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We present an in-depth analysis of the structural and
functional properties of Imperatoxin I (IpTxi), an ;15-
kDa protein from the venom of the scorpion Pandinus
imperator that inhibits Ca21 release channel/ryanodine
receptor (RyR) activity (Valdivia, H. H., Kirby, M. S.,
Lederer, W. J., and Coronado, R. (1992) Proc. Natl. Acad.
Sci. U.S.A. 89, 12185–12189). A cDNA library was pre-
pared from the venomous glands of this scorpion and
used to clone the gene encoding IpTxi. From a single
continuous messenger RNA, the information coding for
the toxin is translated into two mature polypeptide sub-
units after elimination of a basic pentapeptide. The
IpTxi dimer consists of a large subunit (104-amino acid
residues) with phospholipase A2 (PLA2) activity co-
valently linked by a disulfide bond to a smaller (27
amino acid residues), structurally unrelated subunit.
Thus, IpTxi is a heterodimeric protein with lipolytic
action, a property that is only shared with b-bungaro-
toxins, a group of neurotoxins from snake venoms. The
enzymatic subunit of IpTxi is highly homologous to
PLA2 from bee (Apis mellifera) and lizard (Heloderma
horridum) venoms. The small subunit has no significant
similarity to any other known peptide, including mem-
bers of the Kunitz protease inhibitors superfamily that
target the lipolytic effect of b-bungarotoxins. A syn-
thetic peptide with amino acid sequence identical to
that of the small subunit failed to inhibit RyR. On the
other hand, treatment of IpTxi with p-bromophenacyl-
bromide, a specific inhibitor of PLA2 activity, greatly
reduced the capacity of IpTxi to inhibit RyRs. These
results suggested that a lipid product of PLA2 activity,
more than a direct IpTxi-RyR interaction, was responsi-
ble for RyR inhibition.

Scorpion venoms contain families of small basic proteins that
modify the gating mechanism of Na1 channels or block with

high affinity K1 channels of excitable cells (1, 2). These toxins
have been invaluable tools in the identification, purification,
structural mapping, and functional characterization of the cor-
responding ionic channels. The study of other ionic channels
have also been aided by toxins from poisonous animals. For
instance, snake venoms contain potent neurotoxins that block
acetylcholine receptors (3), and snail and spider venoms con-
tain small molecular weight proteins directed against neuronal
Ca21 channels (4, 5). A Cl2 channel-specific blocker peptide
was also recently isolated from a scorpion venom (6). Thus,
there exist a vast array of natural ligands useful for structural
and functional characterization of ionic channels.

The Ca21 release channel of SR1 constitutes the major path-
way for Ca21 release during the process of excitation-contrac-
tion coupling in cardiac and skeletal muscle (7). The Ca21

release channel binds the plant alkaloid ryanodine with nano-
molar affinity, hence the name ryanodine receptor (RyR). Ry-
anodine has been an invaluable tool in the structural and
functional characterization of RyR. The alkaloid binds to a
conformationally sensitive domain on the RyR protein and may
be used in binding assays as an index of the functional state of
the channel (8, 9). However, ryanodine displays extremely slow
dissociation kinetics that make its effect practically irreversi-
ble. Furthermore, certain concentrations of ryanodine may
open RyRs while others may block them (10), leading to am-
biguous results.

From the venom of the African scorpion Pandinus imperator,
we isolated Imperatoxin I (IpTxi), a ;15-kDa protein that
inhibited [3H]ryanodine binding to cardiac and skeletal SR by
blocking RyR channels (11). At concentrations well above the
half-maximal effective concentrations (ED50) exhibited for
RyR, IpTxi did not modify the binding of ligands targeted
against other transporters and ionic channels of striated mus-
cle (11). IpTxi blocked RyR rapidly and reversibly, and when
injected in ventricular cells it decreased twitch amplitude and
intracellular Ca21 transients, suggesting a selective blockade
of Ca21 release from the SR (11).

In this study, we carried out an in-depth analysis of the
mechanism of action of IpTxi on RyRs of cardiac and skeletal
muscle. We determined the complete amino acid and nucleotide
sequence of IpTxi and show that, like b-bungarotoxins, IpTxi is
a heterodimeric protein composed of a high molecular weight
subunit with PLA2 activity and a small, structurally unrelated
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subunit. We also show that free fatty acids, lipid products of
IpTxi-PLA2 activity, are involved in the inhibition of RyR. IpTxi

thus offers an alternative way to block RyR distinct from ry-
anodine and other ligands that require a physical interaction
with the RyR protein.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Protease lysine C (Lys-C) and restriction
enzymes were from Boehringer Mannheim. Chemicals and solvents for
peptide sequencing were from Millipore Co. Primers for polymerase
chain reaction (lambda gt11 forward and reverse; 1218 and 1222) and
VentR polymerase were from New England BioLabs. DNA sequencing
kit (Sequenase version II), was from U. S. Biochemical Corp. Subclon-
ing and sequencing vector (pBluescript phagemid; pKS), M13 220, and
M13 reverse sequencing primers were from Stratagene. Brain phos-
phatidylethanolamine and brain phosphatidylserine were from Avanti
Polar Lipids. [3H]Ryanodine was from DuPont NEN. p-Bromophenacyl
bromide (pBPB) was from Sigma.

Purification of IpTxi—P. imperator venom was obtained by electric
stimulation of scorpions maintained alive in the laboratory. Venom (120
mg per batch) was suspended in double distilled water and centrifuged
at 15,000 3 g for 30 min. The supernatant was applied onto a column
(0.9 3 190 cm) of Sephadex G-50 superfine (Pharmacia Biotech Inc.).
Fractions were eluted with 20 mM NH3OAc (pH 4.7) at a flow rate of 20
ml/h. Fraction II containing IpTxi was applied to a column (0.9 3 30 cm)
of carboxymethyl (CM)-cellulose 32 (Whatman) equilibrated with 20
mM NH3OAc (pH 4.7). Peptides were eluted at a flow rate of 20 ml/h
with a linear gradient of 250 ml of 20 mM NH3OAc (pH 4.7) and 250 ml
of the same buffer containing 0.55 M NaCl. Peptides displaying capacity
to inhibit [3H]ryanodine binding and phospholipase activity were dia-
lyzed against deionized water (3 3 30 min), concentrated by lyophili-
zation, and injected into a C4 reverse-phase HPLC column (Vydac).
IpTxi was eluted with a linear gradient of 0–60% acetonitrile in 0.1%
trifluoroacetic acid running at 1 ml/min for 60 min. The purity and
identity of IpTxi was confirmed by amino acid sequence analysis, as
described for Na1 channel-blocking peptides (12). IpTxi was quantified
either by amino acid analysis or by absorbance at 280 nm (A280 nm)
using an extinction coefficient (e) 5 14,952.

Amino Acid Analysis and Microsequencing of IpTxi—Amino acid
analysis was performed on samples hydrolyzed in 6 N HCl with 0.5%
phenol at 110 °C in evacuated, sealed tubes as described (13). Reduction
of IpTxi with dithiothreitol and alkylation with iodoacetic acid was
performed as described (13). Reduced and alkylated IpTxi was cleaved
with protease Lys-C in 200 ml of 25 mM Tris-HCl (pH 7.2), and 1.0 mM

EDTA, at a enzyme:peptide ratio 5 1:100. Microsequence determina-
tion of native, reduced, and carboxymethylated toxin, and their peptide
fragments was carried out with a 6400/6600 MilliGen/Biosearch Prose-
quencer, using the peptide adsorbed protocol on CD Immobilon
membranes.

Cloning and Sequencing of the cDNA Encoding IpTxi—Two oligonu-
cleotides encoding for two different regions of IpTxi were synthesized as
described (13). Oligonucleotide 1 (59-AC(N)ATGTGGGG(N)AC(N)AA(G/
A)TGGTG-39; where N means any nucleotide) encoded for the first 8
amino acids of the amino terminus of the large subunit of IpTxi. Oligo-
nucleotide 2 (59-GA(G/A)GC(N)GG(N)TA(T/C)GG(N)GC(N)TGGGC-39)
encoded for residues 14–21 of the small subunit. Total RNA was puri-
fied from the venomous glands (telsons) of 30 scorpions. The telsons
were pulverized in liquid nitrogen and poured into 10 ml of GT buffer (4
M guanidinium isothiocyanate, 0.025 M sodium citrate (pH 7.0), 0.5%
N-lauryl sarcosine, and 0.03 M b-mercaptoethanol), vortexed, and cen-
trifuged at 5,000 3 g for 10 min. One ml of 2 M sodium acetate (pH 4)
was added to the recovered supernatant. The resulting solution was
extracted with 10 ml of water-saturated phenol plus 2 ml of chloroform:
isoamyl alcohol (49:1, v:v), allowing to sit on ice for 15 min. After
centrifuging at 10,000 3 g for 20 min at 4 °C, the aqueous layer was
precipitated with 1 volume of isopropyl alcohol, incubated at 220 °C for
1 h, and centrifuged at 10,000 3 g for 20 min at 4 °C. The pellet was
dissolved in 0.3 ml of GT buffer and 0.3 ml of isopropyl alcohol, incu-
bated at 220 °C for 1 h, and pelleted again. The pellet was washed with
95% ethanol, briefly dried under vacuum, and resuspended in RNase-
free water. Messenger RNA was purified following the instructions of
the Hybond-mAP protocol (messenger affinity paper; Amersham Corp.,
RPN.1511). cDNA synthesis was performed as described (13) from 5 mg
of mRNA. The cloning of the cDNA library was also performed as
described (13). The screening of the cDNA library was performed with
oligonucleotides 1 and 2 separately, but the clones detected with oligo-
nucleotide 1 were analyzed first. Inserts of cDNA from positive clones

were polymerase chain reaction-amplified using l gt11 forward and
reverse primers. Polymerase chain reaction products were purified from
agarose gel and ligated into the EcoRV site of pBluescript (pKS) pha-
gemid. The ligation reactions were used to transform Escherichia coli
DH5-a cells. Plasmid DNA from white colonies was digested with
BamHI and HindIII to verify the size of the original inserts. Clones of
interest were sequenced using the SequenaseR kit version 2 (U. S.
Biochemical Corp.) on both strands. Oligonucleotides l gt11 forward, l
gt11 reverse, M13 -20, and M13 reverse were used for sequencing.

