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Abstract Syringomycin-E (SR-E) is a cyclic lipodepsi-
nonapeptide produced by certain strains of the bacte-
rium Pseudomonas syringae pv. syringae. It shows
inhibitory effects against many fungal species, including
human pathogens. Its primary biological target is the
plasma membrane, where it forms channels comprised
of at least six SR-E molecules. The high-resolution
structure of SR-E and the structure of the channels are
currently not known. In this paper, we investigate in
atomic detail the molecular features of SR-E in water by
NMR and in water and octane by molecular dynamics
simulation (MD). We built a model of the peptide and
examined its structure in water and octane in 200 ns MD
simulations both with and without distance restraints
derived from NMR NOE data. The resulting trajectories
show good agreement with the measured NOEs and
circular dichroism data from the literature and provide
atomistic models of SR-E that are an important step
toward a better understanding of the antifungal and
antibacterial activity of this peptide.
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Introduction

Syringomycin-E (SR-E) is a member of a family of cyclic
lipodepsinonapeptides produced by certain strains of the
bacterium Pseudomonas syringae pv. Syringae (Segre
et al. 1989). It may play dual roles as a plant virulence
factor and an antifungal agent against fungal competi-
tors on the plant surface (Takemoto 1992). SR-E
exhibits strong effect against many fungal species,
including human pathogens. Its primary biological tar-
get is the plasma membrane (Agner et al. 2000).
Although the detailed structure of SR-E is not known, it
is thought to adopt amphipathic conformations that
facilitate its insertion into lipid bilayers (Kaulin et al.
1998) and the formation of a peptide channel. The
channel is formed by six SR-E molecules (Malev et al.
2002), has 12 positive charges and the radius of the
aqueous pore is approximately 1 nm (Schagina et al.
1998; Malev et al. 2002). Both the kinetics of channel
opening and closing and the channel conductance are
strongly voltage dependent and pronouncedly asym-
metric (Malev et al. 2001). The SR-E channels are per-
meable to passive fluxes of mono- and divalent ions
across cell plasma membranes (Reidl et al. 1989; Che
et al. 1992).

The chemical structure of the SR-E nonapeptide has
been elucidated using NMR and mass spectrometry, and
the absolute configurations of the chiral Co atoms have
been published (Fukuchi et al. 1990, 1992). SR-E con-
sists of a cyclic nonapeptide head, closed by a lactone
formed between the hydroxyl group of an L-Ser side
chain and the carboxylate group of 4-Cl-L-Thr, and a
hydrophobic 3-hydroxydodecanoic fatty acid tail linked
via an amide bond to the L-Ser amino group (Fig. 1).

Pseudomonas syringae pv. syringae produces two
other important antifungal agents: the syringotoxin
(ST), the structure of which differs from SR-E by five
amino acids substitutions in residues 2-6 (Ballio et al.
1990; Dalla Serra et al. 1999), and the more complex
syringopeptin-25A (SP-25A), which contains 25 amino
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Fig. 1 The chemical structure of SR-E (R = 3-hydroxy-dodeca-
noic fatty acid; Dab = 2.4-diaminobutanoic acid; Dhb = 2,3-

acids (Ballio et al. 1991). The conformation of SP-25A
obtained by computer simulation in vacuo (including
NOE data) includes three different structural regions: a
loop from residues 2 to 6, a helical region from 8 to 15
and the lactone ring from 18 to 25 (Ballio et al. 1995).
The two turns present in the lactone ring of SP-25A are
similar to those found in ST investigated by MD (Ballio
et al. 1994, 1995).

To understand the effects of SR-E on membranes and
to engineer its activity a detailed knowledge of the
structure of SR-E is required, but experimental high-
resolution methods have not been able to yield structures
at atomistic resolution. In this paper, we combine NMR
NOE measurements with computer simulations based on
available lower resolution structural data to investigate
the structure and conformational flexibility of SR-E in
water and octane solvent. MD simulations in octane were
performed to predict structural preferences of SR-E in a
hydrophobic solvent, in particular to investigate the
importance of side-chain interactions in determining
peptide stability as a first step toward detailed models of
the interactions between SR-E and lipid bilayers.

