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Two novel antimicrobial peptides have been identified and
characterized from venom of the African scorpion Pandinus
imperator. The peptides, designated pandinin 1 and 2, are «-
helical polycationic peptides, with pandinin 1 belonging to the
group of antibacterial peptides previously described from
scorpions, frogs and insects, and pandinin 2 to the group of short
magainin-type helical peptides from frogs. Both peptides demon-
strated high antimicrobial activity against a range of Gram-
positive bacteria (2.4-5.2 uM), but were less active against
Gram-negative bacteria (2.4-38.2 yM), and only pandinin 2
affected the yeast Candida albicans. Pandinin 2 also demonstrated
strong haemolytic activity (11.1-44.5 M) against sheep erythro-
cytes, in contrast with pandinin 1, which was not haemolytic.
CD studies and a high-resolution structure of pandinin 2

determined by NMR, showed that the two peptides are both
essentially helical, but differ in their overall structure. Pandinin
2 is composed of a single a-helix with a predominantly hydro-
phobic N-terminal sequence, whereas pandinin 1 consists of two
distinct «-helices separated by a coil region of higher flexi-
bility. This is the first report of magainin-type polycationic
antimicrobial peptides in scorpion venom. Their presence brings
new insights into the mode of action of scorpion venom and also
opens new avenues for the discovery of novel antibiotic molecules
from arthropod venoms.

Key words: a-helical peptides, arthropod venom, haemolytic
activity.

INTRODUCTION

Polycationic antimicrobial peptides represent the chemical
counterpart to the cell-mediated immune response in the innate
host defense against pathogenic micro-organisms. Antimicrobial
peptides have broad-spectrum non-specific activity against a
wide range of micro-organisms, including viruses, Gram-positive
and Gram-negative bacteria, protozoa, yeasts and fungi, and
may also be haemolytic and cytotoxic to cancer cells [1,2]. Since
their initial discovery [3], these peptides have been described in
both vertebrates [4] and invertebrates [5], with a wide phylo-
genetic distribution, including humans [6]. They have been found
in the skin, epithelial cells and blood of vertebrates, as well as in
insect haemolymph and the venomous secretions of bees and
wasps. They are relatively small (2-5kDa), amphipathic
and basic peptides of variable length, sequence and structure.
Although there are divergent theories concerning their mech-
anism of action, they appear to form channels or pores in the cell
membrane, inducing cell permeation and a breakdown of cellular
physiology [7].

These peptides have been separated into two main categories
according to whether or not they contain cysteine residues linked
to form disulphide bridges. Currently, they are divided into four
broad families based on their structures: (1) linear «-helical
peptides represented by the cecropins, magainins and melittin,

which adopt a random structure in dilute aqueous solution and
form a-helices or a helix-bend-helix motif in organic solvents
and upon contact with cell membrane phospholipids, (2) the
proline- and arginine-rich apidaecins, which adopt an extended
a-helical structure, (3) f-sheet peptides, which comprise the a-
and p-defensins, and the protegrin/tachyplesin group, which
contain several disulphide bridges, and adopt either a f-sheet or
p-hairpin fold, sometimes associated with a short «-helix as in
the scorpion defensins and (4) other antimicrobial peptides that
are neutral or negatively charged and only partly «-helical, such
as the bacteriocins, as well as large (> 10 kDa) glycine-rich
peptides. The number of antimicrobial peptides described has
increased dramatically to more than 500, of which roughly
half are linear a-helical peptides (http://bbcml.univ.trieste.it/
~tossi/pagl.htm).

Although many antimicrobial peptides have been described in
insects [5], relatively few studies have addressed their presence
in other arthropods. They occur in horseshoe crabs (Limulus
polyphemus) [8] and also in arachnids. Magainin-type «-helical
peptides have been described from venom of the wolf spider
(Lycosa carolinensis) [9]. Another peptide was isolated from
the venom of Lycosa singoriensis [10]. CsTX peptides from the
venom of Cupiennus salei were also reported to have antimicrobial
properties [11], although no primary structures are available yet.
Gomesin, a cysteine-rich antimicrobial peptide with homology
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with tachyplesin and polyphemusin from horseshoe crabs was
recently isolated from haemolymph of the tarantula Acantho-
scurria gomesiana [12].

Several antimicrobial peptides have been described from
scorpions, including several cysteine-containing defensin-type
peptides from haemolymph of the scorpions Leiurus quin-
questriatus hebraeus [13] and Androctonus australis [14], buthinin,
a three disulphide-bridge bactericidal and fungicidal peptide, and
androctonin, a tachyplesin-type peptide with two disulphide
bridges, from the venom of Androctonus australis [14], and
scorpine, a 75-residue antimalarial peptide isolated from
Pandinus imperator venom [15]. a-Helical peptides have also
been reported from the venoms of Hadrurus aztecus (hadrurin)
[16] and Parabuthus schlechteri (parabutoporin) [17]. In the
present paper, we describe the isolation, chemical charac-
terization, biological activity and structures of pandinins 1 and 2,
two novel a-helical polycationic antimicrobial peptides from
venom of the scorpion P. imperator. The discovery of these
peptides in another scorpion venom confirms their widespread
occurrence and significant biological function in venoms. Both
peptides are potent antimicrobials, belong to distinct structural
groups of a-helical antimicrobial peptides, and thus highlight
important structural features regarding target selectivity and
ability to interact with variously charged membranes. As only
one peptide displays strong haemolytic activity, data on their
structure and activity combined with that of other antimicrobial
peptides can provide novel clues about structural features
involved in membrane lysis. Pandinin 2 is the first representative
of its class of antimicrobial peptides to be discovered in scorpion
venom.

