

Effects of opistoporin 1 on [Ca2þ]i in HL-60 cells

As illustrated in Fig. 2A, a slightly higher concen-

tration was needed to elicit a Ca2þ transient in single

granulocyte-like HL-60 cells in response to OP1 com-

pared to PP: a Ca2þ transient occurred at 0.8 lM OP1 in
the presence (ratio 1.76� 0.05, 635 nM, n ¼ 16) as well

as in the absence (ratio 1.55� 0.12, 510 nM, n ¼ 6) of

external Ca2þ (Fig. 2B). The amplitude was statistically

the same as with fMLP and was independent of external

Ca2þ. There was no difference in duration of the Ca2þ

transient induced by OP1 in the presence and the ab-

sence of extracellular Ca2þ. These findings indicate that,

at least at a concentration of 0.8 lM OP1, an increased
influx of Ca2þ does not contribute directly to the Ca2þ

transient.
Fig. 2. Effects of opistoporin 1 on ½Ca2þ�i in single granulocyte-like

HL-60 cells. (A) Effects of 0.5 and 0.8 lM opistoporin 1 compared to

the effect of 0.1 lM fMLP, ½Ca2þ�o ¼ 1mM. (B) Comparison of the

effect of 0.8 lM opistoporin 1 in the presence and the absence of 1mM

extracellular Ca2þ.



L. Moerman et al. / Biochemical and Biophysical Research Communications 311 (2003) 90–97 93
After a short application of 0.8 lM OP1, ½Ca2þ�i re-
turned to its initial value and the cells retained a low

Ca2þ concentration (see Figs. 2A and B). This is differ-

ent when higher peptide concentrations were used. At a

concentration of 8 lMOP1, the initial increase in ½Ca2þ�i
was very similar to the response to 0.8 lM (Figs. 3A and

B). But, especially in the presence of external Ca2þ, the

ratio oscillated between values of about 1 and 2.5 (240

and 1200 nM, respectively). Finally the fura-2 signal
could not be further interpreted because the fluorescence

signal at both excitation wavelengths drastically de-

creased, indicating that the probe leaked out of the cells.

It is well known that Ca2þ overload itself may damage

cell membranes and induce leak of intracellular con-

tents. One could question therefore whether the increase

of ½Ca2þ�i itself could be responsible for leakage of fura-

2. Figs. 3B and D show that this was not the case for
OP1 since in the absence of extracellular Ca2þ, the

½Ca2þ�i increased only to about 380 nM (ratio of 1.3) but

leakage of fura-2 occurred after the same incubation

time as in the presence of external Ca2þ. Similarly, PP

was able to induce leakage of fura-2 but at a much lower

concentration (1 lM).

Comparison with mastoparan and melittin

Similar results (not shown), but at different concen-

tration ranges, were obtained with mastoparan and

melittin. On single granulocyte-like HL-60 cells, melittin

induced release of Ca2þ from intracellular stores at a
Fig. 3. Effects of 0.8 and 8 lM opistoporin 1 on ½Ca2þ�i in single granulocyte

extracellular Ca2þ. (A) and (B) represent the ratio of fura-2 fluorescence, (C) a

(full line) and 380 (dashed line) nm of (A) and (B), respectively.
concentration of 1 lM but leakage of Ca2þ already
occurred at a concentration of 2 lM. For mastoparan,

effective concentrations were much higher: 20 lM to

elicit a Ca2þ transient in the absence of external Ca2þ

and 50 lM to induce Ca2þ leak.

In conclusion, concentrations of PP, melittin, and

mastoparan that induce Ca2þ release and the ones that

induce Ca2þ leak only differ by a factor of 1–2.5. On the

other hand, both effects could be clearly separated in the
presence of OP1 with a 10-fold higher concentration

needed to induce Ca2þ leak. Therefore OP1 was further

used to analyze the effects on Ca2þ release.

Release of intracellular Ca2þ as a function of stage of

differentiation of granulocyte-like HL-60 cells

To find out which type of receptor might eventually

be involved in the Ca2þ release effect, HL-60 cells were

studied on different stages of differentiation during

which receptors were expressed to a variable extent [33].

For this purpose we investigated responses of single HL-

60 cells to fMLP and to OP1 as a function of the time of
differentiation from promyelocytes to granulocyte-like

cells.