Materials and methods
NMR

The sample was prepared from 4.2 mg of SR-E dissolved
in 90% H,0/10% D,O at pH 3.7. All NMR spectra were
recorded at 311 K on a Bruker Avance DRX-500 spec-
trometer operating at a 'H frequency of 500.13 MHz,
using a multinuclear proton detected (bbi) single-axis
5-mm gradient probe, processed with the XWINNMR
software. Proton chemical shifts were referenced directly
to internal 2,2-dimethyl-2-silapentane-5-sulfonate so-
dium salt (DSS) at 0.00 ppm. A gradient-enhanced, pure
absorption phase 2D TOCSY (Koévér et al. 1998)
experiment augmented with the Watergate (Sklenar et al.
1993) sequence for solvent suppression was carried out
with 62 ms MLEV-17 (Bax and Davis 1985) mixing se-
quence at an average spin-lock power of 8.33 kHz. The
TOCSY spectrum was acquired with 4,096 time domain
data points in ¢, and 512 real data points in #; with a
spectral width of 5,482 Hz in both dimensions. A cosine
square window function was applied in both dimensions
prior to Fourier transformation. The size of the final
matrix was 4,096 (F2) x 1,024 (F1) points.

A combination of water flip-back sequence (Lippens
et al. 1995; Grzesiek and Bax 1993; Fulton and Ni 1997),

dehydro-2-aminobutiric acid; (3-OH) Asp = 3-hydroxy-aspartic
acid; (4-C)Thr = 4-chloro-threonine acid)

radiation damping suppression using weak bipolar gra-
dient pulses during the #; evolution (Sklenar 1995) and
an excitation sculpting pulse module (Hwang and Shaka
1995) for further reducing the residual water signal was
used for solvent suppression in the NOESY (Kumar
et al. 1980) experiment run with a mixing time of
150 ms. The NOESY spectrum was acquired with 2,048
time domain data points in #, and 256 complex data
points in ¢, with a spectral width of 5,482 Hz in both
dimensions. A cosine square window function was ap-
plied in both dimensions prior to Fourier transforma-
tion. The size of the final matrix was 2,048 (F2) x 1,024
(F1) points. Sequential assignment of proton resonances
was obtained using the 2D TOCSY and NOESY spectra
proposed by Wiithrich (1986). The NOESY spectrum
collected at the mixing time of 150 ms was checked for
the absence of spin diffusion effects and then used to
infer the intra- and inter-residue dipolar (through space)
connectivities. To avoid biasing the structure calcula-
tion, only unambiguous NOESY cross-peaks manually
assigned were used in the initial structure calculation.
Based on the measured volume intensities, the NOESY
cross-peaks were classified as strong (s), medium (m),
weak (w) and very weak (vw) and converted to inter-
proton distance estimates (upper limits) of 0.25, 0.35,
0.45 and 0.5 nm, respectively (Wiithrich 1986; Neuhaus
and Williamson 1989).

Simulations

An initial model of SR-E was created using the InsightII
program (Accelrys) based on the experimental chemical
structure and stereo chemistry (Fukuchi et al. 1990,
1992). The SR-E model was solvated in a periodic cubic
box of dimensions 3.41x3.41x3.41 nm, large enough to
contain the peptide and 0.75 nm of solvent on all sides
(1,256 molecules of water, 489 molecules of octane), with
either SPC water (Berendsen et al. 1981, 1984) or octane;
the total charge on the peptide was + 2e, the systems do
not contain ions. Because SR-E contains the uncommon
amino acid, 2,3-dehydro-aminobutyric acid (Dhb7), and
because serine (Serl) has atoms (involved in the lactone
bond) undefined in the ffgmx2 force field used, two
molecular fragments X1 and X2 containing the
uncommon residues were used to develop parameters
(Fig. 2).

