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Abstract The phytopathogen Pseudomonas syringae pv.
syringae produces toxic cyclic lipodepsipeptides (CLPs):
nona-peptides and syringopeptins. All CLPs inhibit the
growth of many fungal species, including human patho-
gens, although diVerent fungi display diVerent degrees of
sensitivity. The best studied CLPs are Syringomycin-E
(SR-E), Syringotoxin-B (ST-B) and Syringopeptin-25A
(SP-25A). Their biological activity is aVected by membrane
composition and their structural diVerences. We previously
(Matyus et al. in Eur Biophys J 35:459–467, 2006) reported
the molecular features and structural preferences of SR-E in
water and octane environments. Here we investigate in
atomic detail the molecular features of the two other main
CLP components, ST-B and SP-25A, in water and octane
by 200 ns molecular dynamics simulations (MD), using
distance restraints derived from NMR NOE data (Ballio
et al. in Eur J Biochem 234:747–758, 1995). We have
obtained three-dimensional models of ST-B and SP-25A
CLPs in diVerent environments. These models can now be
used as a basis to investigate the interactions of ST-B and
SP-25A with lipid membranes an important further step

towards a better understanding of the antifungal and anti-
bacterial activity of these peptides.

Keywords Antifungal peptides · Lipid bilayers · 
Molecular dynamics

Introduction

Pseudomonas syringae pv. syringae produces two groups
of cyclic lipodepsipeptides (CLPs): the nonapeptides:
Syringomycins (SRs) (Segre et al. 1989), Syringostatins
(Fukuchi et al. 1991, 1992; Isogai et al. 1990), and syringo-
toxins (STs) (Ballio et al. 1990), and the more complex
syringopeptins (SPs) (Ballio et al. 1991). They inhibit the
growth of many fungal species with diVerent degrees of
eYciency (Sorensen et al. 1996) and have phytotoxic
(Gross and Devay 1977) (Iacobellis et al. 1992) and antimi-
crobial eVects (Lavermicocca et al. 1997). Syringopeptins
have an antimicrobial spectrum of activity distinct from
that of nonapeptides (Bender et al. 1999) and have stronger
phytotoxic activity than the nonapeptides. This diVerent
antimicrobial-, hemolytic- and plant pathogenic activity
might be explained by the diVerent structures of these tox-
ins, in particular the number of charges and the hydropho-
bicity of the diVerent CLPs (Szabo et al. 2002). Their
primary biological target is the plasma membrane (Dalla
Serra et al. 1999a, b). The SPs have the highest pore-form-
ing activity due to their high percentage of hydrophobic
amino acids, while SRs are less active and STs have the
lowest activity.

The chemical structures of the two lipodepsipeptides
STs and SPs show deWnite diVerences. The primary
structures of two prominent members of CLPs (ST-B and
SP-25A) have been elucidated using NMR and mass
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spectroscopy and the absolute conWgurations at the chiral
C� atoms are known (Ballio et al. 1990, 1994). ST-B con-
sists of a cyclic nonapeptide head, which contains four
uncommon amino acids (Dab2: 2,4-diaminobutanoic acid,
Dhb7: 2,3-dehydro-2-aminobutyric acid, (3-OH)Asp8: 3-
hydroxy-aspartic acid, (4-Cl)Thr9: 4-chlorothreonone),
closed by a lactone formed between the hydroxyl group of
the Ser1 side chain and the carboxylate group of (4-
Cl)Thr9. One hydrophobic 3-hydroxytetradecanoic fatty
acid tail is linked via an amide bond to the Ser1 amino
group (Fig. 1). The net charge of ST-B is +1.

SP-25A contains 25 amino acids (Ballio et al. 1991).
Eight of them (from 18 to 25) form a lactone ring via an
esther bond between the hydroxyl group of allothreonine
(Thr18) and the C-terminal tyrosine (Tyr25) residue. The
N-terminal uncommon amino acid 2,3-dehydro-2-aminobu-
tyric acid (Dhb1) is acylated by 3-hydroxydecanoic acid
(R) (Fig. 2). The net charge of SP-25A is +2.