EXPERIMENTAL
Biological materials

P. imperator crude venom was obtained by electrical stimulation
of the telson (post-segmental region of the abdomen) of scorpions
kept in captivity. Magainin 1 was purchased from the Peptide
Institute (Osaka, Japan). Trypsin (EC 3.4.21.4) and endo-
proteinase Glu-C (EC 3.4.21.19) were from Sigma (St. Louis,
MO, U.S.A.). P. imperator haemolymph was obtained by aseptic
puncture of the dorsal tegument between mesosomal tergites VI
and VII. The haemolymph was collected (1 ml) and immediately
centrifuged to avoid coagulation. The supernatant and pellet
were frozen until use. The microbial strains Escherichia coli
(A.T.C.C. 11775), Enterococcus faecalis (A.T.C.C. 19433), Ba-
cillus subtilis (A.T.C.C. 6051), Candida albicans (A.T.C.C. 18804),
Pseudomonas aeruginosa (A.T.C.C. 10145), Staphylococcus
aureus (I.A.M. 1098; Institute of Applied Microbiology Culture
Collection, University of Tokyo) and Staphylococcus epidermidis
(S.A.M. 0020; Suntory Applied Microbiology Culture Collec-
tion) were obtained from the Suntory Institute for Fundamental
Research (Osaka, Japan).

Isolation of antimicrobial toxins

P.imperator crude venom (100 ul) was dissolved in 0.1 9%, aqueous
trifluoroacetic acid (TFA) containing 5 9%, (v/v) acetonitrile, and
the insoluble material was removed by centrifugation at 14000 g
for 5 min. The supernatant was filtered through Millex-GV filters
(0.45 ym) prior to fractionation. Diluted venom was initially
fractionated using a reversed-phase semi-preparative C,, column
(10 mm x 250 mm; Nacalai Tesque, Kyoto, Japan) equilibrated
in 0.19 TFA, and eluted with a linear gradient of aceto-
nitrile/0.1 9% TFA (0-60 %, in 60 min) at a flow rate of 2 ml/min.
Absorbance of the effluent was monitored at 215 nm. Fractions
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with antimicrobial activity were further fractionated by cation-
exchange HPLC on a TSK-gel sulphopropyl column
(7.5 mm x 75 mm; Tosoh, Tokyo, Japan), equilibrated in 0.5 M
acetic acid, pH 2.9, and eluted with a linear gradient of
0.5 M acetic acid in 1 M ammonium acetate, pH 5.9 (0-100 %,
in 75 min), at a flow rate of 1 ml/min. The active fractions
were finally purified on a reversed-phase C, column
(4.6 mm x 250 mm; Nacalai Tesque) using the same gradient
system as above at a flow rate of 1 ml/min.

Antimicrobial assays

Antimicrobial activity and minimal inhibitory concentrations
(MIC) were assayed by determining the suppression of bacterial
growth following application of HPLC fractions. E. coli, B.
subtilis and all other bacterial strains were grown in liquid
antibiotic 3-medium (Difco, Franklin Lakes, NJ, U.S.A.) for
18 h and 0.1 ml of bacterial suspension (Dg,, = 0.3-0.8) was
diluted 1:100 in sterile antibiotic 3-medium. A 1 ml aliquot
was then diluted 1:10 in warm (approx. 45 °C) antibiotic
3-medium containing 1.59%, (w/v) agar and the medium poured
into 100 mm x 20 mm sterile Petri dishes. Depending on the
strain, bacterial count was approx. 10°-107 colony-forming
units/ml. Vacuum-dried HPLC fractions were resuspended in
20 pl of distilled water and 5 pl was applied to the plate surface.
Bacteria were incubated at 37°C for 12-14h and growth
inhibition was detected as clear spots on the plate surface.
Isolation of pandinin 1 and pandinin 2 was achieved following
plate growth inhibition of E. coli and B. subtilis.

Erythrocyte haemolysis assay

Haemolytic activity was determined by incubating a 109, (v/v)
suspension of sheep erythrocytes with selected peptides.
Erythrocytes were rinsed several times in 10 mM phosphate
buffer, pH 7.2 (PBS), by centrifugation for 3 min at 3000 g until
the D of the supernatant reached the D of the control (PBS only).
Erythrocytes were then incubated at room temperature for 1 h in
either deionized water (positive control), PBS (blank) or with the
appropriate amount of pandinin 2 or magainin 1. The samples
were then centrifuged at 10000 g for 5 min, the supernatant was
separated from the pellet and absorbance measured at 570 nm.
The relative D compared with that of the suspension treated with
deionized water defined the percentage of haemolysis.

Sequence determination

Antimicrobial toxins were reduced with tributylphosphine
(Nacalai Tesque) and alkylated with 4-vinylpyridine (Wako,
Osaka, Japan) in 0.5 M NaHCO, buffer, pH 8.3, for 2 h at 37 °C
in the dark prior to sequencing. As the molecular masses of the
two antimicrobial peptides did not change after reduction and
alkylation, they were directly sequenced on a Shimadzu PPSQ-10
automated gas-phase sequencer (Shimadzu, Kyoto, Japan).
Toxins were dissolved in 30 xl of a 37 %, acetonitrile solution and
applied to TFA-treated glass-fibre membranes, precycled with
polybrene (Aldrich, Milwaukee, WI, U.S.A.). Data were recorded
on a Shimadzu CR-7A integrator.

The larger peptide, pandinin 1, was subjected to enzymic
hydrolysis. Tryptic hydrolysis was carried out in 0.1 M sodium
bicarbonate buffer, pH 8.1, at 37 °C for 3 h, using a 1:50 (w/w)
enzyme-to-substrate ratio. Hydrolysis with type XVII-B endo-
proteinase Glu-C from Staph. aureus V8 was carried outin 0.1 M
sodium bicarbonate buffer, pH 7.6, at 37 °C for 3 h, using a 1:20
(w/w) enzyme-to-substrate ratio. The tryptic and the endo-
proteinase Glu-C digests were fractionated by reversed-phase
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HPLC (RP-HPLC) using a C, column (4.6 mm x 250 mm;
Nacalai Tesque) and eluted with a linear gradient of acetonitrile
in 0.19% aqueous TFA. All fractions were analysed by matrix-
assisted laser-desorption ionization—-time-of-flight (MALDI-
TOF) MS. All tryptic fragments, and the two major endoprotease
Glu-C fragments, were sequenced by automated Edman degra-
dation.

Mass spectrometry

MALDI-TOF mass spectra were obtained on Perseptive Voyager
Elite and Voyager DE-Pro spectrometers (Applied Biosystems,
Tokyo, Japan) using positive acceleration in either linear or
reflector mode. Time-to-mass conversion in linear mode was
achieved by external calibration using bradykinin (m/z 1061.2),
bovine pancreatic f-insulin (m/z 3496.6) and bovine pancreatic
insulin (m/z 5734.5) (Sigma) as standards or a peptide mixture as
internal calibrants in reflector mode. All experiments were
performed using «-cyano-4-hydroxycinnamic acid (Aldrich) as
the matrix.