Geometry optimizations for X1 and X2 were carried
out at the HF level using the 6-31 g basis set. All quan-
tum calculations were performed using the Gaussian 98
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programs (Frich et al. 2001). The optimized bond lengths
and bond angles from QM results were then used as ref-
erence parameters for the missing bond lengths and bond
angles in the force filed (Table 1). Force constants for
bonds angles were taken from similar groups in the force
field. Because bond length was constrained in the pro-
duction runs their force constants are not critical. For a
few atoms we estimated charges by comparison with the
charges elsewhere in the force field for consistency.
Each system was energy minimized in 200 steps using
the steepest descent algorithm. In all simulations, the
temperature was kept at 300 K and the pressure at
1 bar, using the weak coupling method with t+=0.1 ps
and 7p=1 ps, respectively (Berendsen et al. 1984). In
water we carried out two simulations: one without any
restraints and one in which the experimentally deter-
mined 42 NOEs were incorporated as additional re-
straints. The GROMACS ffgmx2 force field was used in
both cases (Berendsen et al. 1995). This force field has
the same parameters as the more commonly used ffgmx
force field but has explicit non-polar hydrogen atoms.
Although these atoms do not interact with the system,
they are used for calculating NOEs and for incorpo-
rating distance restraints based on NOEs. Bonds were
constrained using LINCS for the peptide and octane
(Hess et al. 1997) and the SETTLE algorithm for water
(Miyamoto and Kollman 1992). Electrostatics and
Lennard—Jones interactions were calculated using a
twin-range cut-off of 0.8/1.4 nm. Interactions within the
short-range cut-off were updated every time step (2 f5s),
whereas interactions within the long-range cut-off were
updated every ten steps together with the pair list. All
atoms were given an initial velocity obtained from a
Maxwellian distribution at the desired initial tempera-
ture. All the simulations were equilibrated for 50 ps with
position restraints on the peptide to allow for the
relaxation of the solvent molecules. The equilibrated
water-SR-E system was simulated for 200 ns, a length
essential to accurately compare the simulations to NOE
data (Duan and Kollman 1998; Monticelli and Co-
lombo 2004; Monticelli et al. 2005). In one simulation

(resW-SRE) NOE restraints were applied, in the second
simulation (W-SRE) no restraints were applied. Dis-
tances were restrained by adding a non-physical term to
the potential function when the distance between spec-
ified pairs of atoms exceeds the experimentally deter-
mined distance. The potential form for distance
restraints was quadratic below a specified lower bound
and between two specified upper bounds and linear
beyond the largest bound. The equilibrated octane-SR-E
system (O-SRE) was also simulated for 200 ns, without
distance restraints since we do not have NOE information
in octane. All simulations and the analysis of the
resulting trajectories were done with the GROMACS-
3.2.1. software package (Lindahl et al. 2001; van der
Spoel et al. 2001).

Cluster analyses were carried out using the GRO-
MOS clustering algorithm as described in Daura et al.
(1999) with a cut-off of 0.3 nm. A cut-off value of
0.29 nm between hydrogen and acceptor was considered
for a hydrogen bond and a cut-off angle of 60° between
donor-hydrogen-acceptor. The interproton distances
were calculated for each trajectory separately using
(=%~ averaging. A cut-off value of 0.4 nm was used
to define salt bridge interactions.

Results

Table 2 shows the 42 experimentally determined NOEs
of SR-E in H,0O/D,0 solvent together with the corre-
sponding distances calculated from the restrained and
unrestrained simulations. Although we measured 42
NOEs, there are insufficient long-range NOEs to calcu-
late a three-dimensional structure directly from the
NMR data. Therefore, we turned to our computational
model to investigate its structure over long MD simu-
lations while comparing distances calculated from the
trajectory to measured NOE:s.

The results show that most NOE restraints are sat-
isfied in both simulation in water. Three violations (en-
tries 29, 31, 33 in Table 2) are found in the starting
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Table 1 The charge, bonds length and angles value of X1: the molecular fragment containing the Serl and Thr9 residues of SR-E; X2: the
molecular fragment containing the Dhb7 residue of SR-E (Fig. 2)

Fragments X1 X2
Number Atoms Charge Atoms Charge
cl OM Serl —0.15 CA Dhb7 0.00
c2 - - CB Dhb7 0.00
c3 - - HB Dhb7 0.00

Bonds Values (nm) Force const Bonds Values (nm) Force const.
bl CB Ser1-OM Serl 0.1415 376,560 C Dhb7-CA Dhb7 0.1507 334,720
b2 OM Serl-C Thr9 0.1342 376,560 CA Dhb7-N Dhb7 0.1410 418,400
b3 C Thr9-O Thr9 0.1180 502,080 CA Dhb7-CB Dhb7 0.1327 418,400
b4 CG Thr9-CICG Thr9 0.1796 376,560 CB Dhb7-CG Dhb7 0.1499 334,720
b5 - - - CB Dhb7-HB Dhb7 0.1075 292,880

