
Eur. J. Biochem.257, 2632273 (1998)
 FEBS1998

Structural information on a cecropin-like synthetic peptide,
Shiva-3 toxic to the sporogonic development ofPlasmodium berghei
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This study is a contribution towards the understanding of the mode of action of Shiva-3 and more
generally that of cecropin-like peptides. Structural information on Shiva-3 (a cecropin-like synthetic pep-
tide) in water and in a membrane-mimicking environment (trifluoroethanol alcohol, SDS) were obtained
using analytical centrifugation, CD and NMR spectroscopies. A total of 20 converged structures were
retained on the basis of197 non-redundant experimental constraints, including166 distance constraints
from the nuclear Overhauser effect measurements and 31 dihedral angle restraints derived from the purged
COSY experiments. Some results obtained in presence of SDS are also presented.

The toxic effects of the peptides obtained by cleavage (trypsin and lysine-C hydrolysis) of Shiva-3
on Escherichia coliand onPlasmodium bergheisporogonic stages are reported. Biological effects are
discussed in relation to the calculated structure. The antiparasite activity and the low mosquito toxicity
of Shiva-3 make this peptide a good candidate for genetic transformation of mosquito vectors which
warrants further studies aimed at the improvement of the molecule.
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The evolutionary success of the insects is due to a variety of
reasons, among which their potent antibacterial defense system
[1, 2]. Their defense system includes a non-specific humoral
reaction based on the secretion in the hemolymph of peptides
with wide-range antibiotic activities. Cecropins, approximately
35237 amino acids long [3], form part of this family of peptides
[427]. They were initially discovered in the hemolymph of bac-
teria-challenged diapausing pupae ofHyalophora cecropia[4].
Cecropins were later isolated from a variety of insect species
belonging to the orders Lepidoptera and Diptera. The main in-
sect cecropins have a strongly basic N-terminal part linked to a
neutral or less charged C-terminal part. The first three-dimen-
sional structure to be solved was that of cecropin A [8, 9]. The
peptide adopts a helix-bend-helix conformation with an amphi-
pathic N-terminal helix and a more hydrophobic C-terminal
helix.

The mode of action of cecropin is not fully understood but
these peptides are thought to be selective for prokaryotic mem-
branes due to their lipid composition [10214]. Cecropins are
most active against Gram-negative bacteria but they also have
activity against some Gram-positive bacteria. Their primary
mode of action appears to be that of membrane disruption fol-
lowed by lysis. Their lytic effect on protozoa was initially tested
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in vitro using two synthetic peptides: SB-37, a closely related
derivative of cecropin B, and Shiva-1, 60% different but with
the same amphipathic and hydrophobic properties of the original
molecules (Fig.1). Both peptides induced a decrease in the
growth and multiplication ofPlasmodium falciparumandTrypa-
nosoma cruzi, Shiva-1 being10-fold more effective [15].

Transmission of malaria parasites by mosquito vectors is de-
pendent on the successful sporogenic development ofPlasmo-
dium infective forms following ingestion of a blood meal in-
fected with gametocytes [16]. The possibility of interrupting this
development, either by selection and enhancement of refractory
traits or by the introduction of parasiticidal compounds, has
raised hopes for the production of genetically engineered mos-
quitoes to malaria-resistant parasites [17]. The lytic properties
together with their simple structure have made cecropins poten-
tial candidates for this purpose.

The effect of Shiva-3, a peptide that differs from Shiva-1 by
a single amino residue (tyrosine replacing tryptophan at position
4), on in vitro sporogonic stages ofP. bergheiin the midgut
of Anopheles albimanuswas investigated recently [18]. Peptide
concentrations of 75µM and100 µM were effective in reducing
ookinete production and the number of infected mosquitoes if
applied in the first six hours of parasite development. The dele-
terious effect of the peptide on the parasite was effective after
exposure for duration as short as 50 seconds. These observations
raised the possibility of using Shiva-like peptide genes to engi-
neering malaria-resistant vectors as an alternative in malaria
control strategies.

Although the survival of Shiva-3 in mosquito midguts is
about five minutes, degradation could be observed after the first
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Fig. 1. Amino acid sequence of cecropins and cecropin-like peptides.
Underlined amino acids for cecropin correspond to highly conserved
residues in the Cecropin family. Underlined amino acid for Shiva are
identical with Cecropin B residues. Cec, cecropin.

minute, therefore improvements in the peptide molecule are nec-
essary to reduce its susceptibility to proteolysis and to increase
its toxicity to the parasite. It is thus important to gain structural
informations on Shiva-3 to evaluate the feasibility of introducing
amino acid substitutions or stabilizing bonds.

In the present study, we have analysed the three-dimensional
structure of Shiva-3 in water as well as in a membrane-mimick-
ing environment using CD and NMR spectroscopies. We also
report the effects of the peptides obtained by cleavage of Shiva-3
with trypsin and lysine-C endopeptidase onP. berghei and
Escherichia coli.Biological effects are discussed in relation to
the calculated structure. This study is a contribution towards the
understanding of the mode of action of Shiva-3 and, more gen-
erally, that of cecropin-like peptides and should aim at proposing
rational modifications of this molecule to improve efficiency.

MATERIALS AND METHODS

Materials. Shiva-3 was synthesized in large quantities by
the solid-phase method using manual procedures already de-
scribed [19], and purified on Sephadex G-10, followed by HPLC
as reported [18]. The primary structure and the purity of the
synthetic peptide were confirmed by HPLC. The amino acid
composition of Shiva-3 was confirmed using a Beckman 6300
analyser, after acidic hydrolysis for 20 h at110°C with 6 M HCl.