Sequence Comparisons—The amino acid sequence of the large and
small subunits of IpTxi were compared with those of other proteins
deposited in the protein data base of GenBank (Los Alamos National
Laboratory, Los Alamos, NM) by computer analysis using the pro-
gram Blitz version 1.5 (Biocomputing Research Unit, University of
Edinburgh, UK).

Determination of Phospholipase A2 Activity—Phospholipase A2 activ-
ity was determined by the titration method of Shiloah et al. (14), using
dilute egg yolk (1:20 in saline solution) as substrate. Liberation of acid
was measured at pH 8.0 and 37 °C by titration with 5 mM NaOH under
a constant stream of N2. One unit of enzyme is defined as the amount
of enzyme that liberates 1 mmol of free fatty acid/min under the above
conditions. Inhibition of phospholipase A2 with pBPB was carried out as
described by Dı́az et al. (15). One hundred ml of 200 mM IpTxi in 35 mM

Tris (pH 8.0) were mixed with 10 ml of 2 mM p-BPB in acetone and
incubated for 16 h at room temperature under dim light. The reaction
was stopped by filtration in a Sephadex G-10 column. pBPB-treated
IpTxi elutes in the void volume of the column, whereas the excess of
pBPB is retarded.

Synthesis of the Small Subunit of IpTxi—The small subunit of IpTxi

was synthesized by the solid phase method of Merrifield (16), using
t-butyloxycarbonyl-amino acids. This subunit contains a Cys residue at
position 4. To avoid formation of inter-peptide disulfide bonds, Cys4 was
substituted by Ala (peptide A), Met (peptide M), or Cys (peptide C)
protected with 3-nitro-2-pyridinesulfonyl (thiol-protecting group that
will not allow formation of disulfide bonds). At the end of the synthesis
all three peptides were separated in a C18 reverse-phase HPLC column,
using the conditions described above. The purity of the synthetic pep-
tides was confirmed by both amino acid analysis and microsequencing,
as described above.

[3H]Ryanodine Binding Assays—[3H]Ryanodine binding to pig car-
diac and rabbit skeletal SR vesicles was carried out for 90 min at 36 °C
in 0.1 ml of 0.2 M KCl, 1 mM Na2EGTA, 0.995 mM CaCl2, 10 mM

Na-Pipes (pH 7.2). The calculated free Ca21 was 10 mM. [3H]Ryanodine
(68.4 Ci/mmol) was diluted directly in the incubation medium to a final
concentration of 7 nM. Protein concentration was 0.2–0.4 and 0.3–0.5
mg/ml for skeletal and cardiac SR, respectively. Samples were filtered
on Whatman GF/B glass fiber filters and washed twice with 5 ml of
distilled water. A Brandel M24R cell harvester was used for filtration.
Nonspecific binding was determined in the presence of 10 mM unlabeled
ryanodine and has been subtracted from each sample.

Planar Bilayer Technique—Recording of single RyR in lipid bilayers
was performed as described previously (17). Briefly, a phospholipid
bilayer of phosphatidylethanolamine:phosphatidylserine (1:1 dissolved
in n-decane to 20 mg/ml) was formed across an aperture of ;300 mm
diameter in a delrin cup. The cis chamber (900 ml) was the voltage
control side connected to the head stage of a 200 A Axopatch amplifier,
and the trans chamber (800 ml) was held at virtual ground. Both
chambers were initially filled with 50 mM cesium methane sulfonate
and 10 mM Tris/Hepes (pH 7.2). After bilayer formation, cesium meth-
ane sulfonate was raised to 300 mM in the cis side, and 100–200 mg of
SR vesicles were added. After detection of channel openings, Cs1 in the
trans chamber was raised to 300 mM to collapse the chemical gradient.
Single channel data were collected at steady voltages (230 mV) for 2–5
min. Channel activity was recorded with a 16-bit VCR-based acquisi-
tion and storage system at a 10-kHz sampling rate. Signals were ana-
lyzed after filtering with an 8-pole Bessel filter at a sampling frequency
of 1.5–2 kHz. Data acquisition and analysis were done with Axon
Instruments software and hardware (pClamp v6.0, Digidata 200
AD/DA interface).

RESULTS

Purification of IpTxi—Purification of IpTxi from P. imperator
venom was performed in three chromatographic steps as de-
scribed under “Experimental Procedures” and shown in Fig. 1.
After fractionation of whole venom in Sephadex G-50 (Fig. 1A),
five fractions were collected and assayed for effects on [3H]ry-
anodine binding. Fraction 2 contained polypeptides in the
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range of 8–16 kDa and was the only fraction that inhibited
[3H]ryanodine binding. The second step in the purification of
IpTxi consisted of ion-exchange chromatography in CM-cellu-
lose (Fig. 1B). The fraction containing IpTxi (indicated by the
arrow) eluted early in the run, when the concentration of NaCl
was ;160 mM. Fig. 1C shows the chromatographic profile of
IpTxi after elution from a reverse-phase C4 HPLC column. Only
a minor contaminant was present (labeled with asterisk), which
was discarded for further studies of IpTxi structure. However,
amino acid sequence analysis of purified IpTxi yielded two
different amino acids per reaction cycle, with an apparent
equivalent stoichiometry. This indicated either that a contam-
inant was still present at the end of our purification procedure
or that IpTxi was composed of two different peptide subunits.

We determined the dose-response relationship for each of the
active venom components to assess their potency to inhibit
RyRs (Fig. 1D). Whole P. imperator venom and fraction 2 in-
hibited [3H]ryanodine binding to cardiac SR with a concentra-
tion of 20.2 and 4.3 mg/ml, respectively, yielding the half-max-
imal effect (IC50); IC50 for pure IpTxi was 0.7 mg/ml. Based on
this value and the molecular mass of IpTxi (;15 kDa), the
estimated apparent dissociation constant (Kd) was 46 nM. Es-
sentially identical results were obtained when skeletal SR was
used for displacement studies (not shown).

Electrophoretic Analysis of IpTxi—To elucidate whether
IpTxi was composed of two subunits, an aliquot of IpTxi was
reduced and alkylated. The modified toxin was then chromato-
graphed in a Bio-Gel P30 column (Fig. 2A) to eliminate reaction

by-products and excess of reagents. Three peaks were obtained
(Fig. 2A) and analyzed by SDS-PAGE (Fig. 2B). Peak 1 (labeled
Red, abbreviation for reduced) had lower molecular mass than
native IpTxi (labeled Nat); peak 2 could not be resolved in the
same gel (not shown), but direct sequencing indicated that it
corresponds to a ;3-kDa peptide (Fig. 3A); peak 3 was not
peptidic in nature, indicating that it corresponded to the reduc-
ing and alkylating reagents. Fig. 2C shows that the apparent
molecular mass of native IpTxi was ;15 kDa and that of the
reduced IpTxi was ;12 kDa. Thus, treatment of IpTxi with
thiol-reducing agents separates a large (;12 kDa) from a small
(;3 kDa) subunit.

Peptide Sequence Determination—The reduced and alkyl-
ated derivatives of IpTxi (peak 1 and 2 of Fig. 2A) were se-
quenced by direct Edman degradation. As shown in Fig. 3A, we
identified the first 27 amino acid residues of the large subunit,
and all 28 amino acid residues of the small subunit. To identify
the remaining residues, the large subunit was cleaved with
Lys-C endopeptidase, which yielded three peptide fragments
that eluted with different retention times in an HPLC column
(data not shown). The amino acid sequence of each of these
peptides, obtained also by Edman degradation, is underlined in
Fig. 3A.

