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Molecular Dynamics Study of Substance P Peptides Partitioned in a
Sodium Dodecylsulfate Micelle

Troy Wymore and Tuck C. Wong
Department of Chemistry, University of Missouri, Columbia, Missouri 65211 USA

ABSTRACT Two neuropeptides, substance P (SP) and SP-tyrosine-8 (SP-Y8), have been studied by molecular dynamics
(MD) simulation in an explicit sodium dodecylsulfate (SDS) micelle. Initially, distance restraints derived from NMR nuclear
Overhauser enhancements (NOE) were incorporated in the restrained MD (RMD) during the equilibration stage of the
simulation. It was shown that when SP-Y8 was initially placed in an insertion (perpendicular) configuration, the peptide
equilibrated to a surface-bound (parallel) configuration in ~450 ps. After equilibration, the conformation and orientation of the
peptides, the solvation of both the backbone and the side chain of the residues, hydrogen bonding, and the dynamics of the
peptides were analyzed from trajectories obtained from the RMD or the subsequent free MD (where the NOE restraints were
removed). These analyses showed that the peptide backbones of all residues are either solvated by water or are hydrogen-
bonded. This is seen to be an important factor against the insertion mode of interaction. Most of the interactions come from
the hydrophobic interaction between the side chains of Lys-3, Pro-4, Phe-7, Phe-8, Leu-10, and Met-11 for SP, from Lys-3,
Phe-7, Leu-10, and Met-11 in SP-Y8, and the micellar interior. Significant interactions, electrostatic and hydrogen bonding,
between the N-terminal residues, Arg-Pro-Lys, and the micellar headgroups were observed. These latter interactions served
to affect both the structure and, especially, the flexibility, of the N-terminus. The results from simulation of the same peptides
in a water/CCl, biphasic cell were compared with the results of the present study, and the validity of using the biphasic system

as an approximation for peptide-micelle or peptide-bilayer systems is discussed.

INTRODUCTION

Peptide-membrane interactions play important roles in
many biological processes (Schwyzer, 1992; White and
Wimley, 1994), and have been the subject of studies by
many experimental and computational techniques. When
liquid-state (or high resolution) NMR techniques are used
for investigating peptide-membrane interactions, micelles
have often been used as mimics of the membrane environ-
ment (Opella, 1997). Micelles mimic the membrane envi-
ronment by forming spherical aggregates where the hydro-
phobic tails are located in the core with the polar headgroup
on the surface (Gennis, 1989). Since micelles have a short
rotational correlation time (in nanoseconds), they are appro-
priate for high resolution liquid-state NMR studies where
other membrane mimics are inappropriate because of their
anisotropic nature or size (Soderman et al., 1988). Micelles
have been shown to induce the same or similar secondary
structures in many small peptides and proteins, though
membrane-bound enzymes are rarely active in micellar me-
dia (Sanders and Landis, 1995). Furthermore, the curvature
of the micelle surface is quite different from more planar
lipid bilayers.

Often, knowledge of the secondary structure of the pep-
tide induced by micelles is generated by the incorporation of
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NMR-derived distance restraints into either a simulated
annealing (SA) or a distance geometry procedure. SA is
usually done in vacuo or by using a distance-dependent
dielectric constant. From this information deductions are
made as to the structure of the peptide-micelle complex and
occasionally about the dynamics of the peptide. However, in
most cases (for small peptides), the peptides are known not
to possess the secondary structure observed in the micellar
medium in the absence of micelles. The nature of the actual
micellar environment (lipid core, interfacial region, and
surrounding solvent) and the effects of the environment on
the secondary structure and dynamics of the peptide cannot
be easily reproduced without the use of explicit solvent
models. Guba and Kessler (1994) have used a biphasic
simulation cell consisting of water and carbon tetrachloride
for molecular dynamics (MD) studies of peptides in mem-
brane mimics to provide a better model of the hydrophilic/
hydrophobic interface that more realistically includes the
effect of an interfacial environment on the properties of the
peptide. This model system gives an approximation about
the orientational/positional properties of the peptide with
respect to the membrane interface. The preceding paper also
demonstrated the merits of this protocol. Yet, the biphasic
cell leaves out the representation of the headgroup, with
which interaction of the peptides may be significant. Fur-
thermore, the interfacial region can be quite broad, possess-
ing its own unique characteristics (Weiner and White, 1992)
while the water/carbon tetrachloride interface was relatively
sharp. In this work the results of MD simulations of two
peptides, substance P (SP) and its tyrosine-8 analog (SP-
Y8), in an explicit sodium dodecylsulfate (SDS) micelle are
reported. The SDS system is one of the two most commonly
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used micellar mimics for high resolution NMR studies. The
results from these simulations can be compared to experi-
ments for these peptides in the same micellar systems in a
more direct fashion. At the time of this writing, there was no
report of any MD simulation of a peptide interacting with an
explicit micelle in the literature. A preliminary report
(Woolf et al., 1998) on MD simulations of the transmem-
brane portions of glycophorin, both the monomer and the
dimer, in dodecylphosphocholine (DPC) micelles has been
presented.

To understand the physical and structural properties of
membrane-bound peptides and proteins and their relation-
ship to the biological activities, MD simulations with ever-
improving force fields and longer time scales have been
providing molecular level details of such systems. MD
simulations on lipid bilayer spanning proteins with explicit
representation of the lipid bilayer have recently appeared in
the literature (Shen et al., 1997; Belohorcova et al., 1997;
Woolf and Roux, 1996; Merz, Jr. and Roux, 1996). For
peptides too short to span the membrane bilayer, the inter-
actions with the membrane may be different. Damodaran
and Merz (1995) presented MD simulations on the fusion-
inhibiting peptide carbobenzoxy-D-Phe-L-Phe-Gly with a
N-Me-DOPE bilayer that revealed a possible molecular
mechanism for fusion inhibition. Damodaran et al. (1995)
carried out MD simulations of the tripeptide Ala-Phe-Ala-
O-tert-butyl with a dimyristoylphosphatidylcholine lipid bi-
layer. The peptide-lipid interactions from the MD simula-
tion were in agreement with experiment (Brown and
Huestis, 1993; Jacobs and White, 1989). Huang and Loew
(1995) reported simulations on residues 13—41 of the am-
phipathic helical peptide corticotropin-releasing factor
(CRF) in a DOPC bilayer. Zhou and Schulten (1996) inves-
tigated the complex of phospholipase A, on the surface of a
lipid membrane which provided explanations on the en-
hanced activity of the enzyme once membrane-bound.
Kothekar (1996) reported a MD simulation on the SP pep-
tide in a lipid bilayer. The simulation was carried out with
an initial configuration that had the peptide inserted into the
lipid region perpendicular to the interface. The simulation
time of 260 ps was most likely insufficient to reveal the
equilibrated position/orientation of the peptide if it was
initially placed in an unfavorable orientation and position
(see the Equilibration section).

