Biophysical Journal Volume 80 February 2001 579-596 579

Molecular Dynamics Study of Peptide-Bilayer Adsorption
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ABSTRACT Two 6-ns simulations of the somatostatin analog sandostatin and a 1-palmityl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) bilayer are presented. In the first simulation, the peptide was placed in a region of bulk water density and
allowed to spontaneously move toward and bind to the bilayer surface. An attractive force between the peptide and bilayer
drove the binding process, which was opposed by a significant frictional force caused by the solvent (water). During the
approach of the peptide toward the bilayer the area of the interacting surface between the species was inversely proportional
to the distance between them, supporting the application of such a relationship in continuum calculations of peptide-bilayer
binding free energies. In the second simulation, the N-terminus of the surface-bound peptide was deprotonated. Consistent
with experiment, this strengthened interactions between the peptide and the bilayer. Details of both peptide-bilayer
complexes, including the orientation, percent buried surface area, and orientation of the lipid headgroups are in good
agreement with those obtained from experiment. The location of the different side chains in the bilayer is in direct correlation
with an interfacial hydrophobicity scale developed using model peptides. The aromatic side chains of the Phe and Trp
residues all lie flat with respect to the bilayer surface in both complexes. Changes in lipid and water ordering due to peptide
binding suggest a possible domination of lipophobic over hydrophobic effects, as proposed by other workers. Where
appropriate, peptide and lipid properties in the bound states are compared with separate simulations of sandostatin and the
bilayer in water, respectively, so as to monitor the response of the system to the binding process.

INTRODUCTION

The binding of peptides to lipid bilayers is a subject of greatbound peptides to be found in the literature (Behmet al.,
interest, from both a biomedical and biophysical standpoint1998; Damodaran et al., 1995; Damodaran and Merz, 1995;
Small, surface-active peptides that bind and affect the fluidKothekar, 1996; Kothekar et al., 1996; Huang and Loew,
order of membranes can lyse and destroy invasive microt995; Tieleman et al., 1998; Forrest et al., 1998; Tieleman
organisms (Epand and Vogel, 1999) and inhibit (Damodaet al., 1999b).

ran and Merz, 1995) or promote (Colotto et al., 1996; Epand To perform an MD simulation on a peptide-bilayer sys-
et al.,, 1999) membrane fusion. More generally, detailedem, one commonly uses available experimental data and
investigations of peptide-bilayer binding can provide insightcomputational manipulation (Berclee et al., 1998; Woolf
into vital biological phenomena such as protein-membranend Roux, 1994) to generate a reasonable structure for the
interactions, channel formation, and nonspecific transport opeptide already bound to the bilayer interface or inserted
molecules across cellular interfaces. Although experimentahto the bilayer interior. Following a suitable equilibration
techniques such as NMR (Seelig, 1977; Opella, 1997; Klasprocedure, a production simulation can be carried out from
sen and Opella, 1997), x-ray diffraction (Wallace and Janesyhich one obtains information on the structure, energetics,
1991), neutron diffraction (King and White, 1986; Jacobsand dynamics of the system and its components. In situa-
and White, 1989), and calorimetry (Seelig, 1997) havetions where only low-resolution structural data are avail-
provided a wealth of data on peptide-bilayer interactionsable, however, atomic details of the prepared system must
there remains a need for detailed, molecular-level informanecessarily be specified by the investigator. Due to present-
tion on the structure and energetics of peptide-bilayer comday limitations on simulation length, the system is fre-
plexes. Moreover, the mechanisms and kinetics of the bindguently unable to evolve significantly from the starting
ing process should be analyzed. The most direct way ofonfiguration, and therefore any bias in the starting condi-
obtaining such microscopic information is through com-tions will affect the results. As noted by Damodaran and
puter simulation techniques. In particular, molecular dy-Merz (1995) many simulations with different starting con-
namics (MD) has become a popular method for studyindigurations should be carried out to avoid this bias and make
peptide-bilayer systems, with many MD studies of bilayer-more meaningful comparisons to experiment. Another
shortcoming of standard MD simulations on these systems
is the lack of information provided on the binding process
itself. Ideally, one would like to carry out simulations in
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ing solvent (Juffer et al., 1996). Also, the effect of ionic D-Phe ‘mm CyS2mPheiam D-Trp?
strength is commonly ignored. I
In this paper we present the results of two separate Th(0l) em Cy S Theim Lys® |