Cloning and Sequencing of the cDNA Encoding IpTxi—Two
oligodeoxynucleotides synthesized according to the amino acid
sequence of stretch 1–8 of the large subunit and stretch 14–21
of the small subunit were used to screen a cDNA library,
constructed from the venomous glands of P. imperator scorpi-

FIG. 1. Purification of IpTxi. A, P. imperator soluble venom (120 mg of protein) was applied to a Sephadex G-50 column (0.9 3 190 cm)
equilibrated and run with 20 mM ammonium acetate buffer (pH 4.7). 5-ml samples were collected and tested for their capacity to inhibit
[3H]ryanodine binding. Only fraction 2 totally inhibited [3H]ryanodine binding. B, fraction 2 was further separated through a CM-cellulose column
(0.9 3 30 cm), equilibrated, and run with 20 mM ammonium acetate buffer (pH 4.7). A linear gradient of sodium chloride resolved 5 subfractions,
the first of which (indicated by the arrow) contained IpTxi. C, the subfraction from the CM-cellulose column containing IpTxi was lyophilized and
injected into a C4 reverse-phase HPLC column and eluted with a 0–100% linear gradient of acetonitrile containing 0.1% trifluoroacetic acid. The
peak labeled with an asterisk was not studied further. D, dose-response curve for whole venom and purified components. [3H]Ryanodine (7 nM) was
incubated with cardiac SR protein in 0.2 M KCl, 10 mM CaCl2, 10 mM Na-Hepes (pH 7.2) in the absence (control, 100%) and the presence of indicated
concentrations of venom components. Nonspecific binding was determined in the presence of 20 mM ryanodine and has been subtracted from this
and subsequent results.
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ons. These oligodeoxynucleotides were used as probes to isolate
a full-length IpTxi cDNA clone. Both probes led to the isolation
of the same cDNA clone. Its complete nucleotide sequence is
shown in Fig. 3B. This sequence contained an open reading
frame of 167 amino acids encompassing 1) a putative signal
peptide (first underlined 31 amino acids, positions 231 to 21);
2) the mature ;12-kDa, large subunit of IpTxi (104 amino
acids, positions 1–104); 3) a putative connector pentapeptide
(RRLAR, positions 105–109); and 4) the mature small subunit
(27 amino acids; positions 110–136). Thus, a single continuous
cDNA clone encoded the two polypeptide subunits of IpTxi. This
finding confirmed that IpTxi is a heterodimeric protein. Since
treatment of IpTxi with thiol-reducing agents (Fig. 2A) effec-
tively separates both subunits, this suggests that they are
covalently linked by a disulfide bridge.

Sequence Homology of IpTxi Subunits—A comparison of the
amino acid sequence of the two subunits of IpTxi with se-

quences available from GenBank revealed intriguing results.
First, the small subunit shared no significant similarity with
sequences of scorpion peptide blockers of Na1, K1, or Cl2

channels, with members of the Kunitz protease inhibitor su-
perfamily, or with any other sequence deposited in the protein
data base. Thus, this small subunit constitutes a new class of
scorpion peptides. On the other hand, Fig. 4 shows that the
large subunit of IpTxi was 38% homologous to PLA2 from honey
bee (A. mellifera) venom and 35% homologous to PLA2 from
heloderma (H. horridum) venom. These two PLA2s compose
group III of secreted PLA2 (18), whose main features are low
molecular mass (;14 kDa), high disulfide bond content, and
strict dependence on Ca21 for lipolytic effect. Since the major
criterion for classification is sequence homology more than
function, IpTxi may be classified within this group with the
remarkable difference, however, of possessing an accessory
protein.

FIG. 2. Separation of large and
small subunits of IpTxi. A, IpTxi (100
mg) was reduced and alkylated as de-
scribed under “Experimental Proce-
dures,” applied to a Bio-Gel P30 column
(0.9 3 27 cm), and eluted with 10% acetic
acid. Peak 1 corresponds to a ;12-kDa
peptide, peak 2 to a ;3-kDa peptide (de-
termined by direct sequencing), and peak
3 to reaction by-products. B, SDS-PAGE
analysis of 3 mg of native IpTxi (Nat) and
3 mg of peak 1 (Red). Gel was 10% poly-
acrylamide. Proteins were stained with
Coomassie Blue. The running gel (R.G.)
and the tracking dye (T.D.) positions are
indicated by arrows. C, the retention fac-
tor (Rf) for various molecular weight
markers is plotted as a function of log10
molecular weight (M.W.). The apparent
molecular weight for native and reduced
IpTxi was extrapolated from a linear re-
gression to the data points.

FIG. 3. Amino acid and nucleotide
sequences of IpTxi. A, the complete
amino acid sequence of IpTxi was ob-
tained from direct Edman degradation us-
ing peak 1 (large subunit) and peak 2
(small subunit) of Fig. 2A (labeled d) and
from proteolytic fragments (lc1, lc2, and
lc3) of peak 1. To obtain the proteolytic
fragments, peak 1 (100 mg) was incubated
for 4 min at 36 °C with 1 mg of Lys-C
endopeptidase in Tris buffer as specified
in the Boehringer catalog. The reaction
products were separated by HPLC, essen-
tially as described in the legend to Fig.
1A. Numbers on top of the amino acid
sequence correspond to the amino acid
positions in the primary structure. B, nu-
cleotide sequence of the cDNA gene en-
coding for the entire IpTxi molecule with
the deduced amino acid sequence below
each base triplet. The putative signal pep-
tide sequence (relative position 231 to
21) is underlined. The pentapeptide
RRLAR (relative position 105–109) is not
found in the mature protein and is as-
sumed to be cleaved during processing.
Numbers on right refers to the nucleotide
and amino acid positions.

Inhibition of Ryanodine Receptors by Imperatoxin I 11889



Lack of Inhibition by the Short Subunit of IpTxi—We tested
if the small subunit of IpTxi was responsible for blocking RyR.
Reduced and carboxymethylated small subunit (peak 2 of Fig.
2A), at concentrations up to 15 mM, had no effect on the binding
of [3H]ryanodine to cardiac or skeletal RyR (data not shown).
To discard the presence of spurious reagents as being the cause
of negative results, we synthesized the small subunit in three
distinctive forms as follows: peptide C was similar to the native
small subunit, and peptides A and M were also similar to the
native small subunit, except that Cys4 was substituted by Ala
and Met, respectively. This avoided the formation of interpep-
tide disulfide bridges caused by oxidation of Cys4. The three
peptides were HPLC-purified before testing. Table I shows that
none of the purified synthetic peptides had significant effect on
the binding of [3H]ryanodine to cardiac RyR or on the binding
of [3H]PN200–110 to voltage-dependent Ca21 channels of
sarcolemma (19).

The Phospholipase A2 Activity of IpTxi Is Important to Inhibit
RyR—We next investigated if the large subunit of IpTxi, or its
enzymatic activity, was involved in RyR inhibition. The re-
duced and carboxymethylated form of the large subunit of IpTxi

(peak 1) was incapable of inhibiting [3H]ryanodine binding to
cardiac or skeletal RyR. However, this was expected given that
internal disulfide bridges are essential for preservation of the
toxin’s tridimensional structure as well as for expression of its
enzymatic activity (20). We thus resorted to pBPB, a covalent
modifier of His residues that specifically blocks phospholipase
A2 activity (15) without affecting disulfide bonds. The rate of
fatty acid liberation by 1 mol of IpTxi was 384 6 26 and 41 6
12 mol min21 in control and after incubation with pBPB, re-
spectively (n 5 4; data not shown). Thus, treatment of IpTxi

with pBPB decreased substantially its PLA2 activity. Fig. 5
shows that pBPB-treated IpTxi decreased dramatically its ca-
pacity to inhibit the binding of [3H]ryanodine to cardiac and
skeletal RyR (open symbols). This was in contrast to control
IpTxi (a batch of IpTxi that underwent the same treatment as
pBPB-treated IpTxi, except that pBPB was omitted), which
retained its capacity to inhibit cardiac and skeletal RyR with
high affinity (filled symbols).

Ca21 Dependence of IpTxi Effect—The enzymatic activity of
PLA2 from group III requires Ca21 for catalysis (20). Therefore,
we expected that if the inhibition of RyRs by IpTxi resided in its
enzymatic activity, inhibition should be apparent only in the
presence of micromolar [Ca21]. Fig. 6 shows that Ca21 was

essential for binding of [3H]ryanodine to RyRs and for detection
of the IpTxi effect. The left panel shows the Ca21 dependence of
[3H]ryanodine binding to skeletal SR and the effect of IpTxi.
Specific binding in control (open circles) had a threshold for
detection at 100 nM [Ca21] (pCa 7) and was optimal at 10–100
mM [Ca21]. Higher [Ca21] inhibited binding, giving rise to a
bell-shaped curve. In the presence of IpTxi (filled circles), the
binding curve was dramatically decreased in absolute values.
The percentage of IpTxi inhibition was 5.5, 32, and 71% at pCa
7, 6, and 5, respectively. No further inhibition was observed at
higher [Ca21]. Thus, the degree of IpTxi inhibition increased
with [Ca21].

In cardiac SR (Fig. 6, right panel), the Ca21 dependence of
[3H]ryanodine binding also had a threshold for detection at pCa
7 and a maximum at pCa 5 (control, open circles). However,
unlike skeletal SR, inactivation of binding by high [Ca21] was
not pronounced. Binding decreased only by 30% with respect to
maximum in cardiac RyRs, and it decreased by 80% in skeletal
RyRs. This distinctive response of RyR to Ca21 is also displayed
by individual RyR reconstituted in lipid bilayers (8, 21), indi-
cating that the binding assay effectively tracks the activity of
the receptor. In the presence of IpTxi, the binding curve was
markedly decreased. The percentage of inhibition was 10, 38,
and 83% at pCa 7, 6, and 5, respectively. Thus, although car-
diac and skeletal RyRs respond differently to Ca21, the inhib-
itory effect of IpTxi increased equally with [Ca21] in both
isoforms.