The conformation of SP-25A obtained by computer sim-
ulation in vacuo, using experimental NOE data, includes
three diVerent structural regions: a loop from 2 to 6, a left-
handed helicoidal zone from 8 to 15, and the lactone ring
from residues 18 to 25 (Ballio et al. 1995). In the Wrst
region two turns (one inverse �-turn and one type II �-turn)
are detected which are stabilized by hydrogen bonds (H-
bond). The helicoidal zone is stabilized by three i · i + 4 H-
bonds; a putative fourth one (between Ala9 and Ala13) is
not detected. The two turns of the lactone ring give a struc-

ture similar to that found in the structure of ST-B (Ballio
et al. 1995). These turns are stabilized by three H-bonds
involving the i · i + 3 residues. The fatty chain is not
involved in any of the structured region. It is Xexible,
despite the presence of the hydrogen bond between the OH
of the fatty acid chain and the NH of Dhb1.

The present paper describes the structure and conforma-
tional Xexibility of ST-B and SP-25A lipodepsipeptides in
hydrophilic and hydrophobic environments during 200 ns
molecular dynamics (MD) simulations. The MD simula-
tions in water and octane environments predict structural
preferences of both peptides, in particular, the importance
of side-chain interactions in determining peptide structure.
We also compared the SP-25A structure in vacuo, water
and octane environments, taking into account available
experimental information from Ballio et al. (1991, 1990,
1995).

We highlight the conformational similarity of nonapep-
tides and syringopeptin. The resulting structures will be
used in future simulations of the interactions between CLPs
and lipid bilayers in order to understand their pore forming
mechanism.

Material and methods

Initial models of ST-B and SP-25A were created using
InsightII (Accelrys), based on the experimental chemical
structure and stereo chemistry (Ballio et al. 1990, 1991).
The starting structure of the CLPs are arbitrary extended
conformations which were solvated in a periodic cubic box
(4.2 nm £ 4.2 nm £ 4.2 nm for ST-B, 5 £ 5 £ 5 for SP-
25A) large enough to contain the peptide and 0.75 nm of
solvent on all sides with either SPC water (Berendsen et al.
1981); or octane. The net charge on the ST peptide was +1,
the net charge of the SP-25A was +2; the systems do not
contain ions. The parameters of the uncommon 2,3-dehy-
dro-aminobutyric acid (Dhb), and atoms (involved in the
lactone bond) undeWned in the force Weld were developed
in our previous work (Matyus et al. 2006). Force constants
for bonds and angles were taken from similar groups in the
force Weld. Because bond lengths were constrained in the
production runs their force constants are not critical. For a
few atoms we estimated charges by comparison with the
charges elsewhere in the force Weld for consistency.

Each system was energy minimized in 200 steps using the
steepest descent algorithm. In all simulations, the tempera-
ture was 300 K and the pressure 1 bar, using the weak cou-
pling method with �T = 0.1 ps and �P = 1 ps, respectively.
The minimized ST-B and SP-25A models were simulated in
water (W-ST, W-SP, resW-SP) and octane (O-ST, O-SP) for
200 ns, except O-SP was simulated for 100 ns. In resW-SP
82 short-range and 9 long-ranged NMR NOEs restraints

Fig. 1 The chemical structure of ST-B (R 3-hydroxy-dodecanoic fatty
acid; Dab 2,4-diaminobutanoic acid; Dhb 2,3-dehydro-2-aminobutyric
acid, (3-OH)Asp 3-hydroxy-aspartic acid, (4-Cl)Thr 4-chloro-threo-
nine acid). Figure reproduced from (Szabo et al. 2004)