Angles Angles
al CA Ser1-CB Ser1-OM Serl 111.810 460.240 O Dhb7-C Dhb7-CA Dhb7 121.240 502.080
a2 CB serl- OM Ser1-C Thr9 124.320 502.080 C Dhb7-CA Dhb7-N Dhb7 116.340 502.080
a3 OM Serl-C Thr9-C Thr9 119.377 418.400 C Dhb7-CA Dhb7-CB Dhb7 121.610 502.080
a4 OM Serl-C Thr9-CA Thr9 117.897 502.080 N Dhb7-CA Dhb7-CB Dhb7 121.590 502.080
as O Thr9-C Thr9-CA Thr9 122.550 502.080 CA Dhb7-N Dhb7-C Phe6 127.950 502.080
a6 CB Thr9-CG Thr9-CICG Thr9 110.718 520.000 CA Dhb7-CB Dhb7-CG Dhb7 126.170 502.080
a7 - - - CA Dhb7-CB Dhb7-HB Dhb7 117.800 502.080
a8 - - - HB Dhb7-CB Dhb7-CG Dhb7 115.955 502.080

structure. The first and the third one are violated by only
0.01 nm, the second one by 0.11 nm. Averaging the
distances over the 200 ns trajectories only one violation
is found in both the unrestrained and restrained systems
and both of them correspond to medium intensity (en-
tries 31 and 32, respectively, Table 2). These are violated
by only 0.01 and 0.02 nm, respectively.

Because of the good agreement between the calcu-
lated and measured NOEs, we assume that the long MD
simulations provide a reasonable description of the SR-
E structure and dynamics. 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 three simulations (W-SRE, resW-
SRE, O-SRE). The backbone RMSD for W-SRE rises
initially and levels off at 0.15 nm. The resW-SRE has
a similar backbone RMSD curve compared with the
W-SRE until ~100 ns, after which the RMSD value
fluctuates around 0.24 nm. The SR-E in octane shows a
backbone RMSD lower than 0.15 nm for the first
~150 ns of the simulation followed by a transition to
an RMSD value of ~0.2 nm. Because about two-thirds
of the distance restraints imposed in the resW-SRE sim-
ulation involve the amino acid side chains, we expect that
the conformational freedom of the side chains would
be much more limited in the restrained system. This is
confirmed by the difference between the RMSD for
all atoms and backbone atoms, which is much larger for
W-SRE compared to resW-SRE. SR-E behavior in octane
is stable, with the RMSD remaining almost constant at
around 0.2 nm. The SR-E remains closer to its starting
conformation in the octane than in pure water.

The radius of gyration Rg, a measure of the com-
pactness, of the peptide backbone is ~0.4 nm for both
W-SRE and resW-SRE, while it is 0.45 nm for O-SRE
(Fig. 4) indicating that the peptide is somewhat less
compact in the hydrophobic solvent.

To identify the structures corresponding to the differ-
ent RMSD levels and to identify the structural differences
corresponding to the different radii of gyration in water
and octane we used cluster analysis; structures from our
200 ns trajectories were clustered into related conforma-
tions based on the whole peptide RMSD. Figure 5 shows
the dominant structures for each of the simulations.

Two ensembles of structures characterize the W-SRE
trajectory. The C and D conformers (Fig. 5) are the
central structures from the first and second largest
clusters, with a population of 81 and 13%, respectively.
The C conformer has a backbone hydrogen bond be-
tween Serl and Asp8. The Dhb7 residue is also involved
in a hydrogen bond with Ser2. In the second conformer,
the hydroxyl group of (3-OH)-Asp8 forms a hydrogen
bond with the backbone carbonyl oxygen of Arg5, and a
salt bridge is observed between the side chains of the
same residues. An important structural difference be-
tween the conformers is the location of the phenyl ring
and the side chain of Dhb7; both the relative orientation
and the distance between the phenyl ring and the Dhb7
side chain change during the simulation, with the dis-
tance fluctuating between 0.5 and 0.75 nm. The most
significant difference between the two most populated
conformers is the position of the alkyl chain, which is
elongated in the D conformer and folded toward the
peptide backbone in the C conformer.
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Table 2 The experimental and

calculated distances of W-SRE  No Proton i Proton j Experimental Calculated Calculated Calculated