Inhibition of RyR by Supernatant of IpTxi-treated SR Vesi-

FIG. 4. Amino acid sequence homology between the large sub-
unit of IpTxi and PLA2s from group III. The amino acid sequence of
the large subunit of IpTxi (first row) was aligned with that of bee (A.
mellifera, second row) and lizard (H. suspectum, third row) venom
PLA2. A few gaps (dashes) were introduced to enhance similarities.
Bold letters indicate exact homology for the three PLA2s. Dots indicate
end of the sequence, whereas X indicates unknown residues, as indi-
cated in the reference source. Amino acid sequences taken from IpTxi,
this work; bee PLA2, GeneBank Accession No. X16709; Heloderma
suspectum PLA2, Gomez et al. (32).

TABLE I
Effect of synthetic peptide analogs of the small subunit of ipTxi on the
binding of [3H]ryanodine and [3H]PN200–110 to cardiac sarcolemma

and SR vesicles
Peptide concentration tested was 10 mM. Results are the mean 6 S.D.

of three independent determinations.

[3H]Ryanodine bindinga [3H]PN200–110 bindingb

% %
Control 100 100
Peptide A 116 6 8 100 6 6
Peptide M 110 6 4 111 6 12
Peptide C 106 6 5 111 6 7

a Binding of [3H]ryanodine to SR vesicles was carried out as described
in the text.

b Binding of [3H]PN200–110 to cardiac sarcolemma was performed as
described (19).

FIG. 5. Treatment with a PLA2 inhibitor lowers the potency of
IpTxi to inhibit RyR. IpTxi (200 mM) was incubated with 2 mM pBPB
(filled symbols) for 16 h as described under “Experimental Procedures”
or with acetone (open symbols), the drug vehicle, as control. Binding of
[3H]ryanodine to cardiac (circles) or skeletal (squares) SR was per-
formed in the absence (defined as 100%) or in the presence of indicated
concentrations of IpTxi.
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cles—The membranes of SR vesicles contain different classes of
phospholipids that may serve as substrates for the PLA2 activ-
ity of IpTxi. We reasoned that if the inhibitory properties of
IpTxi were at least partly due to its enzymatic activity, then
inhibition should be observed by incubating RyR with super-
natant of IpTxi-treated SR vesicles. Control SR vesicles were
diluted in binding medium to 1 mg/ml and incubated at 36 °C
with 100 nM IpTxi. After 30 min, the IpTxi-treated SR vesicles
were pelleted at 32,000 3 g for 15 min, and a clear supernatant
was obtained. The supernatant was then tested for its capacity
to inhibit the binding of [3H]ryanodine to cardiac SR vesicles. A
control tube that contained only IpTxi in binding medium with-
out SR vesicles was run in parallel to determine the percentage
of inhibition caused by the toxin alone. Fig. 7 shows that
increasing concentrations of IpTxi-treated SR supernatant in-
hibited the binding of [3H]ryanodine dose-dependently (filled
circles). This inhibition could not be attributed to IpTxi because
the control supernatant reduced binding only marginally (open
circles). For instance, in the most extreme case, 10 ml of IpTxi-
treated SR supernatant inhibited 100% of specific binding; the
estimated concentration of IpTxi in this tube was 10 nM, which
inhibited binding only by 22%. Hence, the lipolytic activity of
IpTxi releases from SR vesicles a phospholipid product that is
capable of inhibiting RyR activity.

Reversibility of IpTxi Effect—To rule out the possibility that
inhibition of RyR by IpTxi was caused by an irreversible dis-
ruption of the channel protein, we incubated SR vesicles (1
mg/ml) with water (control) or with 1 mM IpTxi (IpTxi-treated
SR). After 30 min at 36 °C, an aliquot was taken from each
sample. Then, both SR samples were washed twice, pelleted,
and prepared for [3H]ryanodine binding. Fig. 8 shows that
binding of [3H]ryanodine to IpTxi-treated vesicles was de-
creased with respect to control after 30 min of incubation.
However, these vesicles displayed essentially the same binding
as control after washing off IpTxi. Thus, RyRs recover their
capacity to bind [3H]ryanodine after treatment with IpTxi.
Assuming that the [3H]ryanodine binding assay followed
changes in channel gating (8–10, 17, 21), the changes described
above suggest that IpTxi released a phospholipid product that
bound to RyRs (or a closely associated regulatory protein) and
decreased open probability (po); after removal of the phospho-
lipid product, po could recover to control levels.

Single Channel Effects of IpTxi—To test directly the above
hypothesis and to gain insight on the manner in which IpTxi

inhibits RyRs, we reconstituted swine cardiac RyR in planar
lipid bilayers, as described (11, 17). Fig. 9 shows traces from
continuous recording at 230 mV holding potential in the ab-
sence (control) and the presence of increasing concentrations of
IpTxi. Channel activity was monitored over 80 s in each condi-
tion, and the mean po was obtained from current histograms.
The traces show that IpTxi blocks RyR dose-dependently: at
low concentrations (#200 nM) IpTxi decreases the lifetime of
the open events, converting long openings into brief, frequently
unresolved open events; at higher concentrations, both long
and brief openings progressively decrease in frequency until
they disappear. A quantitative description of this effect is pre-
sented in the open time histograms of Fig. 9B. In control, 2,034
events could be fitted with three exponentials with mean open
time (t) 5 0.7 ms (66%), 1.9 ms (29%), and 9.8 ms (5%). In the
presence of 500 nM IpTxi, the histogram for 801 openings col-
lected during the same period as control was monoexponential

FIG. 6. Ca21 dependence of IpTxi inhibition of [3H]ryanodine binding. Rabbit skeletal (0.3 mg/ml) or pig cardiac (0.4 mg/ml) SR vesicles
were incubated for 90 min at 36 °C with 7 nM [3H]ryanodine in the absence (open circles) or the presence (filled circles) of 200 nM IpTxi. The
incubation medium consisted of 0.2 M KCl, 10 mM Na-Hepes (pH 7.2), 1 mM EGTA, and CaCl2 necessary to bring free [Ca21] to the desired value.
The Ca21:EGTA ratios were calculated by a computer program using affinity constants given in Fabiato (33).

FIG. 7. Inhibition of RyR by supernatant of IpTxi-treated SR.
SR supernatant was prepared as described in the text. Binding of
[3H]ryanodine to cardiac SR vesicles was carried out in the absence
(control, 100%) or presence of indicated volumes of SR supernatant
(filled symbols). To keep the reaction volume constant, binding medium
was added to SR supernatant to a final volume of 10 ml. To determine
the inhibition caused by IpTxi alone, control vials containing IpTxi
without SR vesicles were spun in parallel. The final concentration of
IpTxi in the binding assays and the inhibition associated with it is
shown by the open symbols.
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with t 5 0.8 ms. Both the decrease in the frequency and
duration of the open events contributed to the decrease in po.
Fig. 9C shows the log dose-response relation of po as a function
of IpTxi concentration. The IC50 for IpTxi inhibition was 140
nM. Since this value is in fairly good agreement with that
determined in binding experiments (50–80 nM), this indicates
that [3H]ryanodine, at the concentrations used, does not inter-
fere with the inhibitory capacity of IpTxi. More importantly,
the results show that the lipolytic product of IpTxi is capable of
interacting directly with the RyR or with a closely associated
protein that regulates channel gating.

Inhibition of RyR by Fatty Acids—PLA2 catalyzes the hydrol-
ysis of the Sn2 fatty acyl bond of phospholipids to release free
fatty acids and lysophospholipids (22). We tested the effect of
each of these lipids separately on RyR activity. Fig. 10A shows
that lysophosphatidylcholine (lyso-PC), at concentrations up to
300 mM, does not modify substantially the open lifetime or the
unitary conductance of cardiac RyR. On the other hand, linoleic
acid, an 18-carbon unsaturated fatty acid, blocks RyR at lower
concentrations and in a manner that is reminiscent of the
blockade produced by IpTxi. Addition of 30 mM linoleic acid to
the cytosolic face of the channel decreases the lifetime and the
frequency of open events; similar to IpTxi, the fatty acid in-
duces the appearance of openings that are too fast to be re-
solved by our recording bandwidth.

The potency of several fatty acids to inhibit RyRs was deter-
mined by their capacity to inhibit [3H]ryanodine binding to
cardiac SR vesicles (Fig. 10B). Palmitic acid, a 16-carbon sat-
urated fatty acid, partially inhibited RyR but at concentrations
$100 mM. Arachidonic acid, linoleic acid, and oleic acid, unsat-
urated fatty acids abundant in SR membranes of cardiac and
skeletal muscle (23), totally inhibited RyR with an IC50 5 25,
55, and 70 mM, respectively. In agreement with single channel
results, lyso-PC and lysophosphatidylethanolamine were un-
able to modify [3H]ryanodine binding. Thus, not all PLA2 prod-
ucts are capable of inhibiting RyRs. Among the fatty acids, the
potency to inhibit RyRs increases with the carbon chain length
and the number of unsaturations.