simulations of a peptide-bilayer system. In the first of these
simulations, we have initially placed the peptide outside the 7 31O
interface of the bilayer in a region of bulk water density. CH/'(CHE)NCH’CH\(CHZ)T’C\O/THZ
Within 2 (ns, the peptide becomes adsorbed (bound) to the oH oH Q L
surface of the bilayer. The details of the peptide-bilayer cHet Q)S\CHQ/ 2\(CH2);/C\O/ \
complex thus formed are solely a result of the interactions H
between the various components of the system. As such, 1 /:
this simulation partially circumvents the shortcomings of C\
more conventional simulations discussed above, in that 1) 1. POs*Chol )
the _bound complex is relatively_ free o_f bias ar_1d 2) infor- 2 C=0"Glyc f
mation on the binding process is provided. Using a bound 5 CH
configuration of the peptide at the bilayer surface from the T (\
c’_{

O -0

first simulation, the N-terminus of the peptide was depro- 4.CHs H

tonated and a second simulation was carried out. A deeper
penetration of the deprotonated peptide into the bilayer was
observed. Again, this occurred solely as a result of the CHS—T—CHE
interactions between the peptide and bilayer. Corresponding

to the protonation state of the N-terminus, we will hereafter
refer to these simulations as the protonated and deproto-
nated simulations and the peptide-bilayer complexes OBFIGURE 1 Schematics of sandostatin and a POPC lipid. Segments of the

. lipid are named according to Jacobs and White (1989), with the modifi-
served therein as the protonated and deprotonated corEf3 d (1989)

: - . . ation that all methylene segments on both chains are included in thg CH(

plexes, respectively. Two additional simulations of thegoyp.

peptide in water and the bilayer in water enable us to

compare features of the complexes with that of the free

peptide and bilayer, respectively. 1999; Hwang and Vogel, 1998). As we will show in the
The peptide we have chosen for our study is sandostatiPiscussion, we have found very good agreement between

(also known as octreotide), a cyclic analog of the peptideproperties of the peptide-bilayer complexes in the simula-

hormone somatostatin (Maurer et al., 1982). The bilayer igions and those obtained from experiment. Moreover, fea-

composed entirely of 1-palmityl-2-oleogirglycero-3- tures of the binding process have been analyzed from the

phosphocholine (POPC) lipids and is therefore electrostatfirst 2 ns of the protonated simulation.

ically neutral. Fig. 1 shows schematic diagrams of sandosta-

tin and a POPC lipid. The binding of sandostatin to lipid

structures composed of neutral lipids (POPC), negativeI)?IMULATION DETAILS

charged lipids (1-palmityl-2-oleoydnglycero-3-phospho-  All simulations were carried out using the GROMACS simulation package

glycerol (POPG)), and mixtures thereof has been studieéBerendsen et al., 1995), both in serial mode on a single REEDOAu

: : g : workstation and in parallel on a cluster of four identical processors. All
extensively by Beschiaschvili and Seelig (1990, 1991’analyses were performed using software provided in the GROMACS

1992) U_Sing a _VarietY of eXperimental tEChniques' IndeEdpackage or with code written specifically for the project. To investigate the

the choice of this particular system for the current study wasinding of sandostatin to the POPC bilayer we have carried out simulations

motivated by the breadth and quality of their experimentalbf the following systems: 1) sandostatin in water, 2) fully charged san-

data, which includes information on the secondary structure‘?OSt?g'” " tgﬁ presence of tlhe bilayer (V‘t’)'FIh thebpept;de '”g'a”y P'a@‘r’]

orientation, and protonation state of the bound peptide a%‘“s' e the bilayer interfacial region), 3) bilayer-bound sandostatin wit
.. . . eprotonated N-terminus, and 4) the POPC bilayer in water. Details of all

well as measurements of lipid headgroup orientation. Anzg simulations are provided below.