and resW-SRE systems, using distance distance of  distance of  distance of

(=%~ averaging over 200 ns starting W-SRE resW-SRE

structure

1 NH(1) F(CH,CO) 0.350 m 0.21 0.24 0.26
2 NH(1) F(CHCO) 0.550 w 0.55 0.31 0.32
3 NH(1) Ha(1) 0.550 w 0.30 0.26 0.28
4 NH(1) Hb(1) 0.550 w 0.36 0.30 0.30
5 NH(Q2) Ha(1) 0.350 m 0.21 0.22 0.22
6 NH(2) Hb(1) 0.550 w 0.33 0.34 0.29
7 NH(2) Ha(2) 0.550 w 0.26 0.19 0.19
8 NH(Q2) Hb(2) 0.550 w 0.42 0.29 0.30
9 NH(2) Hb'(2) 0.550 w 0.37 0.32 0.31
10 NH(3) NH(4) 0.600 vw  0.32 0.35 0.35
11 NH(3) Ha(2) 0.350 m 0.25 0.18 0.19
12 NH(3) Ha(3) 0.550 w 0.21 0.21 0.23
13 NH(@3) Hb(3) 0.550 w 0.38 0.33 0.35
14 NH(3) Hg(3) 0.550 w 0.45 0.29 0.30
15 NH(3) Hg'(3) 0.550 w 0.39 0.26 0.27
16 NH(4) Hb(4) 0.550 w 0.36 0.32 0.33
17 NH(4) Hg(4) 0.550 w 0.39 0.34 0.35
18 NH(4) Hg'(4) 0.550 w 0.29 0.31 0.32
19 NH(5) NH(4) 0.550 w 0.25 0.37 0.37
20 NH(5) Hb(5) 0.550 w 0.25 0.24 0.25
21 NH(5) Hb'(5) 0.350 m 0.24 0.26 0.27
22 NH(5) Hb(4) 0.550 w 0.37 0.37 0.34
23 NH(5) Hg(4) 0.550 w 0.53 0.55 0.39
24 NH(5) Hg'(4) 0.550 w 0.49 0.44 0.48
25 NH(5) Hg(5) 0.550 w 0.44 0.38 0.36
26 NH(5) Hg'(5) 0.550 w 0.44 0.34 0.32
27 NH(6) Ha(6) 0.550 w 0.29 0.27 0.26
28 NH(6) Ha(5) 0.350 m 0.22 0.22 0.22
29 NH(6) Hb(6) 0.350 m 0.36 0.23 0.23
30 NH(6) Hb'(6) 0.350 m 0.25 0.26 0.26
31 NH(6) Hb(5) 0.350 m 0.46 0.36 0.34
32 NH(6) Hb'(5) 0.550 w 0.44 0.29 0.57
33 NH(7) NH(8) 0.350 m 0.36 0.34 0.35
34 NH(7) Ha(6) 0.350 m 0.27 0.21 0.24
35 NH(7) Hb(6) 0.550 w 0.20 0.36 0.33
36 NH(7) Hg(7) 0.550 w 0.28 0.33 0.33
37 NH(8) Ha(8) 0.550 w 0.29 0.29 0.29
38 NH(8) Ha(6) 0.550 w 0.37 0.40 0.44
39 NH(8) Hb(8) 0.600 vw  0.27 0.31 0.20
40 NH(8) Hg(7) 0.600 vw  0.54 0.49 0.41
41 NH(9) Hb(8) 0.550 m 0.20 0.20 0.22
42 NH(9) Hg(9) 0.550 m 0.44 0.29 0.26

Two conformations characterize the resW-SRE sys-
tem. Figure 5 shows the central structure for the most
populated clusters (cluster E, 66% of total population,
and cluster F, 14% of total population). In the E con-
former, the hydroxyl group of residue Asp8 forms a
hydrogen bond with the backbone carbonyl of residue

Fig. 3 Backbone and whole
peptide root mean square
deviation of SRE in a 200 ns

Backbone RMSD

Arg5 and their side chains form a salt bridge, as in the D
conformer (unrestrained simulation). In the F conformer
Asp8 is not involved in hydrogen bonding and a salt
bridge was not formed. The relative orientation of the
phenyl ring of Phe6 and Dhb7 side chain changes during
the simulation in a similar way as observed in the W-SRE
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Fig. 4 Radius of gyration of SR-E in a 200 ns MD simulation

simulation: the two side chains, initially far apart and
with random orientation (E conformer), become closer
and assume a parallel orientation (F conformer).