DISCUSSION

In the present study, we determined the complete amino acid
and nucleotide sequence of IpTxi, a heterodimeric protein from
the venom of the scorpion P. imperator, and unraveled the
molecular mechanism by which it inhibits RyRs of cardiac and
skeletal muscle.

The deduced amino acid sequence from the cDNA encoding

IpTxi and the amino acid sequence determined by Edman deg-
radation strongly suggests that IpTxi is synthesized as a pre-
cursor of the pre-pro form. Putative signal and connector pep-
tides must be removed to produce mature IpTxi. The proposed
signal peptide does have a large content of acidic residues (8
out of the last 18 residues are acidic), a property that is rarely
seen in signal peptides. For this reason, we cannot exclude
whether the proposed signal peptide codes for another peptide
before coding for the large subunit of IpTxi. Regarding the
connecting pentapeptide Arg-Arg-Leu-Ala-Arg (positions 105 to
109 in the cDNA sequence of Fig. 3), we gather that several
enzymes must be required to eliminate it from the mature
protein. Initially, a cleavage must occur at Arg109 (monobasic
site), as it occurs in the maturation of prosomatostatin and
other prohormones (24). Two characteristics distinguish this
cleavage site and both are present in the cDNA of IpTxi: (i) Arg
(or other basic residue) is immediately preceded by Ala or Leu
(or both); (ii) Arg is located three or five residues upstream the
basic amino acid involved in the cleavage. Next, another cleav-
age must occur at Arg106 (dibasic site) as is the case during the
maturation of diverse peptidic hormones (25). A third enzyme
with carboxypeptidase activity must intervene to remove
Arg105 and Arg106. Because of this complicated pattern of mat-
uration, we assume that the linking of the small and large
subunit of IpTxi must be important for the function of IpTxi.

Mature IpTxi is composed of a ;3-kDa peptide covalently
linked to a ;12-kDa peptide with PLA2 activity. The large
subunit of IpTxi conserves the most important substructures of
secreted PLA2 from group III (Fig. 4). The His/Asp pair, essen-
tial for Ca21 binding, is in position 33/34 of IpTxi and is pre-
ceded in the three PLA2s by a Cys-Cys-Arg motif; the amino
terminus (roughly residues 4–12 of IpTxi), presumably in-
volved in substrate binding, is also highly conserved in the
three PLA2s; lastly, the Cys residues, essential for maintaining
proper folding through disulfide bonds, may be used in this
group as the elemental frame to align homologous sequences
and to identify stretches of sequence that have been inserted or
deleted through evolution. Only Cys101 of IpTxi (relative posi-
tion 104 in Fig. 4) does not match with Cys residues present at
the carboxyl terminus of the other PLA2 shown. It is likely,
therefore, that Cys101 is involved in the disulfide bridging with
Cys4 of the small subunit.

The presence in IpTxi of a PLA2 subunit covalently linked to
a small, structurally unrelated peptide is reminiscent of the
bipartite arrangement of b-bungarotoxins (26), a group of
snake neurotoxins that inhibit neurotransmitter release (27).
Each b-bungarotoxin dimer has a PLA2 subunit covalently
bound to a smaller subunit related to Kunitz-type protease
inhibitors. Members of the Kunitz superfamily bind to and
block voltage-dependent K1 and Ca21 channels (28). Thus,
although the small subunit of IpTxi showed no homology to
members of the Kunitz superfamily, its distinctive arrange-
ment within the toxin suggested that it might act as a blocker.
For this reason, it was surprising at first to realize that the
small subunit was not directly responsible for inhibiting RyRs.
Direct addition of the small subunit to our [3H]ryanodine bind-
ing assays failed to inhibit RyRs, as did a synthetic peptide
with amino acid sequence similar to that of the small subunit
and two additional derivatives designed to avoid interpeptide
disulfide bridge formation (Table I). Hence, the target site for
the small subunit, or its biological function, remains to be
determined.

Given our failure to detect inhibition by the small subunit,
we turned our attention to the large subunit of IpTxi. In a
reduced and carboxymethylated form, the large subunit of
IpTxi failed to inhibit RyRs (not shown). However, this was not

FIG. 8. Reversibility of IpTxi effect. Prewashed vesicles are car-
diac SR vesicles incubated with water (control) or with 1 mM IpTxi
(IpTxi-treated SR) for 30 min at 36 °C. Washed vesicles are the same
control and IpTxi-treated vesicles after being pelleted and washed twice
with binding medium. Binding of [3H]ryanodine was conducted in all
vesicles and is expressed in absolute values (pmol/mg).
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surprising given that disulfide bridges are essential to main-
tain the toxin’s three-dimensional structure (20). It was the
treatment of IpTxi with pBPB, a covalent modifier of His resi-
dues that inhibits PLA2 activity without affecting disulfide
bridges (15), that decreased substantially the capacity of IpTxi

to inhibit RyRs (Fig. 5). This suggested that a lipid product of
PLA2 activity was involved in the inhibition of RyRs. Three

separate lines of evidence supported this notion. 1) Inhibition of
RyR by IpTxi was favored by the presence of Ca21 ($1 mM; Fig.
6), as expected from the Ca21 dependence of enzymatic activity
of PLA2 from group III and several other groups (20). 2) The
supernatant of IpTxi-treated SR vesicles could inhibit RyRs
even before IpTxi was present in a concentration large enough
to do so (Fig. 7); this indicated that RyR inhibition was brought

FIG. 10. Selective inhibition of RyR by fatty acids. A, representative traces of cardiac RyR activity in control (top trace) and in the presence
of 300 mM lyso-PC (middle trace) or 30 mM linoleic acid (bottom trace). Openings are represented by downward deflections of the base-line current.
For the experiment shown plus two additional experiments, mean po was 0.43 6 0.09 (control), 0.46 6 0.11 (lyso-PC), and 0.12 6 0.06 (linoleic acid).
B, the binding of 7 nM [3H]ryanodine to cardiac SR vesicles was determined in the presence of methanol (maximal concentration 5 1%) and this
value defined as 100%, or in the presence of indicated concentrations of lipids dissolved in methanol.

FIG. 9. Inhibition of cardiac RyR activity by IpTxi. A, pig cardiac RyR were reconstituted in planar lipid bilayers and recorded in the
absence (control) and the presence of indicated concentrations of IpTxi. Holding potential: 230 mV. Recording solution: symmetrical 300 mM cesium
methane sulfonate and 10 mM Na-Hepes (pH 7.2). Under these conditions, Cs1 flows from the luminal (trans) to the cytosolic (cis) side of the
channel, and openings are represented by downward deflections of the base-line current. B, open time histograms in the absence (open bars) and
the presence (filled bars) of 500 nM IpTxi. C, plot of open probability (Po) as a function of [IpTxi]. Smooth line is a fit to data points using the
expression po 5 (po control)/1 1 ((IpTxi)/IC50)nH. Where po control is the po in the absence of IpTxi (0.32); IC50 is the concentration of IpTxi that
produces half-maximal inhibition (140 nM); and nH is the Hill coefficient (1.22).
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about by a lipid product of IpTxi released from SR vesicles
during the incubation period. 3) The kinetics of RyR inhibition
by IpTxi were mimicked by direct addition of linoleic acid (but
not of lyso-PC) to the cytoplasmic side of the channel (Figs. 9
and 10); other long chain, unsaturated fatty acids could also
inhibit RyRs (Fig. 10). Thus, a potential scenario for inhibition
of RyR by IpTxi is as follows: in the presence of micromolar
[Ca21], the large subunit of IpTxi catalyzes the hydrolysis of
the Sn2 fatty acyl bond of the phospholipids of the SR mem-
brane. The reaction yields free fatty acids and lysophospholip-
ids; the former are released into the incubation medium, and
the latter may be liberated or remain embedded into the SR
membrane. Free fatty acids bind to RyR or to a closely associ-
ated protein that controls gating. At low concentrations, they
produce an incomplete block of RyR; higher concentrations
gradually block the RyR completely, giving rise to the dose-
response relationship of channel activity and [3H]ryanodine
binding versus IpTxi concentration of Figs. 1, 5, and 9.