Peptide synthesis

Pandinin 1 and the two C-terminal forms of pandinin 2 were
chemically synthesized by a solid-phase method using the fluoren-
9-ylmethoxycarbonyl (Fmoc) methodology on an Applied
Biosystems 433A peptide synthesizer. Fmoc-Thr(t-butyl)-Wang
resin was used to provide a free carboxy group at the C-terminus
of synthetic pandinin 1 (sPin1-OH) and an Fmoc-Asp(Ot-butyl)-
Wang resin was used to provide a free carboxyl at the C-terminus
of carboxylated synthetic pandinin 2 (sPin2-OH). A Rink amide
4-(2',4’-dimethoxyphenyl-Fmoc-aminomethyl)phenoxy resin
was used to provide the amino group at the C-terminus of the
amidated synthetic pandinin 2 (sPin2-NH,). After chemical
synthesis, cleavage and deprotection of peptide resins, the crude
synthetic peptides were dissolved in aq. 30 9%, acetonitrile solution
and separated by RP-HPLC on a semi-preparative C,, column
(10 mm x 250 mm; Nacalai Tesque). They were further purified
by cation-exchange chromatography and C, RP-HPLC as de-
scribed above. The structural identity of synthetic and natural
peptides was verified by co-elution experiments using capillary
zone electrophoresis (CZE) and cation-exchange HPLC, and by
MALDI-TOF-MS.

Capillary electrophoresis

CZE analyses were performed on a Jasco system (Jasco, Tokyo,
Japan) equipped with a UV detector connected to a Shimadzu
CR-4A recorder and a 70-cm capillary (0.1 gm internal diameter,
70 cm length, 50 cm to detector); 20 mM sodium citrate buffer,
pH 2.5 (Applied Biosystems) was used for the analysis. Samples,
dissolved in 20 mM sodium citrate, pH 2.5, were applied hydro-
dynamically to the capillary (height 20 cm, 15s) and analyses
were performed with a 20 kV constant voltage decrease. Effluent
was monitored at 210 nm.

CD measurements

CD spectra were recorded on a J-725 spectropolarimeter (Jasco).
The spectra were measured from 260 to 178 nm on samples in
PBS, 609 trifluoroethanol (TFE), pH 7.1, or PBS plus
120 mM dodecylphosphocholine (DPC), pH 7.2, at room tem-
perature, with a 1-mm-path-length cell. Data were collected at
0.1 nm with a scan rate of 100 nm/min and a time constant of
0.5 s. The concentration of the toxins was 100 yg/ml. Data were

the average of ten separate recordings and were analysed
by the method of Bohm et al. [18] (also found at http://
www.cryst.bbk.ac.uk/cdweb/html).

NMR structure determination

One- and two-dimensional *H NMR spectra were recorded on
500 and 600 MHz spectrometers (Bruker Analytik, Rheinstetten,
Germany), essentially as described previously [19], but with
water suppression by means of pulsed field gradients using the
WATERGATE scheme and a 3-9-19 selective pulse [20]. These
spectra were acquired on the following samples of synthetic
pandinin 2: 2 mM in 909, 'H,0/109% *H,O (v/v), pH 4.9, at
277 and 293K; 2mM in 609 TFE (trifluoroethanol-*H,;
Cambridge Isotope Laboratories, Ander, MA, U.S.A.)/40 9,
H,O0, pH 6.0, at 278, 283 (600 MHz) and 293 K (500 and
600 MHz); 3mM in 120 mM DPC (dodecylphosphocholine-
*H,,; Cambridge Isotope Laboratories) micelles in 909,
'H,0/109, *H,O (v/v), pH 5.4, at 298 and 308 K (600 MHz).
Two series of one-dimensional spectra were acquired, one at
increasing TFE levels from 0 to 609, in water at 293 K and
the other at increasing temperatures from 298 to 333 K on the
sample in DPC. In addition, a 'C heteronuclear multiple
quantum coherence (‘HMQC’) spectrum [21] was recorded at
500 MHz and 308 K on the DPC sample, with 512 t, increments,
256 scans per increment, and a sweep width of 18865 Hz in the
13C dimension. Chemical shifts were measured using various
internal standards depending on the sample, and are referenced
to 2,2-dimethyl-2-silapentane-5-sulphonate at 0 p.p.m.

Structure calculations

Methods for obtaining distance and angle restraints, generating
structures in DYANA [22] and refining the structures by re-
strained simulated annealing and restrained energy minimization
in X-PLOR [23], were as described previously [19] except that
distances were calculated using CALIBA, where the volumes of
backbone cross-peaks were proportional to r~® and of cross-peaks
involving side chains were proportional to r™*. The final NMR
restraint lists (from which distant restraints redundant with the
covalent geometry had been eliminated by DYANA) were as
follows: for pandinin 2 in 609% TFE, 107 intra-residue, 64
sequential, 32 medium-range (2 < |i—j| <4) and 0 long-range
(li=j| = 5) upper bound restraints, no lower bound restraints, and
18 backbone and 0 side-chain dihedral angle restraints; for
pandinin 2 in DPC micelles, 68 intra-residue, 109 sequential, 146
medium-range (]i—j| < 5) and no long-range (|i—j| = 5) upper
bound restraints, no lower bound restraints, and 20 backbone
and no side-chain dihedral angle restraints. As no positive ¢
angles were observed, ¢ angles for all residues other than Gly and
Pro were constrained to lie between — 10 and — 170°. Of the 50
CHARMM -minimized structures, the best 20 were chosen on the
basis of their stereochemical energies (i.e. excluding the elec-
trostatic term). Structures were analysed using Insight II (Mol-
ecular Simulations, San Diego, CA, U.S.A.) and MOLMOL
[24]. Hydrogen bonds were identified in MOLMOL using a
maximum C-N distance of 2.4 A (where 1 A =0.1 nm) and
a maximum angular deviation of 35° from linearity.