In octane, SR-E adopts two dominant conformations
with populations of 50 and 30%, respectively (con-
former G and conformer H, Fig. 5). For both clusters,
the backbone of the central structure is very similar to
the starting structure, with a distorted type II fS-turn
conformation involving the Phe and Dhb dipeptide as its
central residues (Fig. 5, conformation G). In both cases
the ¢,  values at the Dhb7 residue differ appreciably
from the ideal values for the i+ 2 residue, being 40°, 60°
in the G conformer and 42°, 80° in the H conformer,

Fig. 5 A, B The minimized
structures of SR-E in water and
octane, respectively. C, D The
central structures of SR-E in the
W-SRE system. E, F The
central structures of SR-E in the
resW-SRE system. G, H The
central structures of SR-E in the
O-SRE system

instead of ¢ =280°, yy=0° (typical values for the type II
p-turn). As a consequence, the distance between the
Arg5 amino hydrogen and AspS8 carbonyl oxygen is too
long for an intramolecular hydrogen bond in both
conformations (0.64 nm and 0.71 nm, respectively).
However, the charged side chains of Asp8 and Arg5
form a salt bridge in both conformers. Based on RMSD
analysis, a conformational change takes place after
~140 ns because the backbone Rg is constant but the Rg
of the whole peptide decreases, the conformational
change has to be localized to the side chains. Visual
inspection shows that the alkyl chain folds above the
plane of the lactone ring (Fig. 5, conformation H). This
conformation is stabilized by a hydrogen bond between
the amino hydrogen of Dab4 and the hydroxyl group of
the 3-hydroxydodecanoic acid chain. The radius of
gyration Rg for the backbone is higher in octane than in
water, indicating that the peptide is less compact in oc-
tane. One reason of higher compactness of the backbone
in W-SRE should be the stabilization effect of the
hydrogen bond between Serl and Asp8 which is not
detected in O-SRE.

A detailed description of the mobility of the Phe6,
Dhb7, Asp8 residues in all three simulations can be
obtained by calculating the root mean square fluctuation
(RMSF) of the atomic position of the respective residues
(Fig. 6).

Asp8 shows the lowest flexibility profile due to the
hydrogen bonds involving its hydroxyl oxygen and the




Fig. 5 (Contd.)

backbone of Serl (in the C conformer) or Arg5 (in the D
conformer). A salt bridge was detected between the side
chains of Arg5 and AspS8 in both cases. In the resW-SRE
simulation, a hydrogen bond between carbonyl oxygen
of Arg5 and hydroxyl group of Asp8 is observed in the
“open”’ conformer (Fig. 5E), together with a salt bridge
between the side chains of the same residues, but these
interactions are not found in the “closed” conformer
(Fig. S5F). In the O-SRE system, the Asp8 residue forms
two salt bridges: with Dab3 and Arg5 in the “open”
conformer (Fig. 5G) and with Dab3 and Dab4 in the
“closed” conformer (Fig. SH); it is involved in hydrogen
bonds with Dab3 and Arg5 in the “open” conformer
and with the hydroxyl group of alkyl chain, but only
with Dab4 and Arg5 in the “closed” conformer. The
Phe6 and Dhb7 are characterized by higher mobility,
with the phenyl ring of Phe6 being the most mobile
segment. Its distance from Dhb7 decreased during the
simulation and its plane became parallel with the double
bond of Dhb7 as shown in Fig. 6.

Discussion

This paper focuses on the investigation at atomic detail
of the structural features of SR-E in hydrophobic (oc-
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tane) and hydrophilic (water) environments as a step
toward understanding the membrane activity of SR-E
molecule. We measured NMR NOEs for SR-E in water
and modeled its structure in solution by molecular
dynamics simulations with and without explicit incor-
poration of the NOE-based distance restrains. The
resulting trajectories agree well with the NOE data with
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Fig. 6 The RMSF of atoms of the Phe6, Dhb7 and Asp8 residues
in a 200 ns MD simulation. The Phe6: backbone 1-4 and 19-20,
side chain 5-8, phenil ring 9-18; Dhb7: backbone 21-23 and 30-31,
side chain 24-29; Asp8: backbone 32-35 and 43-44, side chain 36—
42
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only very minor violations. The overall structure of the
peptide appears fairly rigid, but becomes somewhat
more extended in hydrophobic solvent.