SP is an 11-residue neuropeptide with the sequence RP-
KPQQFFGLM-NH,. SP-Y8 has the single substitution of
Tyr for Phe at the eighth residue (Fisher et al., 1976). The
biological properties of SP and SP-Y8 have been described
in the preceding paper. SP has also been well studied
experimentally in solution, in lipid bilayers, and in micellar
media (see preceding paper) and therefore serves as a good
model to test our methods. In addition, the results obtained
from peptides placed in the biphasic cell and in the explicit
SDS micelle will be compared and contrasted, and the
validity and utility of the biphasic cell as an approximation
for micellar or bilayer systems are examined.
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METHODS
MD simulation details

The CHARMM program (Brooks et al., 1983) version 24b2 was used for
all minimizations and simulations of the explicit peptide-SDS micelle
system. The CHARMM all22 force field was used for the peptide (Mac-
Kerell et al., 1998) and the lipids (Schlenkrich et al., 1996). The water
model used was TIP3P (Jorgenson et al., 1983). All minimizations and MD
simulations were performed in the NV'T ensemble (see Discussion) with the
application of periodic boundary conditions. Velocities were scaled if the
temperature was not within 10 of 300 K checked every 50 steps. This
procedure was never called for after 50 ps of equilibration. The integration
time step was 1 fs with bonds to hydrogen atoms constrained to a fixed
value by SHAKE (Ryckaert et al., 1977). The long-range forces were
handled by using a force switch from 8 to 10 A. This method of handling
long-range forces leaves short-range forces unaltered and damps forces
monotonically to zero in the interval from r,, to r ;. The minima and
barriers introduced by force switching are considerably less pronounced
than those caused by potential switching (Steinbach and Brooks, 1994). In
addition, using this method for the nonbonded interactions does not require
that we couple the solvents and the peptide to separate temperature baths
to produce uniform temperature (Oda et al., 1996). The nonbonded list was
updated every 20 steps.

Construction of initial MD conditions

The initial coordinates for the solvated SDS micelle, which contains 60
dodecylsulfate monomers, 60 sodium ions, and 4398 waters for a total of
15,774 atoms resulting in a cubic system of 54.1 A*, was kindly provided
by Dr. A. MacKerell (MacKerell, 1995). Since our simulations were
performed in the NV'T ensemble, the initial estimates of the dimensions and
density of the membrane media must be accurate (Jakobbsen et al., 1996)
to reproduce experimental aspects of the membrane structure. The number
of SDS monomers is in agreement with the experimental aggregation
number of 62 (Croonen et al., 1983; Attwood and Florence, 1983). The
density profiles for carbon and sulfur are in good agreement with the
experimental paraffinic radius of 16.7 A and the total radius of 22.3 A from
x-ray scattering (Itri and Amaral, 1991) and from NMR (Soderman et al.,
1988). Recent simulation results from our laboratory for another peptide of
similar size (adrenocorticotropin (1-10)) in a solvated SDS micelle done at
constant pressure and temperature suggest that the size of the cubic system
should be ~53.7 A3, which is slightly contracted from 54.1 A3. Therefore,
the internal pressure of our system would be slightly negative but most
likely still a reasonable value.

Results from simulations of SP and SP-Y8 in the biphasic cell clearly
demonstrated that the SP peptides equilibrated to the interface and become
oriented parallel to the interface even if the peptide backbone was origi-
nally inserted into the hydrophobic phase perpendicular to the interface
(see preceding paper). In order to verify that the same resulting orientation
will prevail for a peptide inserted into the micellar core, the following
configuration was constructed. The SP-Y8 peptide was inserted into the
micelle lipid core with Pro-4 located at the headgroup region in a second-
ary structure from SA (see preceding paper for details). Residues preceding
Pro-4 in the sequence were mostly in contact with water. Residues follow-
ing Pro-4 in the sequence were in contact with the lipids. Three lipids and
42 waters were deleted to create space for the peptide. Six Na* counterions
closest to the peptide and three lipids were deleted to maintain electrical
neutrality. The initial configuration of the peptide-micelle complex with
the peptide inserted into the lipid’s interior is shown in Fig. 1.

The MD of SP-Y8 inserted into the micelle core (carried out before the
SP in SDS simulation) equilibrated to the surface of the micelle (see
Results). Based on this result and results from SP in the biphasic cell, SP
was placed on the surface of the micelle with a secondary structure from
SA (see preceding paper for details) to reduce the equilibration time.
Residues that were in contact with the carbon tetrachloride throughout the
biphasic cell simulation were placed in contact with the lipids. The heter-
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FIGURE 1 Starting configuration of SP-Y8 partitioned in SDS micelle
[SP-Y8 (blue), hydrocarbon chains (gray), sulfur (vellow), and oxygen
(red)]. The peptide is inserted into the micelle hydrophobic core from Pro-4
to Met-11. The hydrogen atoms on the lipids, TIP3P water, and sodium
counterions have been deleted for clarity. A yellow ribbon traces the
peptide backbone.

ogeneity of the micellar surface makes placing peptides at the micellar
interface a challenge, because the choice of water/lipid molecules to delete
can greatly affect the shape of the micelle (see Roux and Woolf, 1996 for
construction of protein/lipid bilayer configurations). After placing SP on
the surface of the SDS micelle, overlapping waters and the three closest
Na™ counterions were deleted due to the +3 charge on SP. The system was
heated to 300 K by scaling of the velocities over 3 ps, NOE restraints of 10
kcal/(mol -+ A) on the peptide. The simulation was continued for 40 ps at
which time three lipids, which were somewhat separated from the micelle,
were deleted along with the closest three Na* counterions. The final
system contained about the same number of atoms from the original SDS
micelle system and the SP-Y8-micelle system. Deletion of three lipids was
required to maintain a similar density, yet deletion of even one lipid would
have an effect on the characteristics of the micelle unless volume adjust-
ments are made by simulating in the NPT ensemble. The fact that three
lipids became separated from the micelle to varying degrees made the
choice of which lipids to delete much easier and resulted in a more
spherical micelle. Penetration of water into the micellar core was not
observed.

Both systems were minimized by 2000 steps of steepest descent using
a 10-A nonbonded cutoff. The structure of the peptide was restrained by
force constants of 10 kcal/(mol + A) corresponding to strong (2.0-2.7),
medium (2.0-3.0), and weak (2.0-3.3) NOE correlations in the two-
dimensional (2D) NMR (see preceding paper). These restraints were kept
throughout the equilibration and beyond. The MD was started by heating
to 300 K in increments of 10 by scaling of the velocities over 3 ps.