Eighty percent of the single HL-60 promyelocytes

tested did respond to 0.8 lM OP1 whereas only 20% of

the cells responded to 0.1 lM fMLP. After 1 day of

differentiation, about 40% of the cells responded to

0.8 lM OP1, after 2 days, the value further decreased to

9% and upon further differentiation, the cells were
-like HL-60 cells in the presence (A,C) and the absence (B,D) of 1mM

nd (D) represent the emission at 505 nm at excitation wavelength of 340
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almost insensitive to 0.8 lM OP1. A different picture
was obtained with fMLP: the number of sensitive cells

increased from 10% to 20% at days 0 and 1 to 100% after

4 days of differentiation. At 1–3 days of differentiation,

5–15% of the single cells responded to both agonists.

Desensitization of the Ca2þ transient induced by opisto-

porin 1

To further explore the identity of a potential receptor

for OP1, the occurrence of desensitization was studied in

single cells and in cell suspensions. The action of 0.1 lM
fMLP is mediated via the formyl peptide receptor [34].

Because the experiments described above suggest that at
least one component of the signaling cascade induced by

fMLP and OP1 is different, we investigated whether

cross-desensitization occurred between both mecha-

nisms. If this occurs, it might indicate occupancy of the

same receptor. It has been shown that the FPR desen-

sitizes when occupied by fMLP and this is caused by

phosphorylation of the FPR [35]. Cells were differenti-

ated for 1 day to a stage that responsiveness to both
peptides was present.

Fig. 4A shows a Ca2þ transient elicited by addition of

fMLP to a suspension of granulocyte-like HL-60 cells.

The rise of Ca2þ is transient even in the continuous

presence of fMLP. The fall in ½Ca2þ�i indicates that the
released Ca2þ is either transferred back to the intracel-

lular stores or to the extracellular environment. A fur-
Fig. 4. Measurements of changes in ½Ca2þ�i induced by 0.1lM fMLP and

½Ca2þ�o ¼ 1mM. (A) Desensitization of fMLP-induced Ca2þ signaling. (B) D

sitization occurs between Ca2þ signaling induced by 0.1lM fMLP and 0.8 l
ther increase of the fMLP concentration had no effect on
½Ca2þ�i. This might indicate that internal stores become

progressively emptied or that the ligand–receptor com-

plex progressively desensitizes in the presence of a filled

Ca2þ store. These experiments were repeated on single

cell level. FMLP was added to single cells for the same

period of time as in the experiments on cell suspensions.

Thereafter, the fMLP was washed out for about 10 s.

Similar to the experiments on cell suspensions, the single
cells did not respond to a second application of fMLP.

Responsiveness progressively returned as a function of

washing time between both applications. When experi-

ments were started with OP1 and subsequently followed

by a further increase in OP1 concentration (in cell sus-

pension, Fig. 4B) or a second application of OP1 (on

single cells, not shown) similar results were obtained.

Figs. 4C and D show that after addition of 0.8 lM
OP1, the cells still responded to 0.1 lM fMLP and vice

versa, indicating that the intracellular Ca2þ stores were

not empty after addition of the first agonist. Thus, a

response to OP1 desensitizes the cells making them un-

responsive to a subsequent addition of the same peptide.

Because of the absence of cross-desensitization between

both compounds on single cells, the absence of cross-

desensitization in cell suspensions cannot be explained
by the presence of cell populations that react differently

to fMLP and OP1. In conclusion, all these results indi-

cate that most probably the receptor for fMLP is

different from a potential receptor for OP1.
0.8 lM opistoporin 1 in suspensions of granulocyte-like HL-60 cells.

esensitization of OP1-induced Ca2þ signaling. (C,D) No cross-desen-

M OP1.