Fig. 2 The chemical structure of SP-25A (R 3-hydroxydecanoic acid;
Dhb 2, 3-dehydro-2-aminobutyric acid; Dab 2,4-diaminobutanoic ac-
id). Figure reproduced from (Szabo et al. 2004)
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were applied (Ballio et al. 1995), while in the W-SP, W-ST,
O-SP and O-ST simulations no restraints were applied. Dis-
tances were restrained by adding a non-physical term to the
potential function when the distance between speciWed pairs
of atoms exceeds the experimentally determined distance.
The potential form for distance restraints was quadratic
between two speciWed upper bounds and linear beyond the
largest bound (s = 0.25 + 0.05 nm, m/s = 0.3 + 0.05,
m = 0.35 + 0.05, m/w = 0.38 + 0.05 nm, w = 0.4 + 0.05 nm).
All simulations and the analyses of the resulting trajectories
were done with the GROMACS-3.2.1. software package
(Lindahl et al. 2001; van Maaren and van der Spoel 2001).
For the unrestrained simulations the GROMACS Vgmx
force-Weld and for the restrained simulation the GROMACS
Vgmx2 force-Weld was used (Berendsen et al. 1995). The lat-
ter has the same parameters as Vgmx but includes explicit
hydrogen sites for NOE restraints. Bonds were constrained
using LINCS for the peptide (Hess et al. 1997) and SETTLE
for water (Miyamoto and Kollman 1992). Electrostatic and
Lennard–Jones interactions were calculated using a twin-
range cut-oV of 0.8/1.4 nm. Interactions within the short-
range cut-oV were updated every time step (2 fs), whereas
interactions within the long-range cut-oV were updated every
ten steps together with the pair list. All atoms were given an
initial random velocity obtained from a Maxwellian distribu-
tion at the desired initial temperature. Cluster analyses were
carried out using the GROMOS clustering algorithm as
described in Daura et al. (1999) with a cut-oV of 0.3 nm. A
maximum distance of 0.3 nm between hydrogen and accep-
tor and a cut-oV angle of 60° between donor-hydrogen-
acceptor were used as hydrogen bond criteria. The interpro-
ton distances were calculated for each trajectory separately
using <r¡6>¡1/6 averaging. A cut-oV value of 0.4 nm
between charged groups was used to deWne salt bridges.

Results

Figure 3 shows the root mean square deviation (RMSD) of
the backbone and the whole peptide with respect to the

starting structure as function of time for all Wve simulations
(W-ST, O-ST, W-SP, resW-SP, O-SP). The backbone
RMSD of both ST systems increases initially from the start-
ing model, and then Xuctuates around 0.24 nm during the
entire trajectories, reXecting the rigidity of the ST back-
bone. The higher Xuctuation of the whole peptide RMSD
around 0.55 nm for W-ST and O-ST is due to side chain
Xexibility. The MD simulation of SP-25A started from a
fully extended chain conWguration. The RMSD of W-SP
quickly rises at 0.75 nm during 25 ns as the peptide rapidly
coils. The restrained system reaches the coiled structure
sooner and the RMSD value levels oV at 0.4 nm. The
RMSD values are higher in octane solvent than in water
system, from the same starting structure, with a rapid initial
rise to 1.4 nm. In the second half of the trajectory its value
decreases from 1.7 to 1.5 nm. This modiWcation is due to
conformational changes of the loop (residues from Pro2 to
Val6) and of the lactone ring (data not shown).

The radius of gyration Rg, a measure of the compactness
averaged over whole trajectory, of the peptide backbone is
»0.4 nm for both W-ST and O-ST, and »0.7 nm for W-SP,
resW-SP and O-SP (Fig. 4). The SP-25A backbone is more
compact in resW-SP than in the W-SP because about half
of the distance restraints (short-range NMR NOE) imposed
in the resW-SP simulation involve the amino acid back-
bone.

To identify the structures corresponding to the diVerent
RMSD levels and to identify the structural diVerences cor-
responding to the diVerent radii of gyration in water and
octane we used cluster analysis; structures from our 200 ns
trajectories were clustered into related conformations based
on the whole peptide RMSD. Figure 5 shows the dominant
structures for each of the simulations.

Two ensembles of structures characterize the W-ST tra-
jectory. The A and B conformers (Fig. 5A, B) are the cen-
tral structures from the Wrst and second largest clusters,
with a population of 60 and 17%, respectively. The most
signiWcant diVerence between the two most populated con-
formers is the position of the alkyl chain, which is elon-
gated next to the backbone in the B conformer and folded

Fig. 3 Backbone and whole 
peptide root mean square 
deviation (RMSD) of ST-B and 
SP-25A over the 200 ns MD 
simulation relative to the starting 
structure
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towards the peptide backbone in the A conformer. The resi-
dues from Orn5 to Asp8 are involved in a type III �-turn
(Gao et al. 2002) in both conformers (with �6 = ¡71°,
�6 = ¡58°; �7 = ¡70°, �7 = ¡63°; �6 = ¡75°, �6 = ¡58°;
�7 = ¡58°, �7 = ¡50°, respectively), which is stabilized by
a hydrogen bond in both clusters between the Asp8 car-
boxyl oxygen and the Orn5 amino hydrogen. The side
chains of these two amino acids are not involved in salt
bridge formation with one another. The Asp8 side chain
approaches the Dab2 side chain and forms a salt bridge
with it in the B conformer.