MD simulations with no restraints on peptide

The unrestrained simulation of the SP/micelle system was started from
coordinates taken at 95 ps of the restrained trajectory. The system was
heated to 300 K as mentioned above with NOE restraints on the peptide.
The restraints were removed and the trajectory was continued for 1.04 ns.
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Removal of the restraints may cause some relaxation of the peptide and
therefore the first 40 ps of the unrestrained trajectory is neglected in the
analysis. Snapshots of the trajectory were taken every 250 fs. The SP-Y8
simulation was carried out for 1 ns without restraints starting from the final
coordinates of the restrained dynamics. The first 30 ps of the trajectory
were also neglected due to relaxation of the peptide from removing the
restraints. Snapshots of the trajectory were taken every 250 fs.

RESULTS
Equilibration of the peptide-micelle complex

The SP/micelle system originally oriented parallel to the
micellar surface was equilibrated for 120 ps. Analysis of the
restrained dynamics was made over the subsequent 280 ps
with snapshots of the trajectory taken every 500 fs. The total
simulation time was 400 ps. Fig. 2 4 shows the typical
configuration of the SP peptide-micelle complex over the
restrained simulation. The peptide remained almost parallel
to the micellar surface. The hydrophobic side chains of
Lys-3, Pro-4, Phe-7, Phe-8, Leu-10, and Met-11 are clearly
in contact with the interface or the hydrophobic core re-
gions, whereas those of Arg-1, Pro-2, Gln-5, Gln-6, and
Gly-9 are in contact with water.

The SP-Y8 simulation with the initial insertion configu-
ration showed virtually no change for ~200 ps, at which
time the peptide backbone began to orient at an angle with
respect to the local interface. By 400 ps, the SP-Y8 peptide
backbone had moved out of the micellar core and had
oriented parallel to the micelle surface except for the last
residue, Met-11, which was still mostly in the micellar core.
The carbonyl oxygen of Met-11 had formed an intramolec-
ular hydrogen bond with the Leu-10 NH. This hydrogen
bond was broken at 450 ps, when the backbone of Met-11
was solvated by water and was positioned at the interface
instead of the micellar core. Fig. 2 B shows the typical
configuration of the SP-Y8 peptide-micelle complex during
the last 210 ps of the restrained dynamics. With the excep-
tion of the side chains of Pro-4 and Tyr-8, the positioning of
the side chains in the various regions of the micelle is quite
similar to that of SP (this point will be discussed in more
detail later). The simulation was continued for another 300
ps, for a total of 750 ps. The last 210 ps was used for
analysis of the restrained dynamics. Snapshots were taken
every 500 fs for analysis.

The equilibration of the SP-Y8 peptide to the surface of
the micelle from an inserted configuration required over 400
ps, and we observed virtually no change in the orientation of
the peptide with respect to the micellar surface until after
200 ps. The present result is consistent with the suggestion
that small peptides unable to traverse a lipid core region are
usually less likely to be inserted into the bilayer because of
the necessity of exposing some polar peptide bond to the
hydrophobic interior (Ben-Tal et al., 1996; Wimley and
White, 1996). Thus they should not be simulated in an
insertion mode unless there is specific experimental infor-
mation to suggest that the peptide is inserted into the lipid
region or if one is willing to equilibrate for long periods,
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FIGURE 2 SP (4) and SP-Y8 (B) on the surface of the SDS micelle in
an equilibrium configuration after 360 and 600 ps of simulation, respec-
tively [hydrophobic residues (green), polar residues (red), sulfur/oxygen of
the lipid headgroup (yellow/red), lipid methylene chains (gray)]. The
hydrogen atom on the lipids, TIP3P water, sodium counterions, and a few
lipids have been deleted for clarity. A yellow ribbon traces the peptide
backbone.

i.e.,, 500 ps or more. The resulting orientation of SP-Y§
parallel to the micelle surface is in agreement with experi-
mental results for SP (Young et al., 1994; Seelig and Mac-
donald, 1989; Duplaa et al., 1992). However, Schwyzer
(1992) suggested that SP was oriented perpendicular to the
membrane surface with ~7—8 residues inserted into the
hydrophobic core. The degree of hydration of the bilayers
may have been a determining factor in Schwyzer’s studies
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(Frey and Tamm, 1991). However, Schwyzer et al. based
their conclusions on results for SP in lipid bilayers of low
hydration (by ATR-IR), and SP in vesicles that have a high
degree of hydration (by photoaffinity labeling). There ap-
peared to be no distinction made between the results from
these two systems (Schwyzer, 1992).

The equilibration was followed by additional RMD and
free MD simulations, as described in the Methods section.
The analyses of several important properties of the peptide-
micelle system from the RMD or the free MD trajectories
are presented as follows.

Conformation of SP peptides

The restrained simulation of SP was analyzed from 118 to
398 ps. This structure consisted of two type I PB-turns
(Wilmot and Thornton, 1990) from Pro-2 to GIn-5, from
Lys-3 to Gln-6, and an extended turn that does not conform
to any specific type of B-turn from GIn-5 to Phe-8. The
secondary structure of the midregion of the peptide, from
Pro-4 through Phe-8, is in agreement with other studies of
SP (Williams and Weaver, 1990; Woolley and Deber, 1987,
Keire and Fletcher, 1996). Our results extend the secondary
structure to Pro-2. The N-terminal residues, Pro-2 through
Pro-4, have not previously been assigned a secondary struc-
ture, perhaps due to the absence of the amide proton on the
proline residues which limits the amount of data generated
from 2D NOESY experiments. Intramolecular hydrogen
bonds with an acceptor-donor-hydrogen distance of <2.8 A
and an acceptor-hydrogen-donor angle >120° (Ravishanker
et al., 1994) were present between Pro-2 oxygen and Gln-
5/Gln-6 amide hydrogen, Lys-3 oxygen and Gln-6/Phe-7
amide hydrogen, and between Phe-7 oxygen and Leu-10
amide hydrogen. The donor for Pro-2 and Lys-3 oxygen
fluctuated between the given acceptors. The 1-ns simulation
of SP without restraints shows two conformations due to a
conformational transition at ~400 ps. The peptide during
the first part of the simulation before the conformational
transition adopts a distorted (due to Pro-4) a-helix from
Lys-3 to Phe-7. This secondary structure is not far removed
from the secondary structure obtained from RMD. The
difference in the ¢-i values between consecutive type |
B-turns and an a-helix is minimal when the appreciable
flexibility of small peptides is taken into consideration.
After the conformational transitions for ¢ of Gly-9 and s of
Gln-6 and Phe-8, the only identifiable secondary structure
conserved is the type I B-turn from Pro-2 to GIn-5. This
secondary structure does not resemble any reported in the
literature. However, such extensive MD simulations have
not been carried out previously for SP and it is not clear how
long such a secondary structural element persists and there-
fore how much it will contribute to the time-averaged con-
formation observed in experiments. Analysis of proton-
proton distances corresponding to the medium range NOEs
reveals that after the conformational transition in the free
MD, the GIn-5 Ha—Phe-8 NH and GIn-6 NH-Phe-8 NH
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distances average 7.2 A and 6.3 A, respectively, apparent
violations of the NOE. The RMD averages for the distances
between these two proton pairs were 4.2 A and 4.7 A,
respectively. Other RMD-MD differences were due to the
increased distances between the side chains of GIn-5 and
Phe-8 and of Phe-7 and Leu-10 in the free MD. However,
these side chain pairs remained in similar micellar environ-
ments in the free MD and thus the amphipathic structure
remained. The ¢-i values and the root-mean-squared (rms)
fluctuations are given for SP during the restrained MD and
during the last 450 ps of the free MD (after the conforma-
tional transition) in Table 1. The carbonyl oxygen of Lys-3
was mostly hydrogen-bonded either to Gln-5 or Gln-6
amide hydrogen throughout the entire simulation, while
other intramolecular hydrogen bonds fluctuated over the
unrestrained simulation, making specific analysis of hy-
drogen-bonding partners less meaningful.