Fig. 5. Measurements of changes in ½Ca2þ�i induced by 6lM V3 pep-

tide (A), 0.5 lM LXA4 (B), and 0.8lM opistoporin 1 in suspensions of

granulocyte-like HL-60 cells. ½Ca2þ�o ¼ 1mM.
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Comparison of the effects of opistoporin 1 with FPRL1

ligands

Because from previous findings the FPR can be ex-

cluded as the potential target of OP1, other potential

receptors that have been described in granulocytes were

investigated. Fig. 5 illustrates the effects of V3 peptide,
LXA4, and OP1 in granulocyte-like HL-60 cells in sus-

pension. For V3 peptide and LXA4 concentrations were

used that have been described to release Ca2þ from

intracellular stores in neutrophils [19,21]. Only a very

small increase in ½Ca2þ�i upon addition of 3–6 lM V3

peptide (Fig. 5A) or 0.5 lM LXA4 (Fig. 5B) could be

observed. Fig. 5 also shows that the HL-60 cells that

were unresponsive to V3 peptide and LXA4 responded
to OP1 in the same way as described in Figs. 4B and D.

These experiments indicate that OP1 is able to induce

Ca2þ release in cells that are insensitive to agonists in-

teracting with the FPRL1 receptor.
Discussion

We found that cationic, antibacterial peptides iso-

lated from the venom of the South-African scorpions P.

schlechteri and O. carinatus increased intracellular Ca2þ.

Comparable results were obtained for melittin and

mastoparan. The rise in Ca2þ originated from two

sources: a release from intracellular Ca2þ stores and an
increased Ca2þ leak from the extracellular space. Both
effects were found to occur in the micromolar range with

the action on Ca2þ release being the most sensitive effect.

The order of potency was PP>melittin>OP1>mas-

toparan. This order of potency is different from their

antibacterial activity: PP and OP1 are by far the most

potent peptides on Gram-negative bacteria, while mel-

ittin and mastoparan are most potent on Gram-positive

bacteria [2]. For PP and melittin the concentrations in-
fluencing Ca2þ release and Ca2þ leak overlapped, while

for OP1 Ca2þ release occurred at concentrations that did

not induce Ca2þ leak.

The time course of the Ca2þ release induced by the

amphipathic peptides was very similar to the receptor

(FPR)-dependent response to fMLP: in the absence of

external Ca2þ, the amplitudes of the Ca2þ releases were

not statistically different for fMLP, PP, and OP1. In
addition, the fact that the response to 0.1 lM fMLP did

not depend on extracellular Ca2þ and that its maximal

effect was observed at this concentration indicated that

the same fraction of intracellular Ca2þ was released by

the different agonists.

The pertussis toxin-sensitivity of the Ca2þ release

points to the involvement of G-proteins in the Ca2þ

release action. Also for mastoparan [8] and dermaseptin
[36] the involvement of a Gi-protein has been suggested.

Similar dual actions on Ca2þ release and Ca2þ perme-

ability of the surface membrane have been reported for

the bacterial pore-forming peptides aerolysin, staphy-

lococcal a-toxin, and streptolysin O. They induce

changes in ½Ca2þ�i in granulocyte-like HL-60 cells that

are partly pertussis toxin-sensitive [37].

We found that Ca2þ release elicited by scorpion
peptides could not be explained by an interaction with

FPR or FPRL1. Although the dependency of the OP1

action on the stage of differentiation as well as the de-

sensitization experiments are in agreement with a re-

ceptor-mediated action, the question remains open as

long as the receptor has not been identified. Pertussis

toxin inhibitable Gi-proteins are present in HL-60

promyelocytes and differentiation of HL-60 cells is ac-
companied by enhanced expression of Gi-proteins [33].

In the case of a direct receptor-independent interaction

with G-proteins, a decreasing response to OP1 as a

function of differentiation of HL-60 cells is rather un-

expected. Arguments that may favor a non-receptor-

dependent mechanism are: the rather low affinity of the

binding site and the close approximity of concentrations

that affect signaling and disrupt membranes. The latter
finding indicates that insertion of the scorpion peptides

into the membrane with effects on membrane-associated

transduction proteins and pore formation is part of the

same effect. Suppression of superoxide production in

human neutrophils has been explained by a direct in-

teraction of scorpion toxins with the NADPH oxidase

complex (unpublished observation). This occurs in the
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same concentration range as needed for Ca2þ release.
These findings indicate that insertion of these molecules

into the membrane may activate (G-proteins) and

inhibit (NADPH oxidase) subunits of complex mem-

brane-bound protein systems. For both systems it has

been shown that amphipathic molecules may interact

with isolated subunits in an acellular system (for

G-proteins see above; for NADPH oxidase see [38]).