Two conformations characterize the ST-B structure in
octane. Figure 5C, D shows the central structures of the

most populated clusters (cluster C, 95% of total population,
and cluster D, 4.5% of total population). In the O-ST the
lactone ring is stabilized by the same hydrogen bond
between Orn5 and Asp8 as observed in W-ST, and Asp8
forms a salt bridge with Dab2 throughout the trajectory. In
the D conformer the hydroxyl group of Asp8 is involved in
a second hydrogen bond with the amino group of Dab2.
This conformer is stabilized by a third hydrogen bond
between the hydroxyl group of Ser4 and the carbonyl group
of Thr9. The residues from Orn5 to Asp8 are not involved
in any known �-turn. A �-turn is present, involving Thr6
and Asp8 in both conformers with �7 = 69°, �7 = ¡82° and
�7 = ¡65°, �7 = ¡55°, respectively.

Fig. 4 Radius of gyration of 
ST-B and SP-25A in a 200 ns 
MD simulation relative to the 
starting structure

Fig. 5 A, B The central structures of the major clusters of ST-B con-
formations in the W-ST simulation; C, D the central structures of the
major clusters of ST-B conformations in the O-ST simulation; E, F the

central structures of the major clusters of SP-25A conformations in the
resW-SP simulation; G, H, I the central structures of the major clusters
of SP-25A in the O-SP simulation
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A detailed description of the mobility of the lactone ring
in W-ST and O-ST can be obtained by calculating the root
mean square Xuctuation (RMSF) of the atomic position of
the respective residues. The Xexibility proWle of residues
from Dab2 to Ser4 is signiWcantly diVerent in hydrophobic
and hydrophilic environments due to hydrogen bonding and
the salt bridge between the side chains of Dab2 and Asp8.
In addition, the hydroxyl group of Ser4 forms a H-bond
with the carbonyl group of the Thr9 in the hydrophobic
environment which is not detected in the hydrophobic envi-
ronment. The relative rigidity of Asp8 is due to the pres-
ence of a salt bridge with Dab2 and an H-bond with Orn5
and Dab2 in hydrophobic solvent (Fig. 6).

Thirty-Wve NOE violations >0.1 nm are found in the
starting structure of SP25A (Electronic supplementary
material Table 1). Averaging the distances over the last
100 ns of the resW-SP trajectory 20 violations are
observed. Thirteen violations are localized around lactone
ring closure in the starting structure, but after 100 ns MD
only seven violations are detected. The helicoidal zone con-
tains the highest number of violations after 100 ns MD,
because with eight violations (down from ten initially). No
violations are found in the loop. Three violations are found
in the alkyl chain in the starting structure, all of which dis-
appear during the MD simulation. Because of the better
agreement between the calculated and measured NOEs
after 200 ns than between the calculated and measured
NOEs of the starting structure, we assume that the long MD
simulations provide a substantially improved description of
the SP-25A structure and dynamics.

In water, the restrained SP-25A adopts two dominant
conformations with populations of 81% (conformer E) and
18% (conformer F). Conformer F is found between 120
and 150 ns; the conformer E is predominant in the remain-
ing parts of the trajectory (Fig. 5). The Wrst structured
region of SP-25A is considerably diVerent in the two con-
formers. The loop is characterized by a distorted �-turn
between Pro2 and Ala4 in the E conformer where the �3,
�3 values at the Val3 residue diVer appreciably from the

ideal values for the i + 1 residue, being 116°, -113° instead
of �3 = 75°, �3 = ¡64° (typical values for the type
�-turn).In the F conformer one distorted type II �-turn,
involving the Val3 to Val6 residues is detected with the
�4 = ¡61°, �4 = 125°, �5 = 104°, �5 = ¡92°. The type II
�-turn displays a strong Ha(4)-5N and a weak 4N-5N NOE,
where the corresponding distances are 0.21 and 0.44 nm
[0.22 and 0.45 are the theoretical values (Schuman et al.
2003)] (ESM Table 1). The two hydrogen bonds (between
Pro2 and Ala4; Val3 and Val6) predicted (Ballio et al.
1995) for this region occurred less than 50% of the whole
trajectory in the water environment. The backbone amide
NH of Val3 forms a hydrogen bond with the CO group of
Leu7, which characterizes the whole trajectory with 95%
occurrence in conformer E and 98% in conformer F.