other beneficial feature of the system is the disulfide bridge

of sandostatin, which locks the peptide into a rigid hairpin . ) ]

structure. The relatively small conformational change oc-Sandostatin/water (SW) simulation

curring in the peptid? upon binding sim.plified.t.he EXperij The starting structure for sandostatin was taken from Brookhaven Protein

mental thermodynamic analyses (Beschiaschvili and Seeliqhatabank (PDB) (Bernstein et al., 1977) entry 1SOC (Melacini et al.,

1992) and in a like manner helps to ensure that the conforl997). Interaction _parameters within the peptide were taken fro_m the

mational space of the peptide is adequately Sampled durinﬁromps-?? force field (van Gunsteren and Bere'n'dsen, 1987b) usmg the

the simulations. This would not be the case for a larger odifications of van Buuren et al. (1993). Explicit hydrogens were in-

) ; . ; ) ; A g tluded on aromatic residues (van der Spoel et al., 1996). Because aliphatic

linear peptide in which helix-coil or other conformational carbons are treated as extended atoms, the equilibrium values for the

changes may occur as a result of binding (Epand and Vogeinproper dihedrals on theCatoms ofp-Trp1 andp-Phe3 were explicitly

2
2
3

CH
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changed to the negative of the value feamino acids in the force field.  specification, which helped to keep the system size reasonable and to
This maintained the chirality of these residues throughout the simulationensure that the peptide would not interact with the images of the bilayer
The reduced C-terminus was built onto the peptide using standard paranabove the central simulation box, the orientation of the peptide was
eters for methylene, hydroxyl oxygen, and hydroxyl hydrogen atoms fromcompletely arbitrary. That is, no attempt was made to place the peptide in
the force field. A molecular topology file for the sandostatin peptide an energetically favorable position or orientation with respect to the bi-
complete with these modifications will be made available at the onlinelayer. An estimate of the peptide’s translational diffusion coefficient from
GROMACS topology repository (http:/rugmd4.chem.rug.nl/TILDEgmx/ the SW simulation (see above) showed that the mean distance traveled by
topologies.html). The peptide was placed in a rectangular box 2 X the peptide in 2 ns was'1.5 nm. Thus, the location of the peptide along
3.0 nm and solvated using multiple equilibrated copies of 216 SPC (Bethe system’s axis was chosen such that the center of mass of the peptide
rendsen et al., 1981) water molecules. Any water molecule whose oxygewas 1.5 nm away from the averageoordinate of the phosphatidylcholine
atom approached a peptide atom to a distance smaller than the sum of theiitrogen atoms in the upper leaflet. At this location, the minimum distance
respective van der Waals radii was then removed, resulting in a total of 44®etween the bilayer and peptide was approximately 1 nm. Next, the peptide
waters. To neutralize the positive charges on the N-terminus and lysine sidend bilayer were solvated with water molecules and two chloride counte-
chain of sandostatin the GROMACS program genion (van der Spoel et alrions in the manner described for the SW simulation. However, due to the
1999) was used to replace two of the remaining waters with chlorideamount of free volume in the hydrocarbon region of the bilayer, this
counterions. The energy of the final system, which consisted of 1488&rocedure allowed some water molecules to be artificially placed in the
atoms, was minimized using a steepest-descents algorithm and a convélayer interior. Based on the neutron diffraction data of Jacobs and White
gence criterion of 0.001 kJ mot. Following energy minimization, the (1989), we additionally removed any waters that penetrated the bilayer
system was subjected to 20 ps of position-restrained dynamics, in which adeeper than any phosphate atom. This resulted in a system with 6731 water
isotropic force constant of 1000 kJ mdlnm™* was applied to all peptide  molecules and a total of 26,954 atoms. Aside from the cutoff for long-range
atoms. This allowed equilibration of the solvent. During restrained dynam-nonbonded interactions, which was reduced to 1.7 nm, all energy minimi-
ics the temperature was controlled through weak coupling to a bath ofation parameters were identical to those employed in the SW simulation.
constant temperature (Berendsen et al., 1984) using a coupling-fiarel This value of the cutoff, which was deemed suitable for bilayer simulations
reference temperaturg, of 0.1 ps and 300 K, respectively. The peptide, in a systematic study of simulation parameters by Tieleman and Berendsen
water, and counterions were all coupled separately to the temperature batf1996), was used in both of the peptide-bilayer simulations. However, it
Analogously, the system was maintained at constant pressure through weakould be noted that the use of short cutoffs can result in inaccurate
coupling to a pressure bath usiRg = 1.0 bar andr, = 0.5 ps. The center  quantitative results for interfacial systems (Feller et al., 1996). Other
of mass motion of the system was removed every step to maintain thenethods for treating electrostatic interactions, such as the three-dimen-