PLA2s are abundant components of snakes, scorpions, and
bee venoms and often constitute the main toxic component to
mammals. Although all PLA2s induce a variety of pathological
symptoms including neurotoxicity and myotoxicity (29), they
differ in their mechanism of action and in their molecular
targets. For example, the snake neurotoxin crotoxin is com-
posed of a PLA2 subunit and an inhibitory subunit, which
keeps the phospholipase inactive until binding to a presynaptic
receptor triggers the dissociation of the inhibitory subunit (30).
In contrast, notexin from Netechis scutatus scutatus is a PLA2

without an associated subunit that produces muscle paralysis
by binding to a specific receptor in the neuromuscular junction
(31). IpTxi is the first example of a scorpion toxin in which a
PLA2 is found chaperoned by a smaller, structurally unrelated
subunit. In a previous study (11), we found that several trans-
porters and ion channels of striated muscle including the ino-
sitol trisphosphate receptor, the muscarinic receptor, voltage-
sensitive Na1 channels, and the Ca21-ATPase of SR were
insensitive to micromolar concentrations of IpTxi. These re-
sults argue against an indiscriminate effect on key molecules of
excitation-contraction coupling by the lipolytic action of IpTxi.
However, an important question that still remains to be an-
swered concerns the presence of the small subunit of IpTxi.
What is its molecular target? What function does it perform to
enhance the PLA2 activity or to suppress it while in transit to
the specific receptor? Regardless of the primary site affected, a
major contribution of this study was to establish the fact that
the molecular mechanism involved in the toxicity of IpTxi will

most likely involve abnormalities in intracellular Ca21 mobili-
zation due to blockade of RyRs.
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Phospholipin, a novel heterodimeric phospholipase A2 from
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Abstract The primary structure of a phospholipase A2, with
unique structural and functional characteristics, was determined.
The large subunit has 108 amino acid residues, linked by a
disulfide bridge to the small subunit, which contains 17 residues.
Its gene was cloned from a cDNA library. The nucleotide
sequence showed that the same RNA messenger encodes both
subunits, separated only by a pentapeptide, that is processed
during maturation.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Phospholipase A2 (PLA2) cleaves the ester bond at position
2 of the glycerol moiety of phospholipids, and is widely dis-
tributed in mammals, reptiles and arthropods [1]. Recently,
the old classi¢cation of PLA2 into three groups [2] was ex-
panded according to some structural and functional features,
such as the number of disul¢de bridges and the kind of amino
acids responsible for the catalytic activity, found in the newly
discovered PLA2 [3]. Dennis [3] reports seven well-de¢ned
PLA2 groups (I^VII) and adds three additional ones (VIII^
IX), not fully characterized. Apart from the general hydrolytic
function of these enzymes, several speci¢c biological functions
have been associated with members of the PLA2 superfamily.
Among these functions are anti-in£ammatory action [4], myo-
necrotic and muscle damaging e¡ects [5] and ion channel
blocking activity [6]. L-Bungarotoxin and crotoxin are two
other well known toxic venom components with PLA2 activ-
ity [7,8]. In the venom of the scorpion Pandinus imperator an
interesting heterodimeric phospholipase (IpTxi) was recently
described. This protein causes inhibition of ryanodine binding
to the Ca2� channels present in skeletal muscle, very likely
due to an indirect e¡ect caused by the fatty acid liberated by
the PLA2 activity of IpTxi [6].

In this communication we report the isolation and charac-
terization of a novel heterodimeric protein from the venom of
the same African scorpion P. imperator. The large subunit
shares sequence similarities with the phospholipase moiety
of IpTxi [6] and with those of phospholipases from honeybee
and Heloderma lizard, but has very little or no e¡ect on the
inhibition of ryanodine binding to Ca2� channels. The small
subunit is unique to this heterodimeric phospholipase. We
propose to call it phospholipin, and assume that together

with IpTxi it will constitute a new group of PLA2, number
X, following the classi¢cation proposed by Dennis [2].

2. Materials and methods

2.1. Chemicals and puri¢cation procedure
All chemicals were analytical grade reagents, obtained from sources

already described [6]. The venom of the scorpion was obtained in the
laboratory by electrical stimulation, dissolved in double-distilled
water, centrifuged at 15 000Ug for 15 min and the supernatant
lyophilized. The soluble venom applied to a Sephadex G-50 column
(0.9U190 cm) in 20 mM ammonium acetate bu¡er, pH 4.7, resolved
at least ¢ve fractions, of which number II contains phospholipase
activity; this fraction was further separated into a carboxymethyl-
cellulose (CM-cellulose) column, as described earlier for IpTxi [6].
One of the sub-fractions from CM-cellulose (number 3) contains
phospholipin, which was ¢nally obtained in homogeneous form by
high performance liquid chromatography (HPLC), using a C18 re-
verse-phase column (Vydac, Hisperia, CA).

2.2. Phospholipase assay and determination of speci¢city
The egg yolk-agarose system of Habermann and Hardt [9] was used

to follow the presence of phospholipase activity during the puri¢ca-
tion procedure. The enzyme speci¢city was determined using radio-
actively labeled substrates, and thin layer chromatography, as de-
scribed previously [10].

2.3. Amino acid analysis and microsequencing
Amino acid analysis was performed in samples hydrolyzed in 6 N

HCl with 0.5% phenol at 110³C in evacuated, sealed tubes as de-
scribed [6]. Reduced and alkylated phospholipin, in amounts of
100 Wg each time, was cleaved independently by three di¡erent en-
zymes, and the corresponding peptides were separated by HPLC, us-
ing the conditions described in the legend for Fig. 1. Digestion with
Staphylococcus aureus protease V8 was performed in 100 mM ammo-
nium bicarbonate bu¡er, pH 7.8, for 4 h, at 40³C, whereas hydrolysis
with endopeptidases AspN and ArgC was performed in the conditions
described elsewhere [11]. Microsequence determination was performed
on a 6400/6600 Milligen/Biosearch Prosequencer, using the peptide
adsorbed protocol on CD Immobilon membranes [11].

2.4. Mass spectrometry determination
The molecular weight of pure phospholipin was determined by mass

spectrometry, using a Kratos Kompact MALDI 3 v. 3.0.2 apparatus.

2.5. Cloning and sequencing
Two degenerated oligonucleotides encoding two di¡erent regions of

phospholipin were synthesized, as previously described [6].
Oligo 1 (ATG TGG GAR TGY ACN AAR TGG TG-, where N is

any nucleotide, R is A or G and Y is C or T-) corresponds to the
DNA sequence of amino acids 2^10 of the large subunit, whereas
oligo 2 (TGY GAR AAY GGN GTN GCN AC-) corresponds to
the DNA sequence of amino acids 4^11 of the small subunit.

Total RNA was puri¢ed as reported [6]. Messenger RNA was pu-
ri¢ed following the instructions of the Hybond mAP protocol (mes-
senger a¤nity paper; Amersham, RPN.1511). Synthesis of cDNA and
the cloning of the cDNA library was performed as described [6,11].
The screening of the library was performed separately with oligonu-
cleotides 1 and 2. The clone detected with oligonucleotide 1 was an-
alyzed ¢rst. Inserts of cDNA from positive clones were ampli¢ed by
polymerase chain reaction (PCR) using V gt11 forward and reverse
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primers. PCR products were subcloned into pBluescript (pKS) phag-
emid. Clones of interest were sequenced using the Sequenase kit v. 2.0.
(U.S. Biochemical Corp.). Oligos M13-20 and M13 reverse were used
for sequencing [11].

3. Results and discussion

Fig. 1 shows the separation of soluble venom from P. im-
perator, by Sephadex G-50, CM-cellulose and HPLC. Fraction
II (Fig. 1A) contains phospholipase activity. Sub-fraction 1 in
Fig. 1B corresponds to IpTxi, capable of inhibiting ryanodine
binding to skeletal muscle Ca2� channels, as described by
Zamudio et al. [6], whereas sub-fraction 3 (Fig. 1B) also con-
tains a protein with phospholipase activity, which can be fur-
ther puri¢ed by HPLC (inset Fig. 1B). The major component
from the HPLC chromatogram (shown by the asterisk in the

inset of Fig. 1) was assumed to be homogeneous, based on
results obtained from SDS-gel electrophoresis (data not
shown). It contains phospholipase activity but very little, if
any, action on the inhibition of ryanodine binding to its re-
ceptor, contrary to IpTxi (data not shown). For this reason it
was called phospholipin, without any additional reference to
the ryanodine-sensitive Ca2� channels. Mass spectrometry
analysis showed that phospholipin was homogeneous, with a
molecular mass of 14 841.2. Based on this analysis, the mole-
cule was expected to contain in the order of 125 amino acid
residues. When this protein was loaded into the microse-
quencer, two amino acid residues of about the same amount
showed in each cycle, suggesting that it consisted of a hetero-
dimeric protein. Reduction and alkylation of phospholipin
permitted separation of the two subunits. This was obtained
by gel ¢ltration on a Bio-gel P-30 column, using the same
system described for IpTxi [6]. Each one of the subunits was
separately sequenced. Fig. 2A shows the results obtained. The
short subunit was directly sequenced to the end, and contains
only 17 amino acid residues, in which position 4 is occupied
by a cysteine, responsible for the covalent attachment of the
short peptide to the long one, through a disul¢de bond. The
larger subunit is composed of 108 amino acid residues and its
complete sequence was determined after enzymatic cleavage.
The sub-peptides were separated by HPLC (data not shown)
and the overlapping sequences obtained are shown in Fig. 2A,
underlining the overall amino acid sequence. Direct sequenc-
ing permitted the identi¢cation of the ¢rst 22 amino acid
residues, whereas four sub-peptides obtained by cleaving
with S. aureus protease V8 gave segments from amino acid
residues in positions 20^37, 65^71, 73^88 and 101^108. The
protease V8 cleavage was partial, since some of these frag-
ments still contained internally situated glutamic acid resi-
dues, supposed to be cleaved by this enzyme, when the hy-
drolysis goes to completion. Additional positioning of
residues was obtained by the use of two other proteinases.
They correspond to the segment at positions 38^59 obtained
by means of AspN protease hydrolysis, and sub-peptides 47^
64 and 89^101, obtained by ArgC protease cleavage. It is
worth mentioning that the speci¢city of ArgC was not 100%
either; the batch of enzyme we used was able to cleave a
lysine residue in position 46. The overall sequence determined
by direct Edman degradation of the sub-peptides of phospho-
lipin was additionally con¢rmed by the nucleotide sequence
obtained from the cloned gene. The obtained cDNA nucleo-
tide sequence of phospholipin is shown in Fig. 2B. The ¢rst
gene cloned was performed using oligo 1 (see Section 2), de-
signed to recognize the large subunit sequence, and the second
was oligo 2. When the ¢rst cloned gene, based on the amino
acid sequence of the large subunit (cloned with the help of
oligo 1), was hybridized with oligo 2, speci¢c for the short
peptide, it was shown that both oligos were capable of recog-
nizing the same clone. Under DNA sequencing analysis this
initially misleading result was immediately understood. The
gene that encodes both peptides is transcribed into the same
mRNA, which encodes the large and the small subunit as
well, separated by a pentapeptide Lys-Arg-Ser-Gly-Arg, which
is processed during maturation, in quite the same way as
initially demonstrated for the case of IpTxi, by our group
[6]. The analysis and interpretation of Fig. 2B is still not
complete, because there is a long 5P non-translated segment
of the cloned gene, whose function is still not certain. How-