The restrained simulation of SP-Y8 was analyzed from
530 to 750 ps. The secondary structure over this period
shows that residues Lys-3 through Phe-7 form an a-helix
(see Table 2) with some distortion caused by Pro-4. These
results are in partial agreement with a study by Gao and
Wong (submitted for publication) who suggested, based on
2D NMR, that SP-Y8 in SDS micelles is helical from Pro-4
to Gly-9. However, the MD simulation results (both re-
strained using similar NOE restraints and unrestrained)
show the helix terminating at Tyr-8, which places it in better
contact with the aqueous environment than would be the
case if Tyr-8 were part of the helix. The only significant
RMD-MD differences in proton-proton NOE distances were
between the side chain protons of GIn-5 and Tyr-8 and
between Phe-7 and Leu-10, even though the side chain pairs
remained in the aqueous and micellar core regions, respec-
tively; thus the amphipathic structure remained. Intramolec-
ular hydrogen bonds were present between Pro-2 oxygen
and GIn-5/GIn-6 amide hydrogen, Lys-3 oxygen and Phe-7
amide hydrogen, and between GIn-5 oxygen and Tyr-8
amide hydrogen. The donor for Pro-2 oxygen fluctuated

TABLE 1 Average ¢-is values for SP partitioned in an SDS
micelle during the RMD (118-398 ps) and free MD (the last
450 ps) simulations

RMD MD
Sp ¢ 1 ¢ 1

Arg-1 NA 149.2 (10.9) NA 158.2 (11.6)
Pro-2 —799(7.1)  1783(58)  —71.2(8.6)  163.9(13.1)
Lys-3 —735(8.9) —324(72)  —59.0(11.5) —34.6(9.8)
Pro-4 —709(72)  —53(74)  —67.9(1.5)  —5.6(10.1)
Gln-5  —1059(84)  —13(9.5) —1084(13.0) —61.2(9.5)
Gln-6 —73.6(11.4) —479(74)  —79.7(9.7) 72.4 (12.7)
Phe-7 —92.2(9.3) 29.6(6.6)  —75.2(12.6) —49.7(14.3)
Phe-8 —69.3 (8.3) 32(17.7)  —78.7(114)  155.5(19.9)
Gly-9  —1545(19.1)  60.6 (8.9) 96.8(232)  31.7(25.6)
Leu-10 —61.6(8.4)  148.1(9.4)  —97.6(24.1) 177.3(14.3)
Met-11 90.6 (16.3) NA 90.7 (16.6) NA

Values in bold show changes from the RMD of over 30°; rms fluctuations
are in parentheses.
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TABLE 2 Average ¢-is values for SP-Y8 partitioned in an
SDS micelle during the RMD (530-750 ps) and free MD (the
last 1000 ps) simulations

RMD MD
SP-Y8 é W o W

Arg-1 NA 169.4 (7.3) NA 138.1 (17.9)
Pro-2  —63.0 (6.4) 168.1 (64) —75.2(9.1) 172.8 (8.2)
Lys3  —435(92)  —494(7.3) —503(12.9) —49.0(11.3)
Pro-4  —72.6(7.0)  —354(7.2) —70.6(7.8) 8.9 (11.0)
Gln-5  —80.6(83)  —233(7.1) —95.0(12.6) —49.7(9.4)
Gln-6  —380(9.6) —563(8.2) —382(12.1) —553(11.2)
Phe-7  —752(12.1) —68.6(7.1) —784(11.2) —702(18.1)
Tyr-8  —25.1(10.0) 112.9(9.5) —755(18.5)  151.0(18.1)
Gly-9  —84.1(11.0) 392(8.8)  102.3(28.7) 8.1(34.2)
Leu-10  —73.8(9.1) 168.0 (7.5) —87.5(23.7) 1583 (12.4)
Met-11 74.4 (9.9) NA 78.8 (12.7) NA

Values in bold show changes from the RMD of over 30°; rms fluctuations
are in parentheses.

between the given acceptors. The 1-ns free MD simulation
of SP-Y8 showed that the peptide remains in this same
secondary structure. However, the fluctuations are quite
large (see section on dynamics) with the i angle of Phe-7
and the ¢ angle of Tyr-8 moving toward more negative
values. This secondary structure is slightly different than the
one obtained with simulations in the biphasic cell, which
showed only GIn-6 and Phe-7 having a-helical values while
the rest of the peptide existed in extended turn structures.
The difference is most likely due to electrostatic interactions
that place the charged segment of SP-Y8 in closer contact
with the interface and resulting in a more defined secondary
structure. No conformational transition was observed over
the Lys-3 through Tyr-8 section in the unrestrained simu-
lation, but the Gly-9/Leu-10 backbone section is more flex-
ible than the other residues based on ¢-i rms fluctuations.

One side chain-side chain interaction observed in the
simulations of SP and SP-Y8 in the SDS micelle was that
between Gln-5 O_ and protons bonded to the nitrogen atoms
of the Arg-1 side chain. Though the proton donors fluctu-
ated, in many snapshots this interaction was shown to be in
a bifurcated configuration. This interaction could constrain
the motion of the GIn-5 side chain and reduce the T, of
the side chain protons. This may be the reason for the
particularly weak TOCSY signals for this residue for both
peptides in the SDS micelles (Gao and Wong, submitted for
publication).