RESULTS
Purification and sequence analysis

Crude P. imperator venom was first submitted to RP-HPLC
(Figure 1). Fractions (81 in total) were collected and assayed for
antimicrobial activity against E. coli and B. subtilis. A total of
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Figure 1 RP-HPLC chromatogram of crude P. imperator venom

The numbers (49, 63, 65, 72 and 74) represent HPLC fractions that gave positive results in
the antimicrobial bioassays.

five fractions gave positive results in the bioassay. However,
fractions 49, 63 and 65 induced an aggregation of the medium,
preventing growth of the bacteria, so that it was not clear
whether they had true antibiotic properties. Fraction 63, which
corresponded to the antibacterial and antimalarial scorpine [15],
slightly inhibited E. coli growth in our assay, whilst the highest
antimicrobial activity was found in fractions 72 and 74. These
two fractions were separated further by cation-exchange HPLC.
Two single antimicrobial peptides were purified by a final RP-
HPLC step and were obtained in pure form, as determined by
CZE (results not shown), and named pandinin 1 (fraction 72)
and pandinin 2 (fraction 74).

MALDI-TOF-MS analysis showed that the molecular masses
of both peptides were not changed by reduction/alkylation,
indicating that they did not contain cysteine residues paired to
form disulphide bridges. Direct Edman degradation sequencing
of pandinin 1 yielded the first 28 amino acid residues. Tryptic
digestion yielded more than 6 peptides, which were sequenced to
allow complete sequence determination (Figure 2A). Two endo-
proteinase Glu-C fragments were also sequenced and fully
confirmed pandinin 1 sequence as a 44-residue basic peptide
(calculated pI 10.28) with a carboxylated free C-terminus (Figure
2A). The average and monoisotopic molecular-mass values
calculated from the sequence data (4799.55 and 4796.60 Da)
were in excellent agreement with molecular-mass values measured
in linear mode (average, 4799.20 Da) and reflector mode (mono-
isotopic, 4796.66 Da). Direct sequencing of pandinin 2 gave a
peptide of 24 amino acid residues (Figure 2A). As the calculated
average (2612.11 Da) and monoisotopic (2610.46 Da) molecular
masses matched the measured values (average, 2612.60 Da;
monoisotopic, 2610.46 Da), and sequencing data were clear, no
further characterization steps were undertaken. Pandinin 2 is a
basic peptide (calculated pI 10.52) with a carboxylated free C-
terminal residue as suggested by MS data.

As other scorpion antimicrobial peptides have been found in
the haemolymph, RP-HPLC fractions of P. imperator haemo-
lymph were analysed by MALDI-TOF-MS to search for
pandinin 1 and pandinin 2. No ions corresponding to their
calculated molecular masses could be detected (results not
shown). Therefore it appears that pandinin 1 and pandinin 2 are
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Figure 2 Sequences of pandinins and multiple alignments

(R) Amino acid sequences of P. imperator antimicrobial toxins. (B) and (C) Sequence aligment
of pandinins 1 and 2 with other amphipathic antimicrobial peptides. The sequences were aligned
with Clustal W using a PAM 250 matrix. For clarity, the order of the sequences was modified
after alignment. Percentage of sequence similarity relative to pandinin 1 and pandinin 2 is
representated by % sim. Sequences are from the following references: hadrurin [16],
adenoregulin [50], cecropin A [51], gaegurins [36], sarcotoxin IA [52], brevinin 2e [53],
lycotoxins [9], parabutoporin [17], brevinin 1 [26], pipinins [37], magainins [25], melittin [54].
(D) Secondary structure prediction. Consensus structures were generated by the NPS(@, server
(c = coil, h = helix). Sec.Cons., Secondary structure consensus.

present only in the venom of P. imperator, in unchallenged
scorpions at least.

Peptide synthesis

In order to confirm the structure of pandinin 1 and 2, and to
further explore their biological properties, the two peptides were
synthesized. In addition, the two C-terminal forms of pandinin 2
were synthesized and purified by RP-HPLC to determine whether
amidation of the C-terminus affected antimicrobial activity. On
the basis of a theoretical 0.15 mmol mass assembly for sPinl-
OH, sPin2-OH and sPin-NH,, the overall yields of the linear
peptides after the first HPLC purification were estimated to be
12, 24 and 21 9, respectively. The identity of synthetic pandinin
1 (sPin1-OH) and native pandinin 1 was confirmed by CZE co-
elution and MS measurements of monoisotopic molecular masses
(4796.64 and 4796.66 Da respectively), thus confirming a
carboxylated C-terminus.

CZE co-elution experiments also demonstrated that native
pandinin 2 co-eluted in a single peak with carboxylated sPin2-
OH, but not with amidated sPin2-NH, (results not shown). The
identity of sPin2-OH and native pandinin 2 was further confirmed
by MS measurement of their monoisotopic molecular masses
(2610.61 and 2610.46 Da respectively) and Edman sequencing of
the synthetic peptide. The synthetic peptides were subsequently
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Table 1 Antimicrobial activity of pandinin 1, pandinin 2 and magainin 1

Minimal inhibitory concentration (zM)*

Micro-organism Pandinin 1 Pandinin 2 Magainin 1
Ps. aeruginosa > 20.8 38.2 > 415
E. coli 20.8 19.1 > 45
Ent. faecalis 13 24 104
C. albicans > 20.8 19.1 > 415
B. subtilis 5.2 48 415
Staph. epidermidis 52 48 20.8
Staph. aureus 2.6 24 20.8

* Data are the result of two independent trials.

Table 2 Haemolytic activity of pandinin 1, pandinin 2 and magainin 1

Results are the percentage of erythrocyte haemolysis and expressed as means + S.D. of two
independent trials.

Concentration (M) sPin1 sPin2 Magainin 1
445 14403 90.5+0.8 24403
22.2 11403 51.4+05 22411
11.1 09+01 17.5+141 18+05
5.5 0.7+03 37401 16+03
2.7 02401 14403 12+01

used in the structural determination and biological activity
experiments.

Antimicrobial and haemolytic activity

The MIC values of various antimicrobial peptides obtained from
the literature cannot be easily compared, as different strains of
both micro-organisms and experimental conditions are used. The
antimicrobial activities of pandinin 1 and pandinin 2 were assayed
against the Gram-positive bacteria B. subtilis, Staph. epidermidis,
Ent. faecalis and Staph. aureus, the Gram-negative Ps. aeruginosa
and E. coli and the yeast C. albicans, and compared with that of
magainin 1, a potent bactericide from the skin of the frog
Xenopus laevis [25].