Fig. 1. Puri¢cation of phospholipin. A: Soluble venom from P. im-
perator (120 mg of protein) was applied to a Sephadex G-50 column
(0.9U190 cm) equilibrated and run with 20 mM ammonium acetate
bu¡er, pH 4.7. Fractions of 5 ml each were collected and tested for
their phospholipase activity. B: Tubes corresponding to fraction II
were enzymatically active and were further applied to a CM-cellu-
lose chromatographic column (0.9U30 cm) dissolved in the same
bu¡er. The column was eluted with a linear gradient of sodium
chloride, as indicated. Fractions 1 and 3 displayed phospholipase
activity; the ¢rst contained IpTxi [6], whereas number 3 was ¢nally
separated by HPLC in a C18 reverse-phase column, as shown in the
inset. Phospholipin corresponds to the major, last sub-fraction, la-
beled with an asterisk. A linear gradient was used from solvent A
(0.12% tri£uoroacetic acid in water) to 60% B (0.10% tri£uoroacetic
acid in acetonitrile). Phospholipin corresponds to approximately
2.4% of the soluble venom. The experiments aimed at determining
its speci¢city, using radiolabeled phospholipids, clearly showed that
phospholipin has phospholipase A2 type activity (results not
shown).
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ever, the sequence that encodes the heterodimer phospholipin
molecule is very clear. It is composed of 393 nucleotides (in-
cluding the stop codon), starting at residue 1 with Phe (see
line 8 in Fig. 2B) labeled on the right hand side with number
+5 (which corresponds to glutamic acid), and ends at residue
130, just before the stop codon. In this sequence there is a
pentapeptide (double underlined) that is processed during ma-
turation, because it was not seen when we sequenced the het-
erodimeric peptides. There is a putative signal peptide (single
underlined in positions 315 to 0), but there are still 304 nu-
cleotides to the left side, with unknown function. That is, the
long 5P non-translated sequence (lower case letters) could con-
tain information for a longer signal peptide, that might start
at the ATG codon situated 9 residues to the left of the ¢rst
Met residue (our amino acid 315 in Fig. 2B) implying that
the signal peptide could start at amino acid 324. It is also not
clear if the putative signal peptide we have labeled is, in fact,

the signal peptide. We are concerned about the presence of
two Arg residues within this segment. Thus, the possibility
that this segment corresponds to the message for translating
an unknown third peptide or long propeptide needs further
analysis and work. Also, the long 3P non-translated region
(104 nucleotides), before the putative polyadenylation site
(bold capital letters at the end of the ¢gure) needs some addi-
tional work.

Although the primary structure of the large subunit of
phospholipin presents a close similarity with PLA2 from hon-
ey bee and Heloderma lizard, which would place it in the
group III phospholipases, it is not certain that it ¢ts there.
One of the main reasons is because it is a heterodimer in
which the small subunit (17 amino acid residues) has no re-
semblance to any other protein known. It seems clear that the
large subunit moiety is the one bearing the phospholipase
activity, in all three examples mentioned. Also L-bungarotox-

Fig. 2. Amino acid and nucleotide sequence of phospholipin. A: Primary structure of phospholipin as determined by direct sequencing of the
native peptides (underlined DS) and fragments produced by enzymatic hydrolysis with protease V8 (labeled V8), endopeptidase AspN (labeled
ASP-N) and endopeptidase ArgC (labeled ARG-C). B: Nucleotide sequence from the 5P to the 3P end of the clone that encodes phospholipin.
The sequence corresponding to the putative signal is underlined, the pentapeptide eliminated during processing is double underlined, bold letters
indicate the possible polyadenylation site, whereas lower case letters indicae the 5P and 3P non-coding regions of the gene. Numbers on the right
hand side correspond to the positions of nucleotides from the signal peptide to the stop codon (upper lines) and to their corresponding amino
acids (lower lines).
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in, a presynaptically active phospholipase isolated from the
snake Bungarus multicinctus [7], and IpTxi, isolated from the
scorpion P. imperator [6] are heterodimers, but again there is
no resemblance in structure or function, when we compare the
small subunits of these three venom components, as shown in
Fig. 3. Also functionally, the short peptide of L-bungarotoxin
with 61 amino acid residues was suggested to be a K� channel
blocker [12], whereas that of IpTxi (27 amino acid residues)
apparently has no measurable function towards Ca2+ chan-
nels or towards any other of several ion channels assayed (see
[6]). Phospholipin has the shortest of all the small subunit
peptides of the three heterodimeric phospholipase known,
and we do not know either what its function is. The three-
dimensional structure of phospholipin was modelled using the
Swissmod program and facilities (data not shown), and the
results of the model suggests that cysteine at position 4 of this
17 amino acid peptide is bound to cysteine in position 101 of
the phospholipase moiety. Structurally, phospholipin shows
two additional cysteines (one more disul¢de bridge), not
present in IpTxi, which might be responsible for folding phos-
pholipin in a di¡erent manner than that of IpTxi. It can be
speculated that this structural di¡erence is responsible for a
distinct substrate speci¢city, hence a di¡erent biological ac-
tion, such as the indirect e¡ect on the binding of ryanodine
to the Ca2� channels, described for IpTxi. Due to these char-
acteristics, phospholipin described here, although similar to
group III phospholipases A2, seems to constitute the proto-
type of a novel group of PLA2, which would be number X,
according to the classi¢cation recently proposed by Dennis
[3].
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Abstract A novel peptide, scorpine, was isolated from the
venom of the scorpion Pandinus imperator, with anti-bacterial
activity and a potent inhibitory effect on the ookinete (ED50 0.7
WWM) and gamete (ED50 10 WWM) stages of Plasmodium berghei
development. It has 75 amino acids, three disulfide bridges with a
molecular mass of 8350 Da. Scorpine has a unique amino acid
sequence, similar only to some cecropins in its N-terminal
segment and to some defensins in its C-terminal region. Its gene
was cloned from a cDNA library.
z 2000 Federation of European Biochemical Societies.

Key words: Antibiotic ; Malaria; Scorpine;
Pandinus imperator ; Plasmodium

1. Introduction

Scorpion venoms are rich sources of peptides with a variety
of pharmacological functions, specially those that a¡ect mem-
brane permeability for Na�, K�, Ca2� and Cl3 of excitable
and non-excitable cells (review [1]). They have been excellent
tools to study ion-channel structure and function [2]. How-
ever, these venoms contain other interesting peptides, such as
phospholipin [3] and imperatoxin-I [4], both with phospholi-
pase activity, and the anti-microbial and anti-malaria peptide
described here. Other peptides that could be e¡ective in the
control of malaria, a parasitic disease caused by Plasmodium
spp and transmitted to vertebrates by mosquitoes, were also
investigated lately [5,6]. The long range aim of the work is to
incorporate into mosquitoes the genes encoding the bioactive
peptides to produce transgenic vectors resistant to malaria [7].
Among the peptides isolated from the venom of the African
scorpion Pandinus imperator, we identi¢ed a molecule, named
scorpine. Due to the hybrid similarity of this peptide with the
amino acid sequence of known cecropins and defensins [8], the
idea came of assaying its e¡ect on microbial growth and Plas-
modium berghei stages that develop in mosquitoes. The de-
scription of the structure and biological function of scorpine
is the object of this communication.