Peptide-solvent properties

The analysis of the solvation of the peptide backbone was
facilitated by calculating the radial distribution functions
(RDF), g(r), between the SP peptide backbone carbonyl
oxygen with the oxygen atoms of water (Fig. 3), the asso-
ciated hydration numbers, and the position of the first hy-
dration peak. The results are presented in Table 3. Since the
polarity of the peptide backbone stems largely from the
carbonyl group and the energetic cost of inserting the pep-
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FIGURE 3 RDFs of SP carbonyl oxygen with the oxygen atoms of water over restrained trajectory (120—400 ps). Residues not shown have an RDF

similar to Phe-8, i.e., having a strong solvation peak, indicating the solvation of the carbonyl group by water.

tide bond into the lipid region has been estimated to be 5—-6
kcal/mol (Roseman, 1988), these RDFs can be quite reveal-
ing as to the nature of the peptide interactions with the
micellar surface or hydrophobic core. The peptide solvent
RDFs were examined for the SP-SDS micelle system over
the restrained dynamics, the initial 356 ps, the final 400 ps,
and over the entire unrestrained simulation of 1 ns. This
procedure was used because of the conformational transi-
tion that took place at ~400 ps. During the restrained
simulation, the backbone of SP (except for Pro-4) was either

TABLE 3 Hydration numbers for the peptide carbonyl
oxygen atoms with oxygen atoms of water from RDFs shown
in Fig. 3

First Peak
Residue Position (A) Integrated to (A) Hydration No.
Arg-1 3.1 4.4 1.19
Pro-2 — 5.0 0.03
Lys-3 — 5.0 0.09
Pro-4 — 5.0 0.00
Gln-5 2.8 34 0.42
GIn-6 2.8 34 0.76
Phe-7 — 5.0 0.13
Phe-8 2.8 34 0.63
Gly-9 2.8 34 0.82
Leu-10 2.8 34 0.50
Met-11 2.8 34 0.93

Residues in bold participate predominately in intramolecular hydrogen

bonds.

solvated or involved in intramolecular hydrogen bonds, as
was the case for simulations carried out in the biphasic cell.
The only difference in the RDFs was that all the g(r) values
were lower in the SDS simulation than in the biphasic
system (compare Fig. 3 with Fig. 6 of preceding paper).
This reduction in g(r) values was interpreted as being due to
the peptide residing in the interfacial region distinct from
either the micelle core or the bulk solvent surrounding the
micelle. This interfacial region is more heterogeneous than
the relatively sharp interface found in the water/carbon
tetrachloride interface. During the first 350 ps of the unre-
strained simulation, there are minor decreases in the value
of g(r) for the first solvent shell of Gln-6 and Phe-8 (results
not shown) from the restrained simulation. The change in
Pro-4 and Phe-7 during the first 350 ps showed both resi-
dues developing a primary solvent shell (Fig. 4). This in-
crease in the value of g(r) of the primary solvent shell
continued throughout the simulation, as seen in the RDF
over the last 400 ps of the trajectory (Fig. 4). It is not certain
whether these results indicate the peptide-micelle configu-
ration is still equilibrating or these are slow fluctuations.
Overall, the analysis showed that the backbone is either
involved in intramolecular hydrogen bonds or is solvated by
water (Fig. 3 and Table 3). This can be considered as an
important factor favoring the orientation of the peptide
parallel to the interface region. The side chain atoms that are
immersed in the hydrophobic part of the micelle are Pro-4,
Phe-7, Phe-8, Leu-10, and Met-11 (Fig. 5). During the
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FIGURE 4 The RDFs between the carbonyl oxygen atom of Pro-4 (fop)
and Phe-7 (bottom) and the oxygen atoms of water over the course of the
unrestrained dynamics. 4, first 350 ps; B, last 400 ps. The changes in the
RDF showed the development of the solvation shell around the carbonyl
oxygen atoms.

simulation, the aromatic side chains moved away from
being inserted into the micelle core to being directly at the
interface. Neither the Phe-7 or Phe-8 side chains develops a
primary solvent shell consistent with the hydrophobicity of
these side chains (Wimley and White, 1996). The prefer-
ence of aromatic residues for the membrane interfacial
region has been shown experimentally and also in another
simulation (Wimley and White, 1996; Woolf, 1998) though
the exact physical interactions for this interfacial preference
have not yet been well characterized. The methylenes of
Lys-3 were shown to be in a hydrophobic environment in a
configuration reminiscent of the “snorkel effect,” where the
methylenes of Lys-3 make contact with the methylenes of
the lipids and the charged terminal amino group of Lys-3
curling up so as to be solvated by water (Segrest et al.,
1990).

The RDFs, the associated hydration numbers, and the
position of the first hydration peak between the backbone
carbonyl oxygen and the oxygen atoms of water for SP-Y8
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in SDS were examined over the restrained dynamics from
531 to 750 ps (Fig. 6 and Table 4). When comparing these
RDFs with the respective RDFs for SP-Y8 in the biphasic
simulation cell, it was observed that the well-defined pri-
mary solvent shell for the first three residues was absent due
to a major reduction in the g(r) values (compare Fig. 6 with
Fig. 9 of preceding paper). This is certainly due to this
interaction between the charged segment and the charged
micellar headgroup, which brings this section into the in-
terfacial area. The detailed description of the interaction of
these residues with the SDS headgroups will be presented in
Peptide-headgroup interactions. Representation of the
charged headgroups is neglected in the biphasic cell model,
and thus the effects of the interactions of the peptides with
the headgroups will not be revealed in the MD results.
Since SP-Y8 did not show any conformational transitions
over the 1-ns trajectory, the RDFs presented were calculated
over the last 1 ns of the trajectory. As is the case in the SP
simulation, the carbonyl of Pro-4 developed a primary sol-
vent shell. The fact that this occurs also in the simulations
of SP seems to imply that the carbonyl of Pro-4 prefers to be
solvated. Since Pro-4 does not undergo any conformational
transition to attain this solvent shell, and the peptide is not
undergoing any diffusion away from the micelle, water must
be penetrating this particular area. As was the case for
simulations of these peptides in the biphasic cell, one major
difference between the two peptides is the interaction of the
aromatic side chains with the hydrophobic region. The side
chain of Phe-7 in both peptides is clearly in the hydrophobic
region, while that of the Tyr-8 of SP-Y8 is solvated by water
and Phe-8 of SP is not solvated, or at least to a much smaller
extent (Fig. 7). Furthermore, aromatic-aromatic interactions
are observed for the SP simulation due to the near parallel
arrangement of the two aromatic rings. This interaction
results in increased shielding of Phe-7 from water, though
Phe-8 is no longer as shielded due to the movement of Phe-8
toward the interface. Such aromatic-aromatic stacking in-
teraction was not found in SP-Y8 where the two aromatic
rings are pointed into different orientation of the (approxi-
mate) helix. The Leu-10 and Met-11 side chains are also in
a hydrophobic or interfacial region of the micelle (Fig. 7).