effective simulation temperature at 300 K. The LINCS algorithm (Hess etsional Ewald summation and its variants are becoming steadily more
al., 1997) was used to restrict all covalent bonds to their equilibriumpopular. Currently, new methods being developed to cope with the two-
lengths, and the water molecules were kept rigid with the SETTLE algo-dimensional periodicity of interfacial systems (Wong and Pettitt, 2000;
rithm (Miyamoto and Kollman, 1992), allowing for a time step of 2 fs. A Yeh and Berkowitz, 1999) have not yet achieved the level of standards. We
twin-range, group-based cutoff was employed for the evaluation of allfeel that the use of a 1.7-nm cutoff, which is quite long by current
nonbonded interactions, with cutoffs of 1.0 and 1.8 nm for short-rangestandards, is justified given the following: 1) following a diffusive motion
(Lennard-Jones and Coulomb) and long-range (Coulomb) forces, respeof the peptide toward the bilayer in the first 0.5 ns of the protonated
tively. Long-range forces were updated during generation of the neighbosimulation, the atoms of the peptide all remain well within the cutoff
list, which was done every 20 fs. The final coordinates from the restrainedlistance of the charged bilayer atoms in both bilayer simulations, and 2) the
run served as the initial configuration for a 2.5-ns production run, the firstresults presented are primarily qualitative in nature, being analyses of
500 ps of which were used as equilibration and were excluded fronrelative changes in various properties of the system as a result of the
analyses. binding process, rather than an attempt to accurately calculate quantitative
properties of the system. Valuable results obtained from similar systems
using electrostatic cutoffs are prevalent in the recent literature (Lindahl and
Protonated simulation Edholm, 2000; Shrivastava and Sansom, 2000; Tieleman et al., 2000;
Capener et al., 2000; Shrivastava et al., 2000; Forrest et al., 2000).
The starting structure for sandostatin in the protonated simulation was Following energy minimization, a force constant of 1000 kJ maél
taken from the final frame of the SW simulation. The starting structure fornm™* was applied to the peptide atoms for 500 ps of position-restrained
the lipid bilayer consisted of 128 POPC lipids (64 per leaflet) and wasdynamics, allowing equilibration of the bilayer and surrounding solvent.
taken from a 1.6-ns simulation of the bilayer solvated with 3655 waterThe final frame of the restrained run served as the starting configuration for
molecules (D. P. Tieleman, personal communication). This equilibrateca standard MD simulation. Temperature coupling, restraint algorithms,
bilayer has been used as a starting point for the simulation of transbilayeneighbor list update, and time step were all implemented as in the SW
helices and proteins by Tieleman and colleagues (Tieleman et al., 199&imulation, with the peptide, lipids, water, and counterions being coupled
Forrest et al., 1998). As in their studies, we have used the lipid force-fieldseparately to the temperature bath. In contrast, anisotropic pressure cou-
parameters of Berger et al. (1997) to describe the lipid-lipid, lipid-water, pling was employed by scaling all directions separately to 1 atm with a
and lipid-protein interactions and retained the Gromos-87 force field (vartime constant of 0.5 ps, corresponding to zero surface tension. The total
Gunsteren and Berendsen, 1987b) for the intramolecular protein interacrolume and energy of the system were monitored as criteria for equilibra-
tions. For our simulation, we retained approximately the sanaady tion. Both of these properties relaxed to constant values (data not shown)
dimensions of the bilayer system mentioned above, but increased the sie the first 250 ps of simulation, which were discarded. The remaining 6 ns
of the simulation box on either side of the bilayerdimension) to allow  of the simulation were used for analysis.
space for sandostatin and solvent. Thus, the bilayer was centered in a
rectangular box of dimensions 6.34 6.38 X 9.92 nm, with the bilayer
normal oriented parallel to theaxis. This provided a region approximately Deprotonated simulation
2.8 nm thick on either side of the bilayer. The peptide was then placed
above one leaflet (hereafter referred to as the upper leaflet) so that it waall simulation parameters for the deprotonated simulation were identical to
centered with respect to tlxeandy dimensions. Because periodic boundary those used in the protonated run. The starting structure was taken from the
conditions were used in all simulations, we oriented the peptide with itsprotonated trajectory at the 4-ns mark, at which time the peptide was stably
long axis roughly parallel to the membrane surface. Aside from thisadsorbed to the bilayer surface (see Results). The N-terminus of the peptide
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FIGURE 2 Snapshots of the binding
process from the protonated trajectory
(numbered) and a representative struc-
ture of the deprotonated complex. For
clarity, only the upper leaflet of the
bilayer and sandostatin are shown. The
nitrogen atoms of the phosphocholine
headgroups are shown in the space-
filled mode. Pictures were made using
the program RASMOL (Sayle and
Milner-White, 1995).