Deuteriated compounds (d2-OH) 2,2,2-trifluoroethyl alcohol
(99 atoms D/100 atoms), (d3-OH) 2,2,2-trifluoroethyl alcohol
(99 atoms D/100 atoms), SDS (99 atoms D/100 atoms), sodium
acetate (99 atoms D/100 atoms) and deuterium oxide (99.96
atoms D/100 atoms) were purchased from Euriso-Top. Dodecyl
β-D-maltoside was purchased from Calbiochem.

CD experiments. CD spectra were recorded at 20°C on a
Jobin Yvon CD6 dichrograph with a 0.2-mm path-length cell.
The ellipticity was calibrated with an aqueous solution of (1)-
10-camphorsulfonic acid [20]. Each spectrum was the result of
averaging three successive scans at1902260 nm with 2 s integ-
ration/nm. The ellipticity values as a function of peptide concen-
tration were measured from 5µM to 50 µM and for the solvents
H2O (pH 4211), trifluoroethanol/H2O mixtures varying over 02
95% trifluoroethanol (by vol.) and detergent concentration (do-
decyl β-D-maltoside at 40µM to 25 mM and SDS from 2 mM
to 25 mM). The helical content was estimated using CD signal
intensity according to previously published methods [21223].

Proton NMR experiments. NMR spectra were recorded on
a Varian Unity 500 spectrometer equipped with Sun Sparc 2
workstations. Data processing was carried out using the VNMR
5.1 program. Most spectra were recorded at 25°C on samples
containing 0.721mM peptide dissolved in [2H2]trifluoroethanol/
H2O 40% (by vol.) or in [2H3]trifluoroethanol/D2O 40% (by
vol.). The final salt concentration was 25 mM sodium acetate
and the apparent pH was 5.0. The spectra were referred to the
central component of the multiplet of the trifluoroethanol methy-
lene resonance centered at 3.88 ppm, downfield from external
tetramethylsilane.

Peptide spectra in SDS were recorded10% D2O in H2O,
pH 5.5, at 45°C. A 1.3 mM Shiva-3 in 200 mM detergent solu-

tion was prepared as previously published [24]. Spectra in SDS
were referred to the water resonance at 4.58 ppm downfield
from external tetramethylsilane.

The spectral width was 5000 Hz in H2O and 4200 Hz in
D2O. Solvent proton resonance was reduced by low power irra-
diation during the recycling delay (1.5 s or 2 s), and during the
mixing time for NOESY experiments. The residual transverse
magnetization was reduced with a homospoil pulse applied at
the beginning of both the relaxation delay and the mixing time.

Two-dimensional1H-NMR experiments were collected in
the phase-sensitive mode [25] with 2 K or 4 K (purged COSY
experiments or micelles experiments) complex data points int2

and 512 t1 increments with 32, 64 or 96 scans pert1 increment,
depending on the experiment. Zero-filling was applied prior to
Fourier transformation and data were processed with a squared
sine bell for COSY and purged COSY which were shifted by
90° in the NOESY and TOCSY experiments.

Identification of spin systems was through analysis of
spectra obtained in deuteriated and protonated solvents using the
following sequences: purged COSY for its sensitivity [26],
double-quantum filtered COSY for its smaller intensity of diago-
nal peaks [27], total correlated spectroscopy (clean TOCSY) re-
corded with the MLEV-17 pulse scheme for the spin lock pre-
ceeded by a 2-ms trim pulse and with 40, 60 and 80 ms isotropic
mixing periods [28]. Through-space sequential assignments as
well as NOE patterns were deduced from NOESY. To avoid
zero-quantum coherence particularly embarrassing at short mix-
ing times, a modified NOESY sequence was used (Sodano, P.
and Delepierre, M., unpublished results), in which a180° pulse
was added during the mixing period with a varied position from
scan to scan. NOEs were quantified using Felix software (Mo-
lecular Simulations) run on a Silicon Graphics Indy workstation.
NOE build-up curves calculated for nine different peaks and for
five mixing time values (50,100,150, 200 and 300 ms) showed
that the spin diffusion effects were important only for mixing
times greater than 200 ms.

Most NH-CAH scalar coupling constants were obtained from
analysis of the NH-Hβ and NH-Hγ NOESY cross peaks using
the program INFIT [29]. The CAH-CβH coupling constants were
obtained directly from the purged COSY spectrum in D2O, the
digital resolution values after zero filling along bothω1 andω2

were 8.2 Hz and1 Hz, respectively.
Determination of dihedral and distance constraints.31

dihedral angle constraints were derived from theJNH-CAH, JCAH-CβH

and NOE characteristics between prochiral protons. 22f back-
bone torsion angles were restrained within a variable interval
centered at260°. For JNH-CHA, 6 Hz, when associated with
chemical shift index values smaller than20.2 ppm [30] and
with NOE characteristics of helicoidal structure, thef backbone
torsion angles were constrained between280° and 240°. If
only two of the above elements were verified, thef backbone
torsion angles were constrained between290° and 230°. The
ranges ofχ angle constraints were determined from a combined
use ofJCHA-CHβ and NOE informations between HA/Hβ and NH/
Hβ [31]. Using this procedure, the stereospecific assignments of
some β protons were possible, and 9χ angle conformations
could be determined asg1, t and g2. Measured peak volumes
from the NOESY experiment recorded with a 200-ms mixing
time (the best compromise between restraints quality and re-
straints number) were converted into distance restraints. The cal-
ibration was based on the standard distance of 0.35 nm for the
dAN, 0.28 nm fordNN and 0.34 nm for thedAN(i,i13) cross-peaks in
theA helix [32]. Pseudoatom corrections were used for degener-
ated protons such as methyl protons [33].