Analyses of the trajectories suggest that two fami-
lies of structures are sampled in each of the W-SRE,
resW-SRE and O-SRE systems. The results of the
W-SRE and resW-SRE are very similar, consistent
with the fact that both simulations have practically no
NOE violations. Both show two dominant structures:
a “closed” (conformer C, E) and an “open” (con-
former D, F) conformation (Fig. 5) as the dominant
structure. In the “closed” conformer the alkyl tail is
folded across the plane of the lactone ring. Vaillo et al.
suggested that the folded tail would also be relatively
apolar; therefore the polar groups of the backbone and
side chains are involved in hydrogen bonding with one
another, and the tail contributes to the overall stability
of the SR-E via hydrophobic interaction (Vaillo et al.
1992). Our hydrogen bond analyses, however, reveal
that the number of hydrogen bonds in the “closed”
and “open” conformers does not significantly differ.

In the O-SRE system the “open’ conformer, in which
the tail is elongated, (conformer G, Fig. 5) has higher
population than the “closed” one (conformer H, Fig. 5),
consistent with the expected solubility of the acyl chain
in octane. In planar lipid bilayer membranes the tail of
SR-E is elongated as well (Kaulin et al. 1998; Bender
et al. 1999). The tails of SR-E monomers aggregated
into a pore complex reside in the core of the bilayer. The
SR-E structure may be similar to O-SRE (conformer G).

These simulation results help interpret the results of
acetonitrile titration experiments, which clearly revealed
the presence of two conformers in an equilibrium that is
shifted by changing polarity (Vaillo et al. 1992). One of
the two conformers (predominant in aqueous solution)
is characterized by a strong interaction between the
Dhb7 enone chromophore and the phenylalanyl ring.
The possibility of coupling requires that the two groups
be in close proximity and that the Amax of the
two transitions is similar. Our results reveal that the
phenyl ring and Dhb7 side chain are close in space
(0.5-0.75 nm) in both the W-SRE and resW-SRE
systems. In the hydrophobic environment, the phenyl
ring and side chain of Dhb7 residue are more flexible
and the distance fluctuates between 1 and 3.5 nm. The
likelihood of an interaction between the Dhb7 enone
chromophore and the phenilalanyl ring should be lower
in an apolar environment than in an aqueous one. This
is expected because the strength of this hydrophobic
interaction depends on the polarity of the solvent and is
higher in water compared to octane.

Experimental studies in model peptides containing
dehydrophenylalanine and dehydroleucine show that
these residues always favor a type II f-turn conforma-
tion, probably as a result of their highly planar nature
(Vaillo et al. 1992). Based on the sequence of SR-E such
a turn might occur in SR-E, involving the Phe6 and
Dhb7 dipeptide as its central residues. This conforma-
tion was only observed in the simulations in octane and

not in water solvent. Our simulations may provide
additional insight into the experimental results: in an
apolar solvent the negatively charged Asp8 forms very
stable salt bridges with Dab3 and Arg 5, which requires
a significant conformational change in the peptide
backbone and facilitates the formation of a type II beta
turn (Fig. 5, G and H conformer).

The similarities in primary structure of SR-E and ST
suggest a similar conformation. Molecular dynamics
simulation (in vacuo) including the 2D NMR NOE data
published by Ballio et al. suggests the presence of two
turns in the three-dimensional ST lactone ring. Although
the primary structure of SP-25A is different from the
nonapeptides, the structure of its lactone ring is similar
(Ballio 1995). This type of ring structure, resembling the
seam of a tennis ball, could not be detected in SR-E
conformers. In water, the lactone ring of SR-E has only
one turn composed by similar residues (from 5 to 9) as in
case of ST. In octane, the shape of the first five residues
of the SR-E backbone resembles the first turn of SP-25A
lactone ring.

Conclusions

Our results indicate that SR-E exists in two dominant
structures whose relative probabilities depend on the
polarity of the solvent, in agreement with published
experimental data. Using long molecular dynamics
simulations we have obtained three-dimensional struc-
tures for these two dominant structures that are con-
sistent with NMR NOE measurements. These structures
can now be used as a basis to investigate the interactions
of SR-E with lipid membranes, the mechanism of
channel formation and the structure of channels formed
by SR-E.
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