The helicoidal region is characterized by two and three
hydrogen bonds in conformer E and F, respectively. One of
them is i · i + 4 type between the CO group of Ala8 and the
NH of Dhb12 in both conformers. Ala8 forms a second H-
bond with Val11 in both conformers. The third one
between CO of Ala13 and NH of Ala15 is found only in the
F conformer. All hydrogen bonds occur in more than 50%
of the trajectory. This region ends with a �-turn involving
the Ala15 and Dhb17 with �16 = 84, �16 = ¡146 in both
conformers. The NOEs characteristic of the �-turn are
shown in ESM Table 1.

For both clusters, the lactone ring of the central structure
is very similar to the starting structure (the RMSD of the lac-
tone ring central structure relative to the starting structure is
0.08 nm). Residues from Ala22 to Tyr25 are involved in a
distorted type II �-turn which is stabilized by one hydrogen
bond between OH of Tyr25 and NH of Ala22 in the E
conformer. The calculated NOEs characteristics of a type II
�-turn (for the whole trajectory) (ESM Table 1) correspond
to theoretical values (Schuman et al. 2003). Residues from
Ser19 to Ala22 form a distorted type II� �-turn stabilized by
a hydrogen bond but its occurrence is less than 50% of the
trajectory. However, the calculated NOEs characteristics
correspond to theoretical values (ESM Table 1).

The alkyl chain is not involved in any of the structured
regions. It is Xexible, despite the presence of hydrogen
bonds between the hydroxyl group of the second carbon of
the chain and the CO of Val6, and CO of the alkyl chain
and NH of Ala16 in the E conformer (Fig. 5). These two
hydrogen bonds are not found in conformer F, where the
alkyl chain is more elongated than in conformer E.

In octane, the SP-25A adopts three dominant conforma-
tions with populations of 36% (conformer G, 65–100 ns),
25% (conformer H, 10–33 ns) and 12% (conformer I, 43–
60 ns) (Fig. 5). The structures of these three conformers are
very diVerent.

The G conformer is stabilized by two hydrogen bonds
with occurrences higher than 50% of the whole trajectory.

Fig. 6 The root mean square Xuctuations of the side chains of ST in
water and octane solvents: 1–17 alkyl chain atoms; 18–24 Ser1; 25–35
Dab2; 36–40 Gly2; 41–49 Ser4; 50–61 Orn5; 62–70 Thr5; 71–78
Dhb7; 79–89 Asp8; 90–99 Thr9
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The hydroxyl group of the alkyl chain is involved in a
hydrogen bond with NH of Ala16. The second structured
region is characterized by one i · i + 4 hydrogen bond
between CO of Ala9 and NH of Ala13. Around Leu7, not
involved in the helicoidal region, loop, or lactone ring, a
�-turn is formed with �7 = 20°, �7 = ¡87. The second
region ends with an inverse �-turn involving Ala15 and
Dhb17 with �16 = ¡53°, �16 = 151°, and the characteristic
NOEs (ESM Table 1). In the lactone ring, the predicted
�-turn between Dab23 and Tyr25 is distorted (the �24 = 134°,
�24 = ¡132° values diVer from ideal values) which is evi-
dent in the calculated NOEs too. Between Ser19 to Ala22
residues one type-VIa2 �-turn is found.