Structure calculations. Analysis of the obtained NOESY
spectra yielded a set of 372 distance restraints. Among the132



265Boisbouvier et al. (Eur. J. Biochem. 257)

Fig. 2. HPLC separation of hydrolysis products of Shiva-3 obtained
by digestion with trypsin and endopeptidase lysine-C.(a) Lysine-C
endopeptidase hydrolysis of Shiva-3. Peptides correspond to the
following sequences: A, QIK (middle peptide of Shiva-3); B,
MPRYRLFRRIDRVGK (N-terminal segment); C, QGILRAGPAIAL-
VGDARAVG (C-terminal fragment). (b) Tryptic digestion of Shiva-3.
Eight major components were obtained and their amino acid sequences
determined. The sequence of the corresponding peptides were:1, VGK;
2, AVG; 3, QIK; 4, RIDR; 5, MPR; 6, LFR; 7, QGILR; 8, AGPAI-
ALVGDAR. Peptide YR is the small component after number 5.

inter-residual restraints, 91 were sequential, three were between
i,i12 pairs, 34 were betweeni,i13 pairs and four corresponded
to interactions between pairs further than three residues apart.
All these restraints were classified into three groups defined by
the lower limit of 0.18 nm and the upper limits of 0.50, 0.35 and
0.25 nm for the weak, medium and strong group, respectively.
These data, together with the dihedral angle restraints, were used
for the calculation of structures carried out with DYANA1.2
software [34]. A total of100 structures were generated using the
redundant dihedral angle constraints strategy REDAC [35].

The total number of the available constraints being relatively
small, our focus was to obtain an overall information about the
structure of Shiva-3. Therefore the 20 DYANA structures with
the lowest target function values were subsequently analysed.

Effect of Shiva-3 fragments onE. coli and P. bergheisex-
ual stage developmentin vivo. Aliquots of synthetic Shiva-3
were treated independently with trypsin and endopeptidase ly-
sine-C and purified by HPLC. A C18 reverse-phase column was
used for separation of peptides produced by enzymatic cleavage
of Shiva-3, using a continuous gradient from solution A (0.12%
trifluoroacetic acid in water) up to 60% solution B (0.10% tri-
fluoroacetic acid in acetonitrile). Lys-C endopeptidase generated
three fragments, and digestion with trypsin generated eight dis-
tinct fragments whose composition was verified by amino acid
analysis and direct sequencing determination. All peptides were
assayed for their biological effect onE. coli and P. berghei. To
determine the effect of the Shiva-3 cleaved peptides on the
multiplication of E. coli, experiments were carried out as fol-
lows: samples of103 E. coli (strain CIP-Ec35) were incubated
for 1 h at 37°C in 25 µl of 150 mM NaCl,15 mM sodium phos-
phate, pH 7.2 containing Shiva-3 or Shiva-3 cleaved fragments
at concentrations between10 µM to 70 µM. After treatment,
samples of100 bacteria were inoculated in EMB (Bioxon) solid
medium plates and further incubated at 37°C. The number of
visible colonies were counted 24 h later.

The effect of Shiva-3-cleaved peptides onP. bergheisexual
development was investigated as already described [18]. Several
stage cultures ofP. berghei, in which the end products are ooki-
netes, were carried out as described by Janse [36] (P. berghei
Anka strain 2.34 was kindly provided by R. S. Sinden, Imperial
College of Science, Technology and Medecine, UK). To elimi-
nate leukocytes, the infected mouse blood was diluted1:10 with

Table 1. Inhibitory effect of peptides from tryptic (residues 1−8) and
lysine-C (A−C) digestion of Shiva-3 on the development of ookinetes
from P. berghei.The inhibitory effect (6SD) was determined by count-
ing ookinetes from samples containing10000 red cells of the group of
treated against control experiments, forn 5 5. Controls are cells cultured
without addition of peptides, and numbers128 correspond to the pep-
tides purified after tryptic digestion, as shown in Fig. 2b. A2C are pep-
tides digested with lysine-C and purified as indicated in the legend of
Fig. 2a. Tri-Gly is a tripeptide of glycine, used as internal control for
possible artefacts.

Peptide Inhibitory effect

no peptide added 100 µM peptide
(control)

%

122 0 47609
3 0 35610
4 0 45609
5 0 30623
6 0 19615
7 0 43622
8 0 24612
A 0 54608
B 0 41608
C 0 34614
Tri-Gly 0 06606
Shiva-3 0 10060

ookinete culture medium (RPMI1640 medium, 50µg/ml hypo-
xanthine, 0.025 M. Hepes, 0.024 M NaHCO3, 5 µg/ml penicillin,
5 µg/ml streptomycin,1 µg/ml neomycin, pH 8.3) and passed
through a CF-11 column (Whatmann) (5 ml/ml mouse blood)
previously equilibrated with RPMI. Cells were packed by cen-
trifugation at 600g and resuspended in 20% ookinete medium
supplemented with 20% heat-inactivated fetal calf serum and
distributed in aliquots of100 ml in flat-bottom 96-well plates
(Nunc Intermed). Shiva-3 and Shiva-3-cleaved peptides were
added at a final concentration of100 µM in ookinete medium.
Control cultures received the same amount of culture medium
without peptides. After 24 h culture at room temperature, the
number of ookinetes/10000 erythrocytes was determined.