2. Materials and methods

2.1. Chemicals and puri¢cation procedure
All chemicals were analytical grade reagents, obtained from sources

already described [3,4]. The venom of the scorpion was obtained in

the laboratory by electrical stimulation, and prepared for chromato-
graphic separations as previously reported [4]. The soluble venom
applied to a Sephadex G-50 column (0.9U190 cm) in 20 mM ammo-
nium acetate bu¡er, pH 4.7, resolved ¢ve well-de¢ned fractions, from
which fraction number II was subsequently applied to a carboxymeth-
yl-cellulose (CM-cellulose) column, as described earlier for the isola-
tion of imperatoxin-I [3] and phospholipin [4]. Scorpine was ¢nally
obtained in homogeneous form by high performance liquid chroma-
tography (HPLC) separation, using a C18 reverse-phase column (Vy-
dac, Hisperia, CA, USA).

2.2. Amino acid sequence
Scorpine was sequenced either as a native peptide or after reduction

and alkylation, using the method described [3,4]. An aliquot (100 Wg)
of alkylated peptide was cleaved with endopeptidase AspN and sep-
arated by HPLC (data not shown), following the conditions described
elsewhere [4]. Each independent sub-peptide was placed into the se-
quencer for obtaining overlapping amino acid sequences. Microse-
quence determination was performed on a 6400/6600 Milligen/Bio-
search prosequencer, using the peptide adsorbed protocol on CD
Immobilon membranes [3,4].

2.3. Mass spectrometry determination
The molecular weight of pure scorpine was determined by mass

spectrometry, using a Kratos Kompact MALDI 3 V 3.0.2, apparatus.

2.4. Cloning and sequencing
Isolation of RNA and preparation of a cDNA library was per-

formed as described [9]. The screening of the library was performed
using a degenerated oligonucleotide (ATG GCN AAY ATG GAY
ATG CT, where N means any nucleotide and Y means T or C), which
encodes for the amino acid sequence of residues 40 to 46 (Met-Ala-
Asn-Met-Asp-Met-Leu) of scorpine, synthesized as previously de-
scribed [6]. The clone detected with this oligonucleotide was ampli¢ed
by polymerase chain reaction (PCR) using (lambda) gt11 forward and
reverse primers. PCR products were subcloned into pBluescript (pKS)
phagemid and sequenced using the Sequenase0 kit V. 2.0. (US Bio-
chemical corp.). Oligo M13-20 and M13 reverse were used for se-
quencing [9].

2.5. Anti-bacterial assays
The classical method of Fleming was used for testing the anti-bac-

terial activity of scorpine. Escherichia coli ATCC 25922, Bacillus sub-
tilis, Staphylococcus aureus, Enterococcus faecalis and Klebsiella pneu-
moniae, were initially assayed. Inhibition zones were recorded around
wells in thin agar plates with bacteria, as described by Hultmark et al.
[15].

2.6. Parasites
The gametocyte-producing clone of P. berghei Anka strain 2.34

(kindly provided by R.S. Sinden, Imperial College of Science Tech-
nology and Medicine, UK) was used. Parasites were maintained in
BALB/c mice by mechanical passage. Mice, with parasitemias ranging
between 50 and 60% and gametocytemia around 10% were bled by
heart puncture using heparin (100 IU/ml blood). This usually occurred
after 8^10 days post-infection.

2.7. Susceptibility of P. berghei sexual stages to scorpine
Ookinete cultures were carried out as described [5]. Leucocyte-de-
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pleted infected-mouse blood was suspended 1:5 in culture medium
and tested in 100 Wl aliquots in £at-bottom 96-well plates. Scorpine
at concentrations of 0.049 to 100 WM was added to triplicate wells and
the number of rosettes, indicative of active fecundation, was assessed
by bright ¢eld microscopy between 10 and 30 min. later. The number
of ookinetes were assessed 24 h later in Giemsa-stained blood smears.

3. Results and discussion

Fig. 1 shows the pro¢le of CM-Cellulose separation of frac-
tion 5, from the soluble venom of P. imperator after gel ¢ltra-
tion on Sephadex G-50 [4]. This chromatogram shows a better
resolution of that earlier reported [4], because it was applied
in a much greater amount of protein and separated with a
slightly di¡erent gradient. The component eluting at about
0.35 M NaCl (labeled with an asterisk) was further applied
to a C18 reverse phase column providing homogeneous scor-
pine (marked with an asterisk in the inset-¢gure). Small con-
taminants with weak phospholipase activity were eliminated
by this HPLC step. Scorpine puri¢ed by this procedure cor-
responds to approximately 1.4% of the total venom.

Direct automatic Edman degradation of native scorpine
permitted the identi¢cation of the ¢rst 38 amino acid residues
of the N-terminal segment, whereas a sample of scorpine re-
duced and carboxymethylated, permitted the unequivocal as-
signment of the ¢rst 47 amino acid residues of the primary
structure, as shown in Fig. 2A. Two additional sub-peptides
obtained by HPLC, after digestion with AspN endopeptidase
(data not shown), allowed the identi¢cation of the C-terminal
part of the molecule (residues in position 44^75), as well as an
extended overlapping region of scorpine (residues from posi-

tions 14 to 43). Additional segments with excellent overlap-
ping positions were also obtained, but not included in Fig.
2A, for simpli¢cation of the picture. The completion of the
sequence was con¢rmed by the results of molecular weight
determination using mass spectrometry analysis. The molecu-
lar mass of scorpine, 8350 is compatible both with the direct
amino acid sequence obtained from the sequencer, and that
deduced from the cloned gene. Fig. 2B shows the nucleotide
sequence of a gene cloned using the internal oligonucleotide
for hybridization and the (lambda) gt11 forward and reverse
primers for ampli¢cation. A clone containing 487 nucleotides
was sequenced. The internal segment contains the information
(indicated by capital letters) that encodes the amino acids in
position 1^75 of mature scorpine, ending in the stop codon at
position 76. Two additional stretches of nucleotides were also
found, one situated at the 5P region, where a putative signal
peptide containing the information for 19 amino acids is
shown, and another at the 3P untranslated region, where a
putative adenylation site was identi¢ed (see lower case letters
in bold, in Fig. 2B).

When the amino acid sequence of scorpine was compared
with other known peptides, using data banks (SwissProt and
FASTA program), none of them showed substantial similar-
ities to that of scorpine, except for a small stretch of the C-
terminal segment, that contains three-disul¢de bridges like
those of defensins [10,11]. Also, the N-terminal region was
similar to cecropins [12^14]. Fig. 3C shows the comparison
of the primary structure of scorpine with these peptides (only
representative examples were chosen for this ¢gure). It is clear
that scorpine is a unique peptide, much longer than other
anti-bacterial peptides (practically double size). It seems to
be a hybrid of cecropin and defensin, showing some identical
amino acids (labeled with an asterisk in Fig. 2C) in certain
stretches of the sequence, when appropriate gaps are manually
introduced in order to increase similarities.

Due to the fact that the N-terminal segment of scorpine
showed similarity to cecropins, the ¢rst idea was to test its
e¡ect against bacteria.

The method described by Hultmark et al. [15] was used to
access the e¡ect of scorpine on the inhibition of bacterial
growth. Clear inhibition was obtained for B. subtilis (Mini-
mum inhibitory concentration (MIC) around 1.0 WM) and for
K. pneumoniae (MIC of approximately 10 WM), respectively.

The biological function of scorpine in P. imperatur awaits
investigation. It is possible that it may function as microbicide
within the venom gland which is open to the exterior and in
contact with the hemocele of the scorpion prey during the
sting.

Transmission of malaria parasites by mosquito vectors is
dependent on the successful development of Plasmodium in-
fective forms following ingestion of a blood-meal infected
with gametocytes. This process is complex and includes a
series of morphological and physiological transformations
within the mosquito midgut (gametogenesis, fecundation,
and ookinete formation) [16]. We previously observed in in
vitro and in vivo tests that 100 WM Shiva-3, a synthetic ce-
cropin, inhibited P. berghei ookinetes development [5^7]. The
similarity of scorpine to cecropin prompted us to investigate
its e¡ect on the same P. berghei sexual stages. Our results
showed that scorpine completely inhibited both fecundation
and ookinete formation at 50 and 3 WM, respectively (Fig. 3),
and that it had a toxic e¡ect on gametes and on ookinetes at

Fig. 1. Puri¢cation of scorpine. Fraction II (63 mg) of the venom
from P. imperator separated by Sephadex G-50 gel ¢ltration (see ¢g-
ure 1 in [4]) was loaded into a CM-cellulose chromatographic col-
umn (0.9U30 cm) dissolved in 20 mM ammonium acetate bu¡er,
pH 4.7. The column was eluted with a linear gradient of sodium
chloride, from 0.0 to 0.6 M salt. The fraction labeled with an aster-
isk contained anti-bacterial activity, and some residual phospholi-
pase activity and was further puri¢ed by HPLC in a C18 reverse-
phase column, as shown in the inset. Scorpine corresponds to the
major component, labeled with an asterisk. A linear gradient was
used from solvent A (0.12% tri£uoroacetic acid in water) to 60% B
(0.10% tri£uoroacetic acid in acetonitrile).
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lower concentration than that of Shiva-3. The calculated ED50

were 10 WM for the gamete and 0.7 WM for the ookinete
stages of development. These results indicate that scorpine
could be a better candidate than Shiva-3, to be incorporated

into the genome of genetically engineered malaria-resistant
anophelines.
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