For aerolysin, differences in Ca2þ transients have
been reported as a function of differentiation of gran-

ulocyte-like HL-60 cells. But in contrast to our results,

sensitivity towards aerolysin increased as a function of

differentiation [37]. Specificity of aerolysin action has

been explained by the binding of proaerolysin to GPI

(glycosylphosphatidylinositol) anchored proteins [27],

which are concentrated in lipid rafts, sphingolipid- and

cholesterol-rich microdomains in the cell membrane
[39]. Lipid rafts have been described to influence in-

tracellular signaling. They may contain some of the

components of a signaling pathway that only becomes

activated when a particular molecule inserts in the raft

[40]. Therefore, interaction of scorpion peptides with

these microdomains could lead to modulation of in-

tracellular signaling and at (slightly) higher concentra-

tions to pore formation. Further research, however, is
needed to confirm this hypothesis. If a classical high

affinity receptor is not the intermediate in toxin–G-

protein interaction, the observed desensitization is most

probably related to modulation at the level of the

G-protein itself. It is not known whether regulators of

G-protein signaling (RGS proteins) play any role in this

action.
Acknowledgments

This work was supported by the Research Council of the Kath-

olieke Universiteit Leuven (OT/99/37) and a bilateral technological

collaboration between Flanders and South Africa (BIL 00/36).
References

[1] F. Verdonck, S. Bosteels, J. Desmet, L. Moerman, W. Noppe, J.

Willems, J. Tytgat, J. van der Walt, A novel class of pore-forming

peptides in the venom of Parabuthus schlechteri Purcell (Scorpi-

ons: Buthidae), Cimbebasia 16 (2000) 247–260.

[2] L. Moerman, S. Bosteels, W. Noppe, J. Willems, E. Clynen, L.

Schoofs, K. Thevissen, J. Tytgat, J. Van Eldere, J. van der Walt,

F. Verdonck, Antibacterial and antifungal properties of a-helical,
cationic peptides in the venom of scorpions from Southern Africa,

Eur. J. Biochem. 269 (2002) 4799–4810.

[3] M. Zasloff, Antimicrobial peptides of multicellular organisms,

Nature 415 (2002) 389–395.

[4] A. Torres-Larios, G.B. Gurrola, F.Z. Zamudio, L.D. Possani,

Hadrurin, a new antimicrobial peptide from the venom of the

scorpion Hadrurus aztecus, Eur. J. Biochem. 267 (2000) 5023–

5031.
[5] G. Corzo, P. Escoubas, E. Villegas, K.J. Barnham, W. He, R.S.

Norton, T. Nakajima, Characterization of unique amphipathic

antimicrobial peptides from venom of the scorpion Pandinus

imperator, Biochem. J. 359 (2001) 35–45.

[6] L. Dai, A. Yasuda, H. Naoki, G. Corzo, M. Andriantsiferana, T.

Nakajima, IsCT, a novel cytotoxic linear peptide from scorpion

Opisthacanthus madagascariensis, Biochem. Biophys. Res. Com-

mun. 286 (2001) 820–825.

[7] L. Dai, G. Corzo, H. Naoki, M. Andriantsiferana, T. Nakajima,

Purification, structure–function analysis, and molecular charac-

terization of novel linear peptides from scorpion Opisthacanthus

madagascariensis, Biochem. Biophys. Res. Commun. 293 (2002)

1514–1522.

[8] A. Perianin, R. Snyderman, Mastoparan, a wasp venom peptide,

identifies two discrete mechanisms for elevating cytosolic calcium

and inositol trisphosphates in human polymorphonuclear leuko-

cytes, J. Immunol. 143 (1989) 1669–1673.

[9] J. Norgauer, M. Eberle, H.D. Lemke, K. Aktories, Activation of

human neutrophils by mastoparan. Reorganization of the cyto-

skeleton, formation of phosphatidylinositol 3,4,5-trisphosphate,

secretion, up-regulation of complement receptor type 3 and

superoxide anion production are stimulated by mastoparan,

Biochem. J. 282 (1992) 393–397.