RESULTS

Effect of Shiva-3 fragments onE. coli and P. bergheisexual
stage developmentin vivo. Figs1 and 2 shows the amino acid
sequence of synthetic Shiva-3 and sub-peptides obtained by en-
zymatic hydrolysis. All Shiva-3 peptides had an inhibitory effect
on P. bergheiookinete development (Table1). Inhibition of 722
99% were also observed onE. coli development, depending on
the amino acid sequence of the peptide (data not shown). Inter-
estingly, a tripeptide, Gln-Ile-Lys, obtained by tryptic digestion
showed lytic activity. These results led us to use an unrelated
peptide (Gly-Gly-Gly) as a control for biological activity tests.
This peptide demonstrated no inhibitory activity, both in theE.
coli and inP. bergheicultures.

Aggregation states.The large proton resonance linewidth (∆ν1/2
10 Hz) in the trifluoroethanol/H2O mixture (40% by vol.), indi-
cates the possibility of aggregation. No decrease in the linewidth
as well as no change in chemical shifts were observed in spectra
at a sample concentration as low as 40µM, while the CD spectra
obtained at different concentrations ranging over 5µM250 µM
did not show significant changes of ellipticity. According to
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Fig. 3. Far-ultraviolet CD spectra of Shiva-3 peptide in different solutions at 20°C. (A) In aqueous solution. Curves represent pH 4.11210.7.
(B) In trifluoroethanol/water solution. Curves represent 0,10, 20, 25, 30, 40, 50, 60, 70, 80, 90 and 95% trifluoroethanol (by vol.). (C) The helix
proportion is shown as function of trifluoroethanol concentration. (D) In SDS at concentrations ranging over 2225 mM. (E) In dodecyl-β-D-
maltoside at concentrations ranging from 40µM to 25 mM.

Fig. 4. NH-HR region of TOCSY spectrum at pH = 5, 25°C, 40% trifluoroethanol (by vol.).

these results, either the peptide solution contains essentially mo-
nomers or the aggregates are extremely stable within the concen-
tration range studied.

CD spectra and secondary structure.The CD spectrum of
Shiva-3 in aqueous solution (Fig. 3A) showed no characteristics
of secondary structure within a pH interval of 4211. Addition
of trifluoroethanol from 0% to 35% induced a large change in
the CD spectra with a profile indicating the presence ofA-helix
structures (Fig. 3B). An isodichroic point was observed at
202 nm, suggesting a two-state transition, probably a helix-ran-

dom coil interconversion. Addition of trifluoroethanol, from
35% to 80%, induced only minor changes in the CD spectra,
while concentrations above 80% induced an increase of the helix
content (Fig. 3C). Measurement of the ellipticity at 220 nm,
[θ]220, at the plateau estimated theA-helical content as 40%.

Similar changes of the spectra shape were observed upon
addition of SDS, an ionic detergent (critical micellar concentra-
tion, 4 mM; aggregation number, 66 [37]). At 5225 mM SDS,
the ellipticity remained constant at 208 nm and 220 nm, and the
spectra obtained were characteristic of anA helix (Fig. 3D).
From the [θ]220, theA-helix content was estimated to be 42%, at
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Fig. 5. NH-HB and NH-NH regions of NOESY spectrum (200 ms
mixing time), pH = 5, 25°C, 40% trifluoroethanol (by vol.).

2 mM SDS, and about 32% (65%) at higher detergent concen-
trations. Contrastingly, spectra shapes similar to those obtained
in H2O were observed upon dodecyl-β-D-maltoside addition, a
nonionic detergent (critical micellar concentration, 0.17 mM;
aggregation number, 98; Fig. 3E), suggesting that Shiva-3 was
in a random-coil state.

NMR experiments and secondary structure in trifluoroetha-
nol/water mixtures. The Shiva-3 peptide in aqueous buffer at
25°C showed no clear evidence of a preferred secondary struc-
ture, in agreement with the CD results obtained under similar
conditions. Indeed, at 4°C, few weak NH/NH(i,i11) NOEs were
observed at residues10215 and 20222 (data not shown). These
observations combined with the results obtained by CD in the
presence of trifluoroethanol drove us to choose a mixture of
trifluoroethanol and H2O at a 2:3 volume ratio for the structure
determination by NMR.

The identification of the spin systems for each amino acid
type [38239] was achieved by means of through-bond connec-
tivities (Fig. 4). Major difficulties in peak assignments came
from extensive overlap of proton resonances, due to the large
linewidth (about10 Hz for amide protons) and to the weak dis-
persion of NH and HA chemical shifts (430 Hz and 300 Hz). A
set of two-dimensional experiments was performed in
[2H2]trifluoroethanol/D2O in order to discriminate between ex-

changeable and non-exchangeable protons, such as the NH2

side-chain protons of the seven Arg and those of the two Lys.
Sequential connectivities were obtained through the analysis

of the short distances between theAN, βN and NN protons of
adjacent amino acids observed in two-dimensional NOESY
spectra (Fig. 5). Knowing from the CD experiments that the
molecule has a substantial helical content in the trifluoroethanol/
H2O mixture, the interactions between sequential residues were
more likely than the interactions between residues far apart in
the sequence. This assumption was used for the sequential as-
signment as well as for completing the spin-system identifica-
tion, mainly from theAβ(i,i 13) interactions (Fig. 6 ; Table 2).
The presence of anAH-δH(i,i 11) NOE for the two Xaa-Pro
dipeptide sequences suggests a high proportion oftrans confor-
mations.