Peptide-headgroup interactions

By analysis of the distribution of sulfur atoms of the micelle
headgroups around each nitrogen of the charged peptide
amino groups, we can make distinctions between the non-
specific (solvent-separated) and specific (hydrogen-bonded)
electrostatic interactions. Both SP and SP-Y8 have a +3
charge due to Arg-1, Lys-3, and the N-terminus. The anal-
ysis of the SP-Y8 trajectory revealed that all these charged
amino groups interacted with the micelle headgroups. This
interaction can be seen in Fig. 8, which shows the RDFs
between the sulfur atoms of SDS with the charged amino
nitrogen atoms. The charged nitrogen of Lys-3 is shown to
have four charged headgroups within 5 A. Since the side
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FIGURE 5 RDFs of selected side chain atoms with the oxygen atoms of water from the trajectory over the last nanosecond for SP in the SDS micelle.

chain of Lys-3 is immobilized due to the “snorkel effect”
(see above), the Lys-3 charged amino group was prevented
from interacting as much with the solvent. To compensate
for the reduced solvent interaction, more sulfate groups
interact with the Lys-3 amino group than the N-terminal
amino group, which has more access to solvent. Specific
hydrogen bonding between the N,-H atoms and the oxygen
atoms on the sulfate headgroup was observed. The hydrogen
bonds fluctuate between different N,-H atoms and the ox-
ygen atoms on different sulfate headgroups of the SDS
molecules. Significant hydrogen bonding with the sulfate
oxygen atoms was also observed for the GIln-6 N_H, the
Tyr-8 phenolic hydrogen, the Met-11 NH, and one of the
amidated C-terminal hydrogen atoms. The preference of
tyrosine for an interfacial region may be due to this hydro-
gen bonding of the Tyr-8 phenolic hydrogen to the sulfate
headgroup or other hydrogen bond acceptors (Wimley and
White, 1996; Woolf, 1998).

SP does not show the same overall interaction with the
lipid headgroups. The interaction between Lys-3 and the
headgroup is the same as in SP-Y8. In addition, the Lys-3
NH, GIn-5 N_ protons, Met-11 NH, and the C-terminal
amide all show some hydrogen bonding with the micelle
headgroups. The Lys-3 NH chemical shift changes in going
from water to SDS micelles is 0.4 ppm, but only ~0.02 ppm
in DPC micelles for both SP (Keire and Fletcher, 1996) and
SP-Y8 (Gao and Wong, submitted for publication), suggest-
ing a specific interaction with the sulfate headgroup in SDS.
A large chemical shift difference is also seen for the Met-11

NH in going from aqueous solution to SDS or DPC micelles
for both SP (Keire and Fletcher, 1998) and SP-Y8 (Gao and
Wong, submitted for publication). Since the C-terminal
section appears to lack any secondary structure, this chem-
ical shift difference must be due to hydrogen bonding with
the headgroups. Though DPC is overall uncharged, electro-
static interaction between the peptides with the headgroups
cannot be completely ruled out. No other amide hydrogen
atoms on the SP and SP-Y8 peptide backbone, with the
exception of the amidated C-terminal, was observed to
hydrogen-bond with the sulfate oxygen atoms throughout
the entire 1-ns simulations, and their chemical shift differ-
ences between aqueous solution and SDS micelles may thus
be attributed to secondary structure formation (see Confor-
mation section). In Fig. 9, the RDF between the nitrogen
atom in the backbone of Lys-3 and Met-11 and the sulfur
atom on the SDS headgroup is shown. The peak in the RDF
at 4.1 A indicates the specific interaction, most probably
hydrogen bonding between the NH protons and the sulfur
oxygen atoms. No other amide nitrogen atoms on the rest of
the residues exhibit such specific interaction in the RDF.

Dynamics of the peptide

Examination of the times series for the ¢-ir dihedral angles
and their rms fluctuations for both SP and SP-Y8 from their
respective 1-ns unrestrained trajectories was carried out to
determine the flexibility of the various segments of the
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FIGURE 6 RDFs between the carbonyl oxygen atom with the oxygen atoms of water for SP-Y8 over the restrained trajectory (531-750 ps). Residues
not shown have a RDF similar to Tyr-8, i.e., having a strong solvation peak, indicating the solvation of the carbonyl group by water.

peptides. SP undergoes a conformational transition at ~400
ps; one may infer from that the Gln-6 through Gly-9 section
involved in the transition is more flexible if the peptide
undergoes further conformation transitions back to the orig-
inal conformation during the course of the simulation. How-
ever, since only one conformational transition is observed
over the nanosecond trajectory, insufficient sampling does
not permit such a conclusion. Fast fluctuations about the
¢~ dihedral angles were well sampled over this period both
before and after the conformational transition. Before the
conformational transition, all the residues had roughly sim-
ilar fluctuations of the dihedral angles. After the transition,

TABLE 4 Hydration numbers for the SP-Y8 peptide carbonyl
oxygen atoms with oxygen atoms of water

First Peak
Residue Position (A) Integrated to (A) Hydration No.
Arg-1 33 44 0.17
Pro-2 — 5.0 0.06
Lys-3 — 5.0 0.00
Pro-4 — 5.0 0.14
GIn-5 2.8 34 0.49
Gln-6 2.8 34 0.59
Phe-7 2.8 34 0.40
Tyr-8 2.8 34 0.81
Gly-9 2.8 34 0.81
Leu-10 2.8 34 0.41
Met-11 2.8 34 0.74

Residues in bold are predominately in intramolecular hydrogen bonds.

the ¢ of Tyr-8 and the ¢ of Gly-9 had larger rms fluctua-
tions of 33.7° and 50.4°, respectively, while the other resi-
dues had an average rms fluctuation about the ¢-is dihedral
angles of 12.5° with a range of 9.5° to 20.9° (see Table 1).
Glycine is known to be a residue that usually exhibits more
flexibility than other residues in proteins and peptides and is
often considered a helix breaker.