Under our bioassay conditions, the pandinins displayed potent
activity, with a degree of variation between the target micro-
organisms. Both peptides appeared to have approximately the
same spectrum of activity as magainin 1, within the scope of this
study (Table 1). Pandinin 1 and pandinin 2 had weak activity
against two of the Gram-negative bacteria tested, but showed
higher activity against the strains of Gram-positive bacteria
tested, with pandinin 2 being generally more active than magainin
1. Indeed, in our bioassay, pandinin 2 was almost 10 times more
active against B. subtilis and Staph. aureus than magainin 1. C.
albicans was resistant to the peptides, although pandinin 2
demonstrated some activity with an MIC of 19.1 uM. Both
sPin2-OH and sPin2-NH, were equally toxic to E. coli and B.
subtilis, suggesting that C-terminal amidation has no effect on
the activity spectrum of pandinin 2. Results obtained with
magainin 1 in our bioassays were consistent with previous
findings [25-27].

Haemolytic assays of magainin 1 and pandinin 2 on sheep
erythrocytes showed that pandinin 2 had higher haemolytic
activity than magainin 1, with 519, haemolysis observed at
22.2 uM for pandinin 2, but only 2 %, for magainin 1 at a similar
concentration (Table 2). The two C-terminal forms of sPin2 were
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Figure 3 CD spectra

Spectra of synthetic pandinin 1, synthetic pandinin 2 and magainin 1 in (A) PBS, (B) 60% TFE
and (C) PBS plus 120 mM DPC, pH 7.2.

equally haemolytic (results not shown). In contrast, pandinin 1
induced only 1.4 9%, haemolysis at the highest concentration used
in the assay and displayed even weaker haemolytic activity than
magainin 1.

CD measurements and structure prediction

The secondary structure analysis was performed using CD
spectral data from 178 to 260 nm and the spectra of sPin1-OH
and sPin2-OH compared with that of magainin 1 (Figure 3).
Magainin 1 and both pandinins showed an unordered structure
in aqueous solution, characterized by a strong minimum around
200 nm and a weaker one at approx. 220 nm (Figure 3A). In
the presence of 60 9, TFE or in the presence of 120 mM DPC, the
CD spectra of both peptides changed dramatically and indicated
a more ordered structure, with a maximum ellipticity at 190—
195 nm and a decrease of the signal at 208 and 222 nm (Figures
3B and 3C). These data are consistent with the formation of an
a-helix in aqueous TFE or in a DPC membrane-mimetic en-
vironment, as previously observed with other amphipathic anti-
microbial peptides [28-30]. The CD spectra of sPin2-OH and
sPin2-NH, were essentially identical (results not shown). The CD
spectra of magainin 1 and pandinins in 120 mM DPC were
comparable in their interpreted secondary structure components,
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Figure 4 Helical-wheel projections of pandinins

(R) and (B) Pandinin 1 and (C) Pandinin 2. In the case of pandinin 1 the two predicted helical
regions 1—18 (A) and 19—44 (B) (see Figure 2) are shown separately. Charged residues are
shown in black, hydrophobic residues are shown in grey and neutral residues in white. The
dotted lines represent the division between the hydrophilic side and the hydrophobic side of
the amphipathic residues.

with «-helical contents of 96.0, 96.4 and 95.3 9, for magainin 1,
sPin1-OH and sPin2-OH respectively. Values for antiparallel -
sheet (0.0, 0.0 and 0.0 %,), parallel p-sheet (0.5, 0.5 and 0.6 %),

p-turns (6.3, 5.9 and 6.7 %), and random coil (1.3, 1.5 and 1.3 9%,)
were very low.

The secondary structure prediction of pandinin 2 obtained
from the NPSA server (http://pbil.ibcp.fr/NPSA) showed an a-
helical conformation for residues 2—18 (Figure 2D). For pandinin
1, two a-helical regions were predicted (residues 3—14 and 20-39),
separated by a random coil region including Pro*® (WSSEP).
Structures involving two helices separated by a flexible hinge
region or a kink in the chain associated with a proline have been
reported for melittin [31], caerin 1.1 [29], sarcotoxin IA [32] or
cecropin A [33]. Pandinin 1 shows an extensive coil region, which
could allow significant flexibility in the inter-helical region. A
helical-wheel diagram (Figure 4C) shows that the helix is
markedly amphipathic, with a significant non-polar surface.

The antimicrobial activities of pandinins 1 and 2 were similar,
but only pandinin 2 possessed strong haemolytic activity. As
their helical contents inferred from CD data were similar (99.3
and 99.09, respectively), we decided to determine a high-
resolution structure for pandinin 2 in solution using NMR
spectroscopy.

NMR structure of pandinin 2

Initial 'H NMR spectra of pandinin 2 in water showed little
spectral dispersion, consistent with a lack of ordered structure.
Addition of the helix-stabilizing co-solvent TFE [34] increased
the spectral dispersion, most notably in the backbone amide
region, confirming that pandinin 2 adopts a helical structure in
the presence of TFE. Spectra at 40 and 509, TFE were rather
broad, whereas spectra at 60 9, TFE were quite sharp and well-
dispersed, thus this solvent was used to record two-dimensional
spectra for resonance assignments and structure determination.

Detergent micelles also represent a useful milieu for high-
resolution NMR studies of the structures of peptides and proteins
in a membrane-mimetic environment [30]. As our structure
calculations on pandinin 2 in 60 9%, TFE in water indicated that

Table 3 Structural statistics for the 20 energy-minimized structures of pandinin 2 in DPC micelles from X-PLOR

The best 20 structures after energy minimization in the distance geometry force field of X-PLOR were subsequently energy minimized in the CHARMM force field, using a distance-dependent dielectric.