The identification of secondary structures was performed
through an analysis of patterns of NOE cross-peaks (Fig. 6). No
long-range NOE indicative of a tertiary structure was identified.
NN(i,i 11) connectivities of various intensities were observed
all along the sequence between Arg3 and Gly38, except around
the proline residues and for the Ile102Asp11, Gln182Gly20,
Arg232Gly25, Ile282Leu30 and Ala342Arg35 segments due
to overlap with diagonal peaks. For most of the residues, the
intensity of theAN(i,i) NOEs cross-peak was greater than that
of the AN(i,i 1 1) cross-peak. The NN(i,i 11) cross peaks were
more intense than theAN(i,i 11) cross-peaks in the Arg52
Arg23 region and were associated with a considerable number
of Aβ(i,i 13) andAN(i,i 13) NOE cross-peaks together with a
few of NN(i,i 1 3) type. Contrastingly, in the C-terminal region,
fragment 27238, the NN(i,i 11) cross-peaks were often weaker
than those of the N-terminal region and only two medium range
NOEs (i,i 1 3/i 1 4) were observed between residues Ile 28 and
Val31/Gly32. Based on the NOE patterns obtained, that is (a)
the intensities of NN(i,i 11) cross-peaks, (b) the low value for
theAN(i,i 11)/AN(i,i) ratio and (c) the large number of medium
range NOEsAβ(i,i 13) and AN(i,i 1 3) at residues 6224 and
27232,A-helical conformations are proposed for these two frag-
ments. OneAN(i,i 12) and two NN(i,i 12) connectivities char-
acteristic of 310-helix were also identified in the Asp112Val13,
Arg92Asp11 and Ile172Gln19 regions.

The presence of the two helices was confirmed by the small
values of the3JNHA coupling constants (J,6 Hz obtained for
most residues in these regions except for Val13; Fig. 6). How-
ever, the linewidth of the amide proton is such that direct mea-
surements of3JNHA coupling constants in the purged COSY ex-
periment were overestimated and19 coupling constant values
were extracted from the NOESY spectrum using the INFIT pro-
gram, while11 small values (J,6 Hz) were measured directly.
These values are in agreement with the secondary structures pro-
posed above, with the exception of Val13 which has a3JNHA cou-
pling constant greater than 6 Hz. It should be noted that in the
C-terminal part, with the exception of Ala34 and Arg35, theJ
values near 7 Hz are compatible with a random-coil structure
(Fig. 6).

TheAH proton chemical shifts are strongly dependent on the
nature of the protein secondary structure [30, 40] ; an upfield
shift with respect to the random-coil value is observed for resi-
dues inA helices, while a downfield shift appears for residues
in β strands. Although these values are extracted from hexapep-
tide data obtained in water, the random coil HA values are insen-
sitive to the presence of trifluoroethanol up to 30%
(60.02 ppm) [41]. At higher trifluoroethanol concentrations,
40% [42] or 50% [43], the conformational shifts are in
agreement with information on structural data obtained either
from other NMR parameters or from CD measurements. The
AH secondary shifts for the majority of the Shiva-3 residues are
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Fig. 6. Summary of 1H-1H NOE connectivities obtained for Shiva-3 in 40% trifluoroethanol (by vol.) at 25°C from spectra recorded with a
mixing time of 200 ms.For the two first lines, the large (respectively fine) lines represent NOEs which correspond to distance smaller (respectively
greater) than 0.33 nm. Residues where3JNHA is lower than 5 Hz are represented by filled circle and by open circle for 5 Hz, 3JNHA.6 Hz. Chemical
shift index above20.2 ppm are indicated with a thick line while chemical shift index between20.2 ppm and 0 ppm are indicated with a thin line.

Table 2. Chemical shift 1H of Shiva-3 in 40% trifluoroethanol by vol., pH = 5, 25°C. n.d., not determined.

Residue NH AH2A′H βH2β′H γH2γ′H δH2δ′H Others

Met1 n.d. 4.31 2.09 2.58 n.d.
Pro2 4.46 2.24/1.69 1.98 3.7523.56
Arg3 8.255 4.09 1.73 1.59/1.52 3.125 NH 7.1126.6
Tyr4 7.704 4.32 3.03 2,6 7.055

3,5 6.81
Arg5 7.79 3.97 1.7721.62 1.55
Leu6 7.53 4.12 1.62 1.50 0.8620.79 n.d.
Phe7 7.89 4.32 3.1623.08 2,6 7.14

3,5 7.25
4 7.21

Arg8 8.035 4.056 1.8421.69 1.56 3.15 NH 7.28
Arg9 7.81 4.11 1.9521.98 1.73 3.14 NH 7.22
Ile10 8.124 3.74 1.84 1.61/1.12/.88 0.77
Asp11 8.165 4.33 2.605
Arg12 7.77 4.03 1.98 1.7321.68 3.17 NH 7.2426.6
Val13 8.19 3.72 2.12 120.91
Gly14 8.405 3.94/3.72
Lys15 7.895 3.99 1.9121.83 1.38 1.61 εCH2 2.95
Gln16 7.985 4.05 2.2722.16 2.4722.36
Ile17 8.36 3.78 1.92 1.75/1.07/.86 0.78
Lys18 8.1 3.91 1.8521.58 1.345 1.625 εCH2 2.875
Gln19 8.045 3.996 2.09 2.5122.32
Gly20 7.987 3.86
Ile21 8.10 3.79 1.92 1.68/1.08/.85 0.78
Leu22 8.01 4.10 1.80 1.50 0.85
Arg23 7.83 4.16 1.8721.75 1.64 3.15 NH 7.1626.61
Ala24 7.89 4.32 1.425
Gly25 7.865 4.1323.92
Pro26 4.32 2.2521.91 1.98 3.7523.56
Ala27 7.84 4.12 1.395
Ile28 7.64 3.92 1.845 1.46/1.21/.88 0.82
Ala29 7.66 4.14 1.372
Leu30 7.69 4.26 1.7621.56 1.625 0.8620.80
Val31 7.63 4.01 2.14 0.9320.89
Gly32 7.987 3.86
Asp33 7.86 4.62 2.7622.61
Ala34 8.155 4.16 1.39
Arg35 8.145 4.195 1.8421.77 1.64 3.1823.12 NH 7.54
Ala36 7.855 4.275 1.395
Val37 7.56 4.13 2.10 0.88
Gly38 7.64 3.73