Four hydrogen bonds and Wve turns characterize the H
conformer. The helicoidal zone is characterized by one
i · i + 4 hydrogen bond between NH of Ala15 and CO of
Val11. Another three interactions (CO Leu7 and NH Ser19;
CO Val13 and NH Val21; CO Dab24 and NH Ala4) con-
nect the lactone ring with the loop and helicoidal zones,
determining a diVerent molecular shape observed in con-
former G. The loop is involved in an inverse �-turn (Pro2
and Ala4) where the �3 = ¡126°, �3 = 73 for the i + 1 resi-
due and with characteristic NOEs (ESM Table 1); and a
distorted type VIa2 �-turn between residues from Val3 to
Val6. It ends with an inverse �-turn involving Val6 and
Ala8 with �7 = ¡55°, �7 = 95°. Residues from Dab23 to
Tyr25 are involved in a distorted �-turn (the Dab24 residue
diVers appreciably from the ideal values for the i + 1 resi-
due, being 134°, ¡132°). The last turn, type VIa1 �-turn, is
included in the third region from Ser19 to Ala22.

In conformer I the loop is characterized by a distorted
inverse �-turn between Pro2 and Ala4 where the �3 = ¡93°,
�3 = 125° for the Val3 residue and is stabilized by one
hydrogen bond between CO of Ala4 and NH of Val6. The
loop region ends with an inverse �-turn involving the Val6
and Ala8 with �7 = ¡78°, �7 = 71°; the helicoidal zone
ends with Ala15 and Dhb17 with �16 = ¡62°, �16 = 203°.
The third region is stabilized by a hydrogen bond between
CO of Ala 20 and NH of Dab24 and a type I �-turn is
detected between residues Ser19 to Ala22.

The alkyl chain is Xexible despite the presence of hydro-
gen bonds between the CO of the chain and NH of Thr18.

Discussion

It was shown in earlier studies that syringopeptins have
stronger phytotoxic activity than the nonapeptides (Laver-
micocca et al. 1997). SP-25A has the highest pore forming
activity, while SRE has less activity and ST-B has the
weakest activity on planar bilayers and red blood cells
(Agner et al. 2000a; Szabo et al. 2002). SR-E and ST-B
show temperature-dependent pore inactivation, but

SP-25A-pores did not inactivate (Agner et al. 2000b; Szabo
et al. 2002). To understand the distinct biological eVect of
ST-B and SP-25A on membranes a detailed knowledge of
their structures in diVerent environments is required. This
paper is focused on the structural features and preferences
of ST-B and SP-25A in octane and water as a step towards
understanding their membrane activity. We modeled ST-B
and SP-25A structure in solution by long (200 ns) molecu-
lar dynamics simulations with and without explicit incorpo-
ration of NOE-based distance restraints. Analyses of the
trajectories suggested two families of structures in all sys-
tems except O-SP in which three clusters were observed.

The most signiWcant diVerence found among the ST-B
conformers is the position of the alkyl chain, which is
folded across the peptide backbone in the A conformer,
while it is elongated along the backbone in the B and C
conformers, and folded towards to the peptide backbone in
the D conformer. The Orn5 amide group and the Asp8 car-
boxyl group form a hydrogen bond in the A conformer, a
salt bridge in the B conformer and both in C and D con-
formers. The amino acid residues from Orn5 to Asp8 are
involved in a type III �-turn in the A and B conformers, but
not in the C and D conformers.

In our previous paper we highlighted the structural
preferences of SR-E in hydrophobic and hydrophilic envi-
ronments, in particular the importance of side-chain inter-
actions in determining peptide stability (Matyus et al.
2006). Due to the similarities in the primary structure of
ST-B and SR-E they have some similar conformational
characteristics.

Both molecules have two dominant conformers, deter-
mined by the position of the alkyl chain both in hydropho-
bic and hydrophilic environments. The negatively charged
Asp residue stabilizes the backbone of SR-E and ST-B
molecules, forming hydrogen bonds and salt bridges. The
shape of the backbone conformation has been described as
the “seam of a tennis ball” and is in agreement with the
results of Ballio et al. (1994). Furthermore, all CO and the
side chains of polar groups (Dab2 and Orn5) are external to
the backbone. Vaillo and coworkers predicted the presence
of a �-turn in SR-E molecules by CD spectroscopy (Vaillo
et al. 1992) which was conWrmed by our simulations
(Matyus et al. 2006). They suggested that due to the pres-
ence of Dhb and Phe residues the lactone ring possesses a
turn which may be stabilized by the vicinal Asp residue.
Our simulations reveal that the Dhb7 residue of ST-B mole-
cule is also involved in a �-turn (water solvent) and a �-turn
(octane solvent) stabilized by hydrogen bonding of the Asp
residue. The �, � values at the Dhb7 residue diVer from the
ideal values because the Asp residue is deprotonated, form-
ing a salt bridge with one of the positively charged residues
(Dab2 residue). This would require a considerable degree
of conformational change in the peptide backbone (Vaillo
123
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et al. 1992). The Orn5 has a less important role in stabiliza-
tion compared to Arg in SR-E molecule however they have
+1 charge and same position in the lactone ring of both
molecules. The negatively charged Asp interacts favorably
with another positively charged residue (Dab2), whose
position is closer to Asp in ST-B than in SR-E.