Values represent means £ S.D. Abbreviations: £, nuclear Overhauser effect distance restraints energy; £y, dihedral angle restraints energy; £, Lennard-Jones energy; £,

electrostatic energy; RMSD, root mean square deviation.

oo INtramolecular

(@
Parameter Value
RMS deviations from experimental distance restraints (/3) (313)* 0.015+0.001
RMS deviations from experimental dihedral restraints (°) (20)* 0.1840.06
RMS deviations from idealized geometry:
Bonds (A) 0.0092 4-0.0005
Angles (°) 2.2640.05
Impropers (°) 0.274+0.02
Energies (kcal - mol™)
Enoe 36404
Eciin 0.0540.03
N —73+4
Ebond + Eang\e + E\mproper ) + 3
el —259+17
(b)
Mean pairwise RMSD (,&)
Residues Backbone heavy atoms All heavy atoms
1-24 1724044 2.78+0.57
1-20 0.98+0.28 1494032

* The numbers of restraints are shown in parentheses. None of the structures had distance violations > 0.3 or dihedral angle violations > 5°.
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Figure 5 Parameters characterizing the final 20 structures of pandinin 2
in DPC micelles at 308 K, plotted as a function of residue number

(R) Upper-bound restraints used in final round of structural refinement shown as medium-range
(grey), sequential (diagonal shading) and intra-residue (black). NOE, nuclear Overhauser effect.
(B) RMS differences from mean structure for N, C* and C atoms following superposition over
the whole molecule. (C) and (D) Angular order parameters (S) for the backbone dihedral angles
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it was predominantly helical, and the functional data indicate
that it acts on biological membranes, we have also determined its
structure in DPC micelles. The peptide dissolved readily in this
solution and gave high-quality NMR spectra. The structural
statistics for pandinin 2 in DPC micelles (Table 3) show that the
structures are in good agreement with the experimental restraints
(Figure 5A) and have good stereochemistry. Moreover, 100 %, of
the residues have ¢—y values in the generously allowed regions
of a Ramachandran plot. The angular order parameters (S) of
the final 20 structures indicate that residues 1-20 are well defined
locally, with S > 0.8 for both ¢ and v angles (Figures 5C and
SD). The backbone root mean square deviation (RMSD) from
the mean structure (Figure 5B) also shows that the structure is
well defined over most of the molecule. Mean pairwise RMS
differences calculated over the backbone heavy atoms (N, C* and
C) and all heavy atoms respectively of the whole molecule were
1.7240.44 and 2.784+0.57 A and for the well-defined region
0.98+0.28 and 1.4940.32 A. On the basis of backbone dihedral
angles and hydrogen-bonding patterns, pandinin 2 is helical in
DPC micelles up to residues 18-19, with no significant kink
around the proline at position 14. This result is in good agreement
with the predicted structure described above. Figure 6 shows
stereo views of the best 20 structures (Figure 6A) and a ribbon
diagram of the closest-to-average structure (Figure 6B).

Temperature dependence

One-dimensional "H NMR spectra of pandinin 2 in DPC
micelles showed significant upfield shifts for the Phe! aromatic
resonances from their random-coil values of around 7.3 p.p.m.
[35]. These peaks and those of the adjacent Trp* aromatic side
chain, were also broader than expected, although they sharpen
up at elevated temperatures, as shown in Figure 7. This suggested
that the N-terminal region of pandinin 2 was immobilized more
than the C-terminus when bound to DPC micelles. The upfield
shifts of the Phe', and to a lesser extent the Trp-2, aromatic
resonances are consistent with ring-current interactions between
these two side chains as illustrated in Figure 6(B). Additional
structural data are available at http:/www.BiochemlJ.org/bj/
359/bj3590035add.htm which contains three Tables and one
Figure.

DISCUSSION
Purification and characterization of andinins

Two novel peptides with inhibitory activity towards Gram-
positive and Gram-negative bacteria were isolated from the
venom of the scorpion P. imperator using bioassay-guided
fractionation. The two antimicrobial peptides, pandinin 1 and
pandinin 2, were eluted by a high percentage of acetonitrile from
the RP-HPLC column, indicating a very hydrophobic character.
Pandinin 2 is more hydrophobic than pandinin 1, and this
characteristic may be related to differences in their activity, as
discussed below. Overall peptide hydrophobicity and amphi-
pathicity have been recognized as crucial determinants in defining
the potency of cytotoxic and antimicrobial peptides, as they
affect their ability to interact with various membrane phospho-
lipids. Both the low abundance and the highly hydrophobic
character of these peptides may explain why their presence has
been overlooked in scorpion venoms. Classical extraction
methods predominantly use acidified water or weak acid solutions
and thus will not properly extract such peptides. Indeed, in our
hands, another P. imperator venom sample extracted with
water/0.1 9, TFA only, did not show the presence of pandinins,
which were most likely excluded from the extraction process.
Indeed, a previous study using P. imperator failed to report
antimicrobial activity for this venom [16].

Pandinins appear to be integral components of scorpion venom
as they were not detected in haemolymph, although their
circulating levels could be extremely low in unchallenged
scorpions. This result provides additional evidence for a
significant role of «-helical amphipathic antimicrobial peptides
in venoms of scorpions, either as components of the immune
system of these animals or as synergistic cofactors for toxins, as
they have been shown to dissipate ion gradients across mem-
branes [9,17]. Our work complements the recent discovery of
structurally related peptides in other scorpion venoms [16,17].
Previous findings have demonstrated the presence of p-sheet-
containing disulphide-rich antimicrobial peptides in scorpion
haemolymph, analogous to the well-studied production of
defensins by insects.

Pandinins 1 and 2 belong to a large group of o-helical
antimicrobial peptides. Their primary structures are typically
those of cationic amphipathic peptides, with alternating cationic
and hydrophobic residues. A sequence database search for
pandinin 1 did not reveal a high homology with any other
antimicrobial peptides. The highest degree of similarity was
observed with hadrurin (73.9 9,), another scorpion venom anti-
microbial peptide recently discovered [16]. Pandinin 1 also has
limited homology with adenoregulin, brevinin 2e and gaegurin 4
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Figure 6 Solution structure of pandinin 2 in DPC micelles

C

(R) Stereo view of the backbone heavy atoms (N, C* and C) of the final 20 structures, superimposed over the backbone heavy atoms of residues 1—20. Generated using Insight II. (B) Stereo
view of the structure closest to the average over the family of 20, with all atoms shown. The backbone is highlighted with a ribbon, the side chains are shown in thick lines and the molecule

is oriented as (A). Generated using MOLMOL.

from frog skin, sarcotoxin A and cecropin A (55-639%,). The
lowest homology (48—52 9,) among the sequences compared was
observed for lycotoxin Il and parabutoporin, other peptides
from arachnid venoms, demonstrating the high degree of se-
quence diversification of this class of peptides in arachnid venoms
(Figure 2B).