indicative of A-helix formation. On the basis of the magnitude
of the HA conformational-dependent secondary shifts [44], and
setting a threshold at 0.2 ppm, two helices were found extending
over Arg32Arg23 and at Ala272Ala29. The smaller values of

induced shifts, obtained for residues14 and 20, were associated
with the presence of glycine residues (Fig. 6).

Shiva-3 peptide can adopt anA-helix conformation from resi-
dues 6224 and 27232. However, in the helical regions, the val-
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Fig. 7. Superposition (residues 3−19) of the 20 structures of Shiva-3 calculated using DYANA.The figures were obtained with the program
Molmol [56].

Fig. 8. NH-HR region of TOCSY spectrum at pH = 5, 45°C, 200 mM SDS.

ues of 3JNHA coupling constants, although small (,6 Hz), are
often greater than the expected theoretical value of 4 Hz [32],
suggesting an equilibrium state between a helical and a more
random structure. Thus, the relative stability of the helical frag-
ments was probed through measurement of the exchange rates
of amide protons with D2O. At 25°C and pH 5, all amide pro-
tons were exchanged with deuterium within five minutes, em-
phasizing the weak stability of the Shiva-3 secondary structure.

Three-dimensional structure in trifluoroethanol/water mix-
tures. Despite the paucity of the NMR data, molecular model-
ling of the structure was performed. The overall representation
of the Shiva-3 structure together with backbone atoms superpo-
sition of the 20 best calculated structures is shown (Fig. 7). As
expected from the number of available restraints, the calculated
structures did not converge in the C-terminal part where no regu-
lar secondary structure could be defined. However, the N-termi-
nal region represents a net helicoidal structure with a global

rmsd value calculated for the backbone atoms between residues
3 and19 of the 20 best calculated structures of 60624 pm. For
these structures, the sum violation did not exceed180 pm for
distance restraints,140 pm for Van der Waals’ restraints and 9.1°
for angle restraints. A total of 92% of the residues in these struc-
tures appeared in the allowed regions of Ramachandran plot.

The structure contains a long helix spanning residues 5219,
with a kink around position10 separating the first part of the
structure, forming a 310-helix from the A helix extending over
residues10216 and followed by a less defined helical structure
that can extend up to residues 22/23 (as seen in eight of analyzed
structures). Gly at position 20 appears to destabilizes the struc-
ture, leading to a smaller number of constraints in this region.
An additional helix in the region at residues 27232 appeared in
seven of the best analysed structures. Several hydrogen bonds
appeared persistently (at least 90%) in the calculated structures,
corresponding to HN-O pairs of atoms at residues 6-3, 8-6,
13-9, 15-12, 16-12, 17-13, 18-15 and19-16.
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Table 3. Chemical shift 1H of Shiva-3 in 0.2 M SDS, pH = 5, 45°C. n.d., not determined. Bold-face residues, unambiguous assignments.

Residue NH AH2A′H βH2β′H γH2γ′H δH2δ′H Others

Met1 n.d. 4.52 2.25 2.74 n.d.
Pro2 n.d. 2.4222.03 2.1322.03 3.7523.65
Arg3 n.d. 4.18 1.9821.78 n.d.
Tyr4 7.76 4.51 3.122.96 2,6 7.11

3,5 6.82
Arg5 n.d. 4.08 1.9721.91 1.7221.52 n.d.
Leu6 7.81 4.08 1.8121.60 1.50 0.9020.80
Phe7 7.88 4.34 3.22 2,6 7.14

3,5 7.19
4 n.d.

Arg8 n.d. 4.16 1.9821.9 1.78 n.d.
Arg9 n.d. 4.22 1.99 1.62 n.d.
Ile10 7.92 3.83 2.04 1.6821.2720.93 0.86
Asp11 8.42 4.45 2.9422.84
Arg12 n.d. 4.15 2.04 3.27 n.d.
Val13 8.00 3.98 2.255 1.121.00
Gly14 8.58 3.86/3.74
Lys15 8.10 4.11 1.91 1.70 1.50 εCH2 3.05
Gln16 7.91 4.24 2.3022.18 2.50
Ile17 8.28 3.87 2.03 n.d. 0.94
Lys18 8.23 3.95 2.0421.92 1.5221.46 1.77 εCH2 3.02
Gln19 7.92 4.13 2.20 2.52
Gly20 n.d. n.d.
Ile21 8.21 3.86 2.03 1.7321.19
Leu22 7.86 4.13 1.72 1.48 0.96
Arg23 n.d. 4.27 1.82 1.62 n.d.
Ala24 7.96 4.32 1.49
Gly25 8.04 4.2023.95
Pro26 4.41 2.4222.03 2.1321.92 3.7823.69
Ala27 7.81 4.23 1.52
Ile28 7.56 4.16 n.d. n.d. 1.0821.01
Ala29 7.92 4.20 1.48
Leu30 7.675 4.24 1.9321.86 1.7 0.9820.94
Val31 7.75 3.83 2.26 1.1020.98
Gly32 8.16 3.9823.92
Asp33 8.12 4.66 3.0022.90
Ala34 8.02 4.27 1.54
Arg35 7.86 4.27 1.9821.84 1.7421.65 3.22 n.d.
Ala36 7.80 4.38 1.46
Val37 7.76 4.20 2.18 1.00
Gly38 7.93 3.87