[10] D. Yang, A. Biragyn, L.W. Kwak, J.J. Oppenheim, Mammalian

defensins in immunity: more than just microbicidal, Trends

Immunol. 23 (2002) 291–296.

[11] M. Salzet, Antimicrobial peptides are signaling molecules, Trends

Immunol. 23 (2002) 283–284.

[12] M.G. Scott, A.C. Vreugdenhil, W.A. Buurman, R.E.W. Hancock,

M.R. Gold, Cutting edge: cationic antimicrobial peptides block

the binding of lipopolysaccharide (LPS) to LPS binding protein, J.

Immunol. 164 (2000) 549–553.

[13] R.E.W. Hancock, Cationic peptides: effectors in innate immunity

and novel antimicrobials, Lancet Infect. Dis. 1 (2001) 156–164.

[14] M. D€uurr, A. Peschel, Chemokines meet defensins: the merging

concepts of chemoattractants and antimicrobial peptides in host

defense, Infect. Immun. 70 (2002) 6515–6517.

[15] T. Higashijima, S. Uzu, T. Nakajima, E.M. Ross, Mastoparan, a

peptide toxin from wasp venom, mimics receptors by activating

GTP-binding regulatory proteins (G proteins), J. Biol. Chem. 263

(1988) 6491–6494.

[16] M. Mousli, J.L. Bueb, C. Bronner, B. Rouot, Y. Landry, G

protein activation: a receptor-independent mode of action for

cationic amphiphilic neuropeptides and venom peptides, Trends

Pharmacol. Sci. 11 (1990) 358–362.

[17] J. Bylund, T. Christophe, F. Boulay, T. Nystr€oom, A. Karlsson, C.

Dahlgren, Proinflammatory activity of a cecropin-like antibacte-

rial peptide from Helicobacter pylori, Antimicrob. Agents Che-

mother. 45 (2001) 1700–1704.

[18] D. Yang, Q. Chen, A.P. Schmidt, G.M. Anderson, J.M. Wang, J.

Wooters, J.J. Oppenheim, O. Chertov, LL-37, the neutrophil

granule- and epithelial cell-derived cathelicidin, utilizes formyl

peptide receptor-like 1 (FPRL1) as a receptor to chemoattract

human peripheral blood neutrophils, monocytes, and T cells, J.

Exp. Med. 192 (2000) 1069–1074.

[19] W. Shen, P. Proost, B. Li, W. Gong, Y. Le, R. Sargeant, P.M.

Murphy, J. Van Damme, J.M. Wang, Activation of the chemo-

tactic peptide receptor FPRL1 in monocytes phosphorylates the

chemokine receptor CCR5 and attenuates cell responses to

selected chemokines, Biochem. Biophys. Res. Commun. 272

(2000) 276–283.

[20] J.F. Maddox, M. Hachicha, T. Takano, N.A. Petasis, V.V. Fokin,

C.N. Serhan, Lipoxin A4 stable analogs are potent mimetics that

stimulate human monocytes and THP-1 cells via a G-protein-

linked lipoxin A4 receptor, J. Biol. Chem. 272 (1997) 6972–6978.

[21] S. Nigam, S. Fiore, F.W. Luscinskas, C.N. Serhan, Lipoxin A4

and lipoxin B4 stimulate the release but not the oxygenation of



L. Moerman et al. / Biochemical and Biophysical Research Communications 311 (2003) 90–97 97
arachidonic acid in human neutrophils: dissociation between lipid

remodeling and adhesion, J. Cell. Physiol. 143 (1990) 512–523.

[22] Y. Le, J.J. Oppenheim, J.M. Wang, Pleiotropic roles of formyl

peptide receptors, Cytokine Growth Factor Rev. 12 (2001) 91–

105.

[23] J. Willems, W. Noppe, L. Moerman, J. van der Walt, F.

Verdonck, Cationic peptides from scorpion venom can stimulate

and inhibit polymorphonuclear granulocytes, Toxicon 40 (2002)

1679–1683.

[24] J.T.H. Mandeville, F.R. Maxfield, Calcium and signal transduc-

tion in granulocytes, Curr. Opin. Hematol. 3 (1996) 63–70.

[25] W.A. Marasco, S.H. Phan, H. Krutzsch, H.J. Showell, D.E.