Pandinin 2 belongs to the group of shorter «-helical magainin-
type peptides and shows significant homology with several frog
antimicrobial peptides (Figure 2C): brevinin 1 from Rana
brevipoda porsa [26], gaegurins 5 and 6 from the skin of
Rana rugosa [36], the pipinins from Rana pipiens [37] and the

© 2001 Biochemical Society

magainins from Xenopus laevis [25]. No other arachnid anti-
microbial peptide isolated to date has significant similarity to
pandinin 2, and it is the first representative of this subclass
of antimicrobial peptides to be isolated from an arachnid.

The high degree of homology between P. imperator peptides
and frog skin peptides is interesting and may suggest high
phylogenetic conservation of these structure based upon early
selection pressure. Additionally, it may indicate that these
peptides have been conserved in the evolutionary process due to
their activity against a broad range of pathogenic micro-
organisms.
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Figure 7 Temperature-dependence of one-dimensional 'H NMR spectra
of pandinin 2 in DPC micelles

(R) 298 K. (B) 317 K. (C) 333 K. Spectra were recorded at 500 MHz. Two aromatic resonances
from Phe' that show significant temperature dependence are labelled with asterisks.

Biological activity of pandinins

Our results clearly support the classification of pandinins as
antimicrobial peptides, possessing pore-forming activity. The
activity of both pandinins is at the lower extremity of the activity
range described for this kind of peptide (MIC 1.3-38.2 uM,
compared with the most active peptides at < 10 xM). Both
biological assays and structural data imply that pandinins may
act by a molecular mechanism similar to that of melittin or the
magainins. The peptides adopt a well-defined a-helical amphi-
pathic structure when in contact with 60 9%, TFE or cell membrane
phospholipids, as demonstrated by CD and NMR data. Inter-
action with the phospholipids undoubtedly results in mem-
brane disruption and cell lysis, as illustrated by the activity
observed against bacteria in our bioassays. The observed anti-
microbial activity of pandinins correlates well with previous
reports indicating that Gram-positive bacteria may be less
resistant to cytolytic antimicrobials, whilst Gram-negative and
fungi are more resistant [9,25,29,36]. In addition, pandinin 2
causes haemolysis of sheep erythrocytes in less than 60 min,
demonstrating its ability to interact not only with charged
phospholipids, but also with zwitterionic membranes. Its ability
to lyse eukaryotic cells is similar to that of other «-helical
cationic peptides from venoms such as hadrurin [16] and melittin
[38], and may have a role in venom toxicity by dissipating ion
gradients, affecting membrane potential and thus acting in a
synergistic manner with ion-channel toxins. Pandinin 1 has no
haemolytic activity and thus may act in a similar manner to
magainin 1, as a specific antimicrobial component in the venom.
Both pandinins have pl values > 10, which indicates that they
will remain positively charged at neutral pH and will thus
strongly interact with negatively charged membrane phospho-
lipids.

In the group structurally related to pandinin 2, lycotoxins are
also more haemolytic than magainins [9]. However, gaegurins do
not induce haemolysis of human erythrocytes even at concen-
trations up to 38 uM, while pandinin 2 produces around 90 %,
haemolysis of sheep erythrocytes at a similar concentration. The
cytolytic activity of magainin-like peptides appear to depend on

the lipid composition and charge of the cell membranes, so that
permeabilization is achieved via different mechanisms, for in-
stance a ‘carpet-like’ effect [39] or formation of a ‘toroidal’ pore
[40]. However, it has been noted that peptides having both
haemolytic and antimicrobial activity were more effective in
permeabilizing lipid vesicles when compared with peptides having
only antibacterial or low haemolytic activity [41]. The ability to
interact more strongly with membranes of various charges may
thus be a selective advantage for venom antimicrobial peptides,
giving them a broad spectrum of activity and the possibility of
disrupting cell membranes to enhance the action of other venom
components.

Amphipathic peptides having either carboxylated or amidated
C-terminals were previously reported from the skin of Rana sp.
frogs [42] and the venom of Lycosa caroliniensis [9]. Although the
introduction of an amide group could have an impact on overall
peptidecharge and therefore interaction with membrane phospho-
lipids and permeabilization properties, no such effect was detected
in our bioassays using the two sPin2 C-terminal forms. This may
be explained by the fact that initial membrane insertion proceeds
from the N-terminal peptide end and that further interaction of
the C-terminal end may be less crucial in modulating overall
activity.

Structure of pandinins

Although the three-dimensional structure of pandinin 1 in DPC
micelles was not determined experimentally, secondary-structure
prediction algorithms suggest that pandinin 1 is likely to consist
of two distinct amphipathic «-helices separated by an un-
structured hinge region incorporating the Pro'” residue.
Similar structures have been reported for cecropin A, where the
unstructured region is centred on Pro?® [33], cecropin B1, where
Gly?, Pro** and Lys* form a hinge between helices encompassing
residues 3-22 and 26-33 [43], and sarcotoxin 1A, where the
four residues Gly**-Ile*” constitute the hinge region [32], although
in that case the hinge region is characterized by glycine residues,
which are known to be helix breakers. It may thus be hypothesized
that the structure of pandinin 1 in phospholipid micelles, or in
contact with membrane phospholipids, will resemble that of
cecropin A, cecropin Bl and sarcotoxin 1A. An Edmundson
helical wheel projection indicates that pandinin 1 has a marked
amphipathic character, with basic and hydrophobic residues
evenly distributed on opposite sides of the a-helix. Of its seven
lysine residues, six are found on the same side of the molecule
(Figures 4A and 4B). Previous studies have demonstrated that
modification of the hinge region induces significant changes in
peptide activity [29], most likely by affecting the angle formed by
the two helices, thus modifying their amphipathic orientation
and their ability to interact with membranes. The arrangement of
long antimicrobial a-helical peptides into two separate helices
joined by a flexible region appears to be a common feature and
could possibly play a crucial role in their specificity against
the variously charged biological membranes resulting from the
association of many different phospholipids.