NMR experiments and secondary structure with 0.2 M SDS.
As in trifluoroethanol/H2O mixture, the CD spectra in the SDS
micelles revealed global characteristics of anA-helical secondary
structure. The same methodology as described above was used
for proton-resonance assignment, however the lack of informa-
tion for scalar coupling from the TOCSY experiments led to
incomplete identification of the spin systems (Fig. 8). Only spin
systems corresponding to Val, Ala, Gly, the residues located in
the C-terminal part, were easily identified. The spin system iden-
tification was completed through analysis of the NOESY experi-
ments using the known assignments in trifluoroethanol/H2O.
Where possible, the sequence specific assignments were verified
using the few unambiguous inter-residue cross-peaks in the two-
dimensional NOESY. Finally, 75% of the backbone proton reso-
nances were assigned unambiguously (Table 3). With the excep-
tion of Arg35, all of the Arg AH resonances were assigned
through comparison with assignments obtained in trifluoroetha-
nol. Only six of the seven arginine amide protons, the HA of
Pro2 and the whole spin system of Gly20 remained unassigned.
Interestingly, spin systems not identified mainly corresponded
to Arg residues, the positively charged residues. Assuming an
electrostatic interaction with the micelles, the difficulties in

identifying these residues could be caused by restricted motions
[45]. Spin systems corresponding to the C-terminal part of
Shiva-3 appeared more intense in the TOCSY experiment as a
result of smaller linewidth (an average of13 Hz for amide pro-
tons) as compared to the resonances in the N-terminal part (an
average of18 Hz for amide protons). Considering that the chem-
ical shift index for theAH resonances indicates the presence of
a helix from residues 5 to 22 [30], whereas the C-terminal part
is in a random-coil conformation, the3JNH-HA coupling constant
should be smaller in the N-terminal region than in the C-terminal
region. Consequently, the average linewidth for amide protons
measured in the C-terminal part were overestimated. Qualita-
tively, the N-terminal part of Shiva-3 appears to be characterized
by a largerτc than that of the C-terminal part, suggesting that
the C-terminus is more flexible than the N-terminal.

DISCUSSION

Based on previous work carried out on cecropin and antibac-
terial peptides [8210, 12, 14] the structure of Shiva-3 was
probed in membrane-mimetic environments such as trifluoro-
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ethanol, SDS and dodecylβ-D-maltoside. Water/alcohol mix-
tures are usually considered to approximate closely the dielectric
constant of protein interiors and it has been suggested that a
trifluoroethanol-enhancedA helicity is indicative of an overall
A-helical propensity [46], leaving untouched those flexible parts
of the peptide that have no preference forA helices. In fact, it
would appear that addition of the trifluoroethanol to water stabi-
lizes the helix only in the peptide regions forming a ‘nascent
helix’ in water [47] that is, the helix structure within the context
of existing helix/coil equilibrium [48]. There is a reasonable cor-
relation between the trifluoroethanol-induced helicity and the
helicity predicted on the amino acid sequence basis. Although
the structure prediction for Shiva-3 peptide using the AGADIR
program indicatedA-helical structures nearly all along the chain
with a higher tendency for the fragment 21231 located in the
C-terminal part of the molecule [49], no clear presence of sec-
ondary structure was found in aqueous buffer at 25°C. Only
sparse NH-NH dipolar interactions at lower temperature, namely
at 4°C, were observed, suggesting some structural organization
of the peptide. Thus, the Shiva-3 conformation was determined
in a mixture of trifluoroethanol and H2O.

The major problem faced when working in this solvent envi-
ronment was the proton linewidth, which initially suggested an
aggregation state of the molecule. The concentration effects on
the CD spectra and on proton chemical shifts studies permitted
the possibility of aggregation to be ruled out. It has been shown
recently that, although many naturally occurring antibiotic pep-
tides contain one or more features characteristic of coiled-coils,
none of them met all the criteria required for the prediction of
coiled-coil conformations [50], indicating that these peptides
probably cannot aggregate as coiled-coils. The linewidth
increase in the presence of trifluoroethanol might be simply re-
lated to the viscosity properties of the trifluoroethanol/water
mixture itself. Indeed, the viscosity of the solvent increased by
a factor of two in the presence of only15% trifluoroethanol
[51].

Although the Shiva-3 peptide formsA-helical structures in
the trifluoroethanol/water mixture, it does not exist as a single
conformation since the3JNH-HA represent averaged values of con-
formational ensembles and, therefore, the structure presented
here can be regarded as one of the highly populated conforma-
tional states in solution. From CD experiments, theA-helix
content reached the same level in trifluoroethanol and SDS, that
is 30240%. Taking into account the relative stability of the heli-
coidal regions defined from the NMR experiments and based
on the frequency of occurence of these helices in the different
structures generated, 37%A-helical structure is found.