Feltner, R. Nairn, E.L. Becker, P.A. Ward, Purification and

identification of formyl-methionyl-leucyl-phenylalanine as the

major peptide neutrophil chemotactic factor produced by Esch-

erichia coli, J. Biol. Chem. 259 (1984) 5430–5439.

[26] M.A. Panaro, V. Mitolo, Cellular responses to FMLP challeng-

ing: a mini-review, Immunopharm. Immunotoxicol. 21 (1999)

397–419.

[27] M. Fivaz, L. Abrami, Y. Tsitrin, F.G. van der Goot, Not as

simple as just punching a hole, Toxicon 39 (2001) 1637–1645.

[28] B.P.H.J. Thomma, B.P.A. Cammue, K. Thevissen, Mode of

action of plant defensins suggests therapeutic potential, Curr.

Drug Targets Infect. Disord. 3 (2003) 1–8.

[29] S.J. Collins, F.W. Ruscetti, R.E. Gallagher, R.C. Gallo, Terminal

differentiation of human promyelocytic leukemia cells induced by

dimethyl sulfoxide and other polar compounds, Proc. Natl. Acad.

Sci. USA 75 (1978) 2458–2462.

[30] S. Bosteels, P. Matejovic, W. Flameng, K. Mubagwa, Sodium

influx via a non-selective pathway activated by the removal of

extracellular divalent cations: possible role in the calcium para-

dox, Cardiovasc. Res. 43 (1999) 417–425.
[31] G. Grynkiewicz, M. Poenie, R.Y. Tsien, A new generation of Ca2þ

indicators with greatly improved fluorescence properties, J. Biol.

Chem. 260 (1985) 3440–3450.

[32] D.L. Groden, Z. Guan, B.T. Stokes, Determination of Fura-2

dissociation constants following adjustment of the apparent Ca–

EGTA association constant for temperature and ionic strength,

Cell Calcium 12 (1991) 279–287.

[33] J.F. Klinker, K. Wenzel-Seifert, R. Seifert, G-protein-coupled

receptors in HL-60 human leukemia cells, Gen. Pharmacol. 27

(1996) 33–54.

[34] M. Durstin, J.L. Gao, H.L. Tiffany, D. McDermott, P.M.

Murphy, Differential expression of members of the N-formylpep-

tide receptor gene cluster in human phagocytes, Biochem.

Biophys. Res. Commun. 201 (1994) 174–179.

[35] E.R. Prossnitz, Desensitization of N-formylpeptide receptor-

mediated activation is dependent upon receptor phosphorylation,

J. Biol. Chem. 272 (1997) 15213–15219.

[36] B. Ammar, A. P�eerianin, A. Mor, G. Sarfati, M. Tissot, P. Nicolas,

J.P. Giroud,M. Roch-Arveiller, Dermaseptin, a peptide antibiotic,

stimulatesmicrobicidal activities of polymorphonuclear leukocytes,

Biochem. Biophys. Res. Commun. 247 (1998) 870–875.

[37] K.H. Krause, M. Fivaz, A. Monod, F.G. van der Goot, Aerolysin

induces G-protein activation and Ca2þ release from intracellular

stores in human granulocytes, J. Biol. Chem. 273 (1998) 18122–

18129.

[38] D. Tisch, Y. Sharoni, M. Danilenko, I. Aviram, The assembly of

neutrophil NADPH oxidase: effects of mastoparan and its

synthetic analogues, Biochem. J. 310 (1995) 715–719.

[39] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature

387 (1997) 569–572.

[40] L.J. Pike, Lipid rafts: bringing order to chaos, J. Lipid Res. 44

(2003) 655–667.


	Antimicrobial peptides from scorpion venom induce Ca2+ signaling in HL-60 cells
	Materials and methods
	Results
	Effects of fMLP and parabutoporin on [Ca2+]i in HL-60 cells
	Effects of opistoporin 1 on [Ca2+]i in HL-60 cells
	Comparison with mastoparan and melittin
	Release of intracellular Ca2+ as a function of stage of differentiation of granulocyte-like HL-60 cells
	Desensitization of the Ca2+ transient induced by opistoporin 1
	Comparison of the effects of opistoporin 1 with FPRL1 ligands

	Discussion
	Acknowledgements
	References