Pandinin 2 clearly forms a helical structure in the presence of
DPC micelles (Figure 3C). Inspection of a helical wheel diagram
of this structure (Figure 4C) shows that it is markedly amphi-
pathic, with a large non-polar surface and all Lys residues except
one located on the other side. As a corollary, the N-terminus and
lysine residues at positions 7 and 11 form a significant positively
charged surface on one face of the peptide, and no doubt
contribute to its interaction with the charged phosphocholine
head groups of DPC. It is likely that pandinin 2 lies on the
surface of the DPC micelles, with the apolar surface at least
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partially buried in the lipid and the positively charged groups at
the surface in the vicinity of the DPC head groups. Our NMR
data also suggest that the N-terminal region is less mobile than
the C-terminus, no doubt reflecting its lower polarity and more
stable helical structure. This suggests that the N-terminus of
pandinin 2 is more deeply buried in the lipid phase than the C-
terminus. The presence of a significant positively charged surface
implies that pandinin 2 is likely to interact more strongly with
negatively charged membranes than with zwitterionic or neutral
membranes. However, recent studies on a designed amphipathic
peptide antibiotic LAH, [44] suggest that, although the inter-
action with negatively charged membranes might be stronger,
the lytic activity against these membranes may not be, perhaps
because of stabilization of a ‘pre-lytic’ state of the peptide.
Results obtained with pandinin 2 appear to support the latter,
since pandinin 2 is clearly haemolytic and not only antimicrobial.

To date, no satisfactory structure—activity relationship has
been proposed to explain the differential activity of the anti-
microbial peptides on bacterial and erythrocyte membranes, and
several physical parameters are thought to be involved [45].
Preferred interaction with either membrane type may result from
a complex combination of factors such as hydrophobicity,
amphipathic character, and overall peptide charge. Changes in
haemolytic and membrane permeabilizing efficiency have been
tentatively linked to a subtle balance between polar and hydro-
phobic domains measured by the angle formed by both domains
respective to the axis of the helix. Haemolytic activity of the
magainins was enhanced by an increase in the polar domain [45],
and antimicrobial activity has been correlated to an increase in
positive charges which is thought to enhance association with
negatively charged phospholipids. Melittin, which is both anti-
microbial and haemolytic, has a distinctly hydrophobic N-
terminus and a charged C-terminus, whereas magainin, which has
no haemolytic activity, lacks the hydrophobic N-terminus and,
similar to pandinin 1, has an overall homogeneous distribution of
hydrophobic and hydrophilic residues. In contrast, pandinin 2
has a distribution of charges resembling that of melittin, and also
demonstrates both types of activity.

One of the key structural features for membrane selectivity
could be the amphipathic nature of the peptide N-terminal
region as demonstrated in a recent study on a diastereoisomer of
melittin [46]. While the N-terminal amphipathic helical structure
is not required for the cytolytic activity toward negatively charged
membranes and bacterial cells, it appears to be a crucial structural
element for binding and insertion into zwitterionic membranes
and for haemolytic activity. In this respect, pandinin 2 is an
interesting model which could be used similarly to melittin to
elucidate the biophysical features controlling membrane sel-
ectivity in short magainin-type peptides.

The relevance of the structure we observe in lipid micelles with
respect to the lytic activity of pandinin 2 in biological membranes,
is that it probably represents the form of the peptide that initially
contacts the membrane and then begins to insert into the lipid.
If cell lysis was due to pore formation, the helix would be
expected to subsequently orient itself normal to the plane of the
bilayer, although this entails an energetic penalty associated with
moving the positively charged groups into the membrane [47].
However, recent results lend support to a detergent-like action of
amphipathic helical peptides as the main cause of lytic activity
rather than pore formation, thus obviating the need for trans-
membrane movement of the (positively charged) peptide [48].
The findings of Vogt and Bechinger [44] on the designed 26-
residue peptide LAH, are of particular note in this context. At
pH < 6, where its four histidine residues are protonated, LAH,
is oriented parallel to the membrane surface, while at pH > 7 it
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assumes a transmembrane orientation. Nevertheless, its antibiotic
activity is two orders of magnitude higher at acidic pH than at
pH 7.5.

The absence of a marked kink in the helix of pandinin 2
around Pro!* distinguishes it from melittin, where the cor-
responding proline residue produces an angle of 126-160°
(depending on the environment) between the N- and C-terminal
helices. Replacement of Pro'* in melittin by alanine removed this
bend but did not inactivate the molecule, even though its
properties and spectrum of activity were altered [49]. The frog
skin peptide magainin does not contain a proline residue, and as
a result adopts an essentially linear helical structure with no kink
[30]. Structurally, therefore, pandinin 2 resembles magainin more
than melittin, although the overall sequence similarity is approxi-
mately the same (approx. 60 9,). In addition, melittin is distinctly
longer (28 residues) than the other peptides of this group (19-24
residues) (Figure 2).

The discovery of polycationic antimicrobial peptides in scor-
pion venom brings new insights into the mode of action of
venom and also opens new avenues for the discovery of novel
antibiotic molecules from arthropod venoms. Because of their
strong antimicrobial activity, scorpion venom antimicrobial
peptides have an interesting potential in applications for the
therapeutic control of pathogenic bacteria. In this respect,
haemolytic activity is clearly not a desirable feature in therapeutic
peptides, and a comparison of the solution structures of pandinin
1 and hadrurin would be quite informative in identifying struc-
tural features responsible for haemolytic activity in the longest o~
helical antimicrobial peptides. The latter lacks the central proline
residue and is missing four residues, which could correspond to
one turn of the helix predicted at that position. It would be
interesting to establish whether these sequence differences trans-
late to the expected structural differences and if, in turn, they are
responsible for the absence of haemolytic activity in pandinin 1.
This could be the object of further structural work involving
selective mutagenesis of pandinin 1 and hadrurin, and the
production of chimaeras as a way of defining the structural
features of pandinin 1 that inactivate its haemolytic activity.

We are grateful to D. Saldanha for assistance with spectral analysis, to M. Hisada
for help with MS measurements and to Dr H. Naoki for help in acquiring CD spectra.
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