On the basis of the NMR data and of the structure calcula-
tion described here, it could be interpreted that Shiva-3 contains
two helices, one amphiphilic (helix I) and one more hydrophobic
(helix II). Helix I extends over residues 5224 with a more stable
part in fragment 5219, and helix II extends over residues 272
32. The importance of amphiphilic helices has been recognized
in a number of antibacterial and lytic peptides. For cecropins
and magainins, this helicoidal geometry is considered to be the
key factor for the formation of the transmembrane pores which
lead to cell lysis. For cecropin B and for Shiva-1, the predicted
site for lethal action of the peptide is the cytoplasmic membrane
[10, 52]. The mechanism proposed for cecropins involves the
initial binding of the peptide through electrostatic attraction.
Two helices were described for cecropin A, one encompassing
residues 5221 (helix I) and one encompassing residues 25237
(helix II) [9]. It has been suggested that the primary anchor site
for cecropin A on the membrane is provided by an aromatic
residue (W or F) at position 2, which serves to bring the rest of
the peptide into sufficiently close contact with the membrane for

the helix formation to occur [14]. Then, the electrostatic interac-
tion of the negatively charged membrane with the positively
charged N-terminal stabilizes the conformation of the N-termi-
nal helix (helix I). The main hydrophobic portion of helix II
(residues 25233) serves to further strengthen the interaction of
cecropin A with the membrane thereby stabilizing the formation
of helix I. It has been suggested that the major lytic activity of
cecropin A resides in the amphipathic helix I. Similar to
cecropin A, the length of helix I of Shiva-3 is approximately
3 nm, that is similar to the thickness of the hydrophobic core of
a phospholipid membrane, suggesting that helix I might pene-
trate into the bacterial membrane [53].

Once the peptide is structured, it can then rearrange itself in
the membrane and two models have been proposed to explain
the biological activity of cecropins. In the first model, developed
from experimental data and physico-chemical principles,
cecropin peptides form transmembrane pores [10212]. In the
second model, cecropin adopts an orientation parallel to the
membrane surface and does not insert itself into the bilayer. A
‘carpet-like’ mechanism is proposed in which a layer of peptide
monomers on the membrane surface destabilizes the phospho-
lipid packing of the membrane, leading to its eventual disruption
[14]. Solid-state15N-NMR experiments of specifically labeled
magainin in oriented bilayers have shown that the peptide adopts
anA-helix structure that is immobilized via interactions with the
phospholipids and is oriented parallel to the membrane surface
[54].

The fact that in trifluoroethanol and SDS the C-terminal part
of Shiva-3 is not stabilized is in favor of the ‘carpet-like’ model.
Furthermore, the linewidth effect would suggest that the C-ter-
minus exhibits faster motion in the presence of micelles than the
N-terminal part, while the Arg side chains displayed reduced
flexibility. Thus, the antimicrobial activity of the peptide might
be correlated with its N-terminal region. This possibility is rein-
forced by the results obtained with the Shiva-3-cleaved peptides.
The peptide corresponding to the N-terminal segment (residues
1215) has the same effect as Shiva-3 itself. However, this is not
exclusive to the N-terminal segment of Shiva-3, since the C-
terminal segment also has a similar toxic effect. A plausible
mechanism of action for Shiva-3 on theP. bergheidevelopment,
according to the results reported here, is that these peptides
might possibly form a ‘carpet-like’ complex with the biological
membranes, disrupting their normal function, as originally sug-
gested by Gazit et al. [14].

Another interesting observation (Table1) is the lytic activity
of short fragments generated by tryptic hydrolysis. The tripep-
tide Gln-Ile-Lys, produced by endopeptidase lysine-C, has a
clear amphiphilic character, with the hydrophobic tail of Ile and
the highly hydrophilic moiety of the C-terminal Lys residue.
This property could well simulate the effect of a possible de-
tergent on the biological membranes. This was reinforced by the
fact that another control tripeptide (made of Gly residues), which
does not have hydrophobic and hydrophilic moieties is not toxic,
even at high concentrations (100 µM). Most of the remaining
peptides (Fig. 2) also have a highly hydrophilic region composed
of charged residues (Lys and Arg) at the C-terminal part and a
hydrophobic N-terminal amino acid, such as Val, Ala or Leu. It
has been previously shown for antimicrobial peptides that, in
addition to amphipathy, the juxtaposition of positive charges
may play a significant role in the biological effect and that the
formation of anA helix was not required [55]. This would be in
agreement with the observation that the Shiva-3 positively
charged residues have restricted motion in the presence of mi-
celles. Thus, the mechanism of action of the fragments generated
by enzymatic hydrolysis could well be non specific, because
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they somehow mimic detergent-like compounds. This possibility
still remains to be experimentally demonstrated.

The structural information reported here provide insight for
designing possible structural modifications of Shiva-3, in order
to assess the features of the molecule, that could explain their
lytic effects. At least three chemical modifications are planned
for the production of rationally designed analogs of Shiva-3. The
stability of the helix-I C-terminus can be enhanced by substitut-
ing Gln19 by Asp by homology with cecropin A for which the
helix extends to residue 24 (Shiva-3 numbering). Similarly, the
substitution of Gly20 for Pro would shorten helix I but also
enhance its stability. Helix II, which was found to be very
weakly stabilized despite a high degree of identity for the resi-
dues with cecropin A [9], could be stabilized by substituting
Asp33 by Gln and probably also Arg35 by Thr. If the role of
helix II is demonstrated, the last possibility would involve intro-
duction of Cys residues at appropriate locations to maintain a
fixed angle between helices I and II similar to the angle formed
between cecropin A helices (70° to 100°). What would happen
in terms of structure if these modifications are introduced and
what would be its effect on its biological activity? Would the
mutated analogs be more efficient for killingPlasmodiumor
more resistent to enzymatic hydrolysis? These questions can
now be addressed and, certainly, will add to a better understand-
ing of the lytic effect of Shiva-3.
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