In SP-Y8, the Gly-9/Leu-10 region is also more flexible
than the rest of the peptide. The ¢ angles of Gly-9 and
Leu-10 have the two largest rms fluctuations with values of
28.7° and 23.7°, respectively, while the average rms fluc-
tuation in ¢ of the other residues is 12.1° with a range from
7.8° to 18.5°. The rms fluctuation in i of Gly-9 of 34.2° is
almost twice as large as that of any other residue (see Table
2). Since the first three residues of SP have been proposed
to be more flexible than the rest of the peptide (Convert et
al., 1991), the ¢-¢ dihedral angles of Gly-9/Leu-10 and of
the first three residues were examined and their time series
are shown in Fig. 10. While Arg-1 is slightly more flexible
than Pro-2 and Lys-3, the Gly-9/Leu-10 region is clearly the
most flexible. Interestingly, this flexibility is not extended
to the Met-11 ¢ dihedral angle, perhaps because the Met-11
side chain is in contact with the lipids (see Fig. 7) with the
NH and the amidated C-terminal hydrogen bonded with the
oxygen atoms of the sulfate headgroup, as discussed earlier
in the Peptide-headgroup interaction section.

Convert et al. (1991) proposed that the flexibility of the
three N-terminal residues is a requirement for SP related
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FIGURE 7 RDFs of selected side chain atoms with the oxygen atoms of water from the trajectory over the last nanosecond for SP-Y8 in the SDS micelle.

peptides to be biologically active. If indeed the first three
residues must remain flexible for receptor activation, then
the interaction between the peptide and an anionic lipid
surface (the “natural membrane” contains ~25% of anionic
lipids) should greatly reduce the flexibility of the first three
residues, Arg-1 through Lys-3, and would have violated this
requirement. Interacting with the membrane lipids as the
first step in binding to the receptor is a major part of
Schwyzer’s (1992) membrane-mediated mechanism of re-
ceptor selection. The absence of intramolecular NOE cor-
relations from 2D NMR for a certain segment of peptides
has often been interpreted as meaning that particular seg-
ment of the peptide/protein is flexible. This inference may
be reasonable for peptides in solution, but is quite suspect
for peptides in micellar or similar environments. The inter-
action of segments of the peptide with the micelle (head-
group or hydrophobic regions) is not reflected in intramo-
lecular NOE correlations, as demonstrated in this study. The
presence of two prolines (Pro-2 and Pro-4) in SP peptides,
and thus the lack of amide protons, near the N-terminus
further reduces the chance of observing intramolecular NOE

gn@s

Radius (&)

FIGURE 8 RDFs of charged amino nitrogen atoms of SP-Y8 with the
sulfur atoms of SDS. The close contact between the other charged N atom
of Arg-1 with the sulfate oxygen atoms is very similar to the contact
between the N-terminal nitrogen atoms with the sulfate oxygen. Due to this
overlap, the latter RDF is not shown for clarity.

and deriving a secondary structure. Thus, the conclusion
that the first three residues of SP in SDS micelles are
flexible seems unwarranted from the experimental data and
may only be resolved by examining the NMR relaxation
times of these segments. Our simulation results are consis-
tent with experimental NMR relaxation results for alamethi-
cin oriented on the surface of SDS micelles (Spyracopoulos
et al., 1996), which showed that the micelle tends to dampen
out the flexibility of the peptide on the surface. Alamethicin
was shown not to be as constrained as the core regions of
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FIGURE 9 RDFs of amide nitrogen of peptide backbone residues Lys-3
and Met-11 with the sulfur atom of the lipid headgroup. The large first peak
in the RDF at a distance of 4.1 A signifies hydrogen bonding between
amide hydrogen and the sulfate oxygen atoms.
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FIGURE 10 The time series for ¢-is dihedral angles of SP-Y8 in an SDS micelle. Top two rows: the time series for the ¢-i dihedral angles for the three
N-terminal residues. Bottom two rows: the time series for the ¢-¢ dihedral angles for the three C-terminal residues.

proteins, but not as flexible as random coil. The results on
alamethicin in SDS micelles also showed that even though
the peptide has secondary structure characteristics, the pep-
tide still experiences large fluctuations about the average
conformation. This fact should be kept in mind when trying
to make such fine distinctions in the secondary structure of
small peptides, e.g., between different categories of helices
and consecutive type I B-turns.

DISCUSSION AND CONCLUSIONS
SP peptides in SDS micelle

Comparison of the simulations of SP and SP-Y8 in the SDS
micelle shows similar gross positional and orientational
properties. The section that is most different between the
two peptides in the biphasic cell simulations is that of Arg-1
through GIn-6. However, this section of both peptides ap-
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pears very similar in the orientation of the backbone and
position of the side chains in SDS micelles. Both showed
similar properties with regard to electrostatic interaction
with the headgroups, which forces this section of SP-Y8 to
be in the interfacial area. The side chain of Lys-3 seems to
play a large part in positioning of the peptide at the inter-
face. Interestingly, this configuration was not part of the
initial configuration but developed over the equilibration
period of the simulation. SP and SP-Y8 differ the most in
the orientations of the two aromatic side chains. SP-Y8 has
the two aromatic side chains on opposite faces with Phe-7 in
contact with the methylenes of the hydrocarbon chain of
SDS and Tyr-8 well solvated by water. SP has both phe-
nylalanines in contact with the hydrocarbon chains or in the
headgroup region. Furthermore, the faces of the aromatic
side chains in SP are in close contact, giving rise to favor-
able van der Waals (vdw) interactions (or aromatic stack-
ing) between them. These favorable vdw interactions be-
tween the two aromatic side chains are not seen in SP-Y8
for either the biphasic cell or micelle simulations. Because
of such a difference in the orientation of the backbone and
the position of the side chains between the two peptides we
would expect a difference in the hydrophobic interactions
and thus in the AG,, between the two peptides upon
partitioning in the SDS micelle. The experimental value of
0.35 kcal/mol for the difference in AG,,,, for these two
peptides in DPC micelles (more negative for SP) (Wong and
Gao, 1998) is in agreement with this observation. Recent
work on the conformation of SP, its agonists, and antago-
nists provided speculations on the significance of the rela-
tive orientations of the two aromatic rings to provide aro-
matic-aromatic stacking interactions for binding and
receptor recognition and activation (Desai et al., 1992;
Huang et al., 1994; Josien et al., 1994; Grdadolnik et al.,
1994). 1t is thus interesting to note that the relative orien-
tations of the two aromatic rings for SP and SP-Y8 are
different when these two peptides are placed at the water-
membrane interface. The reduction in the potency of SP-Y8
as compared to SP (Fisher et al., 1976) may be a result of
the partial loss of the 7r-7 interaction between the two
aromatic rings (in residues 7 and 8) in SP-Y8 when it is
bound to the membrane. However, it is also conceivable that
the lower potency may be a direct result of the lower affinity
of SP-Y8 for the membrane (Wong and Gao, 1998), if the
membrane-mediated mechanism for receptor binding as
proposed by Schwyzer is valid for these SP peptides (Schwy-
zer, 1992).