The SP-25A molecule has a marked amphiphilic charac-
ter and its primary structure is very diVerent from nonapep-
tides. It contains a Xexible fatty acid chain and a long
peptide moiety with mixed chirality and a high content of
Dhb residues that produce rigidity along the peptide chain.
The last eight residues form a lactone ring with a +2 charge.

Ballio and co-workers simulated SP-25A in vacuo using
NOE data and they found three structural regions. In the
loop region two turns are detected with two hydrogen
bonds. The helicoidal zone is stabilized by three i · i + 4 H-
bonds; the fourth one (between Ala9 and Ala13) is not
detected. The presence of two turns in the lactone ring
results in a conformation resembling the seam of a tennis
ball (Ballio et al. 1995). These turns are stabilized by three
hydrogen bonds involving the i · i + 3 residues. Their CD
spectrum studies on the spectrum of SP-24A showed the
presence of a contribution from �-helical forms in aqueous
solution. For the spectrum in 2,2,2-triXuoroethanol/H2O,
the amount of left-handed �-helix was calculated to be 15%
and of �-turns 11% were calculated (Ballio et al. 1995).

After 200 ns MD simulation of SP-25A in solvent the
three structural characteristic features of the peptide (loop,
helicoidal, and ring regions) determined in vacuum are also
present. The structure of the loop region in solution is
determined by a mixed chirality which produces conforma-
tional preferences for turns. The loop is characterized by
one �-turn involving the Pro2 and Ala4 residues in the E
conformer and a �-turn involving the Val3 and Val6 resi-
dues in the F conformer. The hydrogen bonds stabilize the
turns but they are present less than 50% occurrence in the
whole trajectory. In octane, the formation of turns is favor-
able because the loop is involved in both an inverse �-turn
and a �-turn which are stabilized by hydrogen bonds in
most of the trajectory. The Leu7 residue is not part of a
structured region, probably because of the heterochiral
junction with Val6 (Ballio et al. 1995). In octane it forms a
�-turn throughout the trajectory.

The presence of Ala residues promotes a helicoidal con-
formation. Visual inspection of the E and F conformers
shows that this region is indeed formed. It is stabilized by
two or three hydrogen bonds (with diVerent occurrences in
whole trajectory) but just one of them is an i · i + 4 type
H-bond characteristic of alpha-helices (between the Ala8
and Dhb12 residues). In the hydrophobic environment this
region is also characterized by one i · i + 4 H-bond. In case
of the G conformer this is the predicted, but experimentally
not detected H-bond between the Ala9 and Ala13 residues.

The third region, the lactone ring, is formed by eight
residues and has structural similarities with both SR-E and
ST-B. It contains two uncommon, positively charged Dab
amino acids, as in SR-E. It is involved in a �-turn as in the
nonapeptides. This turn (including residues Ser19 to Ala
22) was expected (Ballio et al. 1995) but not identiWed pre-
viously. Due to the presence of the second turn in the ring
its shape might resemble the seam of a tennis ball, pre-
dicted by (Ballio et al. 1995).

Conclusions

Using long molecular dynamics simulations we have
obtained three-dimensional structures for ST-B and SP-
25A CLP molecules. Our results indicate that ST-B exists
in two dominant structures in both water and octane. SP-
25A has two dominant structures in water that are consis-
tent with NMR NOE measurements, and three dominant
structures in octane (All 3D structures of CLPs will be
available from our home page: http://moose.bio.ucal-
gary.ca). The C conformer and the E conformer are more
relevant to previous experiments. They can now be used as
a basis to investigate the interactions of ST-B and SP-25A
with lipid membranes, the mechanism of channel forma-
tion, and the structure of channels formed by CLPs.
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