The simulations of SP peptides in an explicit SDS micelle
have allowed for the classification of a diverse range of
peptide-lipid interactions. The orientation of the peptide
parallel to the interface is due to the polarity of the peptide
backbone in that the peptide backbone should be solvated
by water or be intramolecularly hydrogen-bonded. The in-
teraction of the peptide with the micelle is mainly through
the hydrophobic interaction of the side chains of Pro-4,
Phe-7, Leu-10, Met-11, and Phe-8. In addition, the N-
terminal amino hydrogen atoms, the Arg-1 side chain, Lys-3
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N-H and N, hydrogen atoms, and Met-11 NH have signif-
icant electrostatic and/or hydrogen bonding interactions
with the SDS headgroups. Even if SP forms an a-helix, this
conformation still leaves the final residues without intramo-
lecular hydrogen bonds, which would be thermodynami-
cally unstable if inserted into the micellar core (Ben-Tal et
al., 1996, 1997). Despite the distinct charged and hydropho-
bic segments (primary amphiphilicity as defined by Schw-
yzer) of these peptides, Schwyzer’s model for the mem-
brane-bound state of SP of insertion of the hydrophobic
segment (Schwyzer, 1992, 1995) seems unlikely. One of
Duplaa’s models (1992) for the membrane-bound state of
SP, in which both phenylalanine residues are embedded into
the membrane, agrees with our simulations of SP.

The results of Kothekar’s (1996) MD simulation of SP in
a phospholipid bilayer for 260 ps using the insertion model
as the initial configuration are suspect. The results of this
work show that it requires much more than 260 ps for the
peptide to equilibrate to the optimized orientation/position
with respect to the water/membrane interface. Not surpris-
ingly, the results of Kothekar’s work showed that SP was in
an insertion mode in the bilayer that was basically the same
as the initial configuration.

This work is the first MD simulation of a peptide in a
micelle that is most frequently used in high resolution
NMR, and it provides simulation results for direct compar-
ison with and interpretation of experimental results for the
same systems. Our three-dimensional models of the SP/SP-
Y8-micelle complex could serve as a good starting point for
assessing the importance of particular residues to membrane
binding and how membrane binding is related to activation
of the NK1 receptor (Seelig et al., 1996). With the increas-
ing use of supercomputers and parallel algorithm develop-
ment, nanosecond simulations of peptide-membrane com-
plexes will become more routine. Our simulations were
broken up into 80-ps sections that required ~420 cpu hours
on a Cray T3E at the Pittsburgh Supercomputing Center for
each section. Using 32 processors allows each of these
sections to be calculated in ~13 h assuming that 1 cpu hour
is equal to 1 h wall time.

There are concerns that in the NVT simulation the con-
stant volume may prevent the system from evolving to an
incorrect density despite producing apparently good but
spurious results. This could happen if the force field was
flawed (Jakobbsen et al., 1996). The CHARMM parameters
have been tested in a number of examples (MacKerell et al.,
1998; MacKerell, 1995; Feller et al., 1997) and have shown
excellent results. Recent results suggest that some form of
constant pressure or constant surface tension is the most
appropriate way to simulate interfacial systems (Chiu et al.,
1995; Feller et al., 1995; Tu et al., 1996) and future studies
will be carried out in such an ensemble. Studies are also
currently underway to quantitatively define the dynamics of
the lipids and the peptide in the form of time correlation
functions and to compare with NMR relaxation data.
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Comparison of simulations in the biphasic cell
versus an explicit SDS micelle

Certainly, constructing an environment that has properties
of not only both hydrophilic and hydrophobic environments
but also an interfacial region will be useful in refining
structures taken from SA treatments in vacuum (Chiche et
al., 1989). A more complete picture of the properties of
peptides and other amphipathic molecules at hydrophilic/
hydrophobic interfaces is vitally important to the mem-
brane-bound state of such molecules. The use of the bipha-
sic cell in constructing models for the peptide-micelle
complex has been shown to reproduce many of the exper-
imental properties of such a system, and reveal some de-
tailed structural and dynamic properties of the peptides that
are not easily accessible experimentally (see preceding pa-
per; Guba and Kessler, 1994; Guba et al., 1994). Yet water/
hydrophobic interfaces are clearly not the same as micelles
or lipid bilayers in that usually the interface is more distinct.
Weiner and White (1992) have shown the interface of lipid
bilayers to be quite heterogeneous and broad. Furthermore,
the water/hydrophobic interface neglects the often very im-
portant electrostatic interactions played by the headgroups.
As a result of this work on SP peptides in an explicit SDS
micelle and the results from the preceding paper on the
same peptides in the biphasic system, we can make a more
definite comparison between the two systems and comment
on the merits of the biphasic system as an approximation for
a more realistic explicit water/membrane mimicking sys-
tem. Overall, the results seem to indicate that if the peptide
has a significant hydrophobic interaction with the micelle,
the biphasic cell can reproduce most of the properties of the
peptide-micelle complex. If, in addition, the peptide has
significant electrostatic interactions with the headgroup or
contains interfacial lysines that may interact both with the
methylenes and the charged headgroup of the lipids, then
the biphasic cell may give incomplete or misleading results
on both the structure and the dynamics of the segment(s) of
the peptide having electrostatic interactions with the mi-
celle. The present results also showed that the simulations
done in the biphasic cell may have exaggerated the differ-
ences between SP and SP-Y8 due to the absence of a broad
heterogeneous interfacial area. For example, a hydrophobic
side chain that is inserted into the micellar core may be
substituted for a more polar side chain that hydrogen-bonds
to the headgroup. Both of these peptides may still retain
similar orientations at the micellar surface, but simulations
in the biphasic cell would likely show the two side chains in
completely different environments (water versus carbon tet-
rachloride), which may in turn cause the orientation of the
whole peptide to differ, as observed in the 1-6 segment of
these two peptides in the biphasic simulation.

However, the important conclusion that can be drawn
from the comparison of the results between the simulations
in these two systems is that the simulation in the biphasic
cell can reproduce the gross orientational and positional
properties of the peptide-micelles system (and presumably
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peptide-bilayer systems as well). The distribution of the
backbones and side chains in respective phases and hydro-
gen-bonding characteristics are also qualitatively similar in
these simulations. Since the biphasic system contains only
about one-third of the number of atoms of the peptide-
micelles system, and we have demonstrated in this study
that the equilibration time for peptide in the former system
is ~200 ps vs. 450-500 ps for the latter, it is conceivable
that one could use the equilibration in the biphasic system to
obtain the proper starting configuration for the peptide (with
respect to the water-membrane interface) in about one-fifth
of the equilibration time required for the real peptide-mi-
celle or peptide-bilayer system before starting to sample the
dynamic trajectories for the real system of interest.
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