Deprotonated |

was deprotonated, and new atomic charges from the force field werdinear fashion with respect to time up until 2 ns. At this time,
assigned to the relevant atoms. One of the counterions was replaced bytfe distance between sandostatin and the bilayer levels off.

water molecule to achieve electrostatic neutrality. Energy minimizationFrom Fig. 2. it is apparent that this is due to adsorption of
and 500 ps of restrained dynamics were carried out as discussed abov g. & pp p

Following an equilibration period of 250 ps, 6.0 ns of dynamics Weret?1e peptlde to th_e b'layer ;urface. The peptlde-bllayer dis-

performed on this system. Thus, the combined simulation time for thetance then remains essentially constant for the next 3 ns and

protonated and deprotonated trajectories is 12 ns. then decreases further between 5 and 6 ns. The relatively
small fluctuations in the distance between 2 and 6 ns would

Bilayer/water (BW) simulation seem to indicate that the adsorbed complex is stable on the

All simulation parameters in the bilayer water simulation were identical to
those used in the protonated simulation. The starting structure for the

system was generated by cutting the peptide out of the initial configuration 3 0 0 ’ 0 i
of the protonated simulation and resolvating the system in the manner
discussed for the peptide-bilayer simulations. The two chloride atoms were
replaced by waters, resulting in a total of 6765 water molecules. Following Protonated
2 — — Deprotonated 4

energy minimization, the system was subjected to 500 ps of standard MD
as equilibration. Two additional nanoseconds were used for analysis.

RESULTS

Peptide-bilayer distance

Distance (nm)

Snapshots from the protonated and deprotonated simula-
tions in Fig. 2 show the gradual approach of the peptide to
the bilayer surface and a representative structure of the
deprotonated complex, respectively. The same information
is displayed quantitatively in Fig. 3, which shows the dis- . . . . .
tance between the center of mass of the peptide and that of ~ ° 1000 2000 - :]ZO(O 9 4000 5000 6000

the upper leaflet phosphate atoms for both simulations. P

Despite some apparent movements of the peptide aWAYGURE 3 Distance between the center of mass of the peptide and that

from the bilayer in the first nanosecond of the protonatecdy the upper leaflet phosphate atoms as a function of simulation time. Solid
run, the peptide-bilayer distance decreases in an essentiallye, protonated run; dashed line, deprotonated run.

-~
o w
0 ‘\-r\"v‘\_ \,\’“y\.‘\v*ov'_‘r’wt.w.ﬁ--
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time scale of the simulation. However, the slight decrease in 1.0
the distance during the last nanosecond of the simulation
indicates that the peptide would like to immerse itself fur-
ther into the bilayer phase.

The increase in bilayer penetration by the peptide follow-
ing deprotonation is clearly seen in the peptide-bilayer
distance for the deprotonated run. Interestingly, this de-
crease (approximately 0.5 nm relative to the protonated” -
complex) was achieved mostly during the energy minimi—;z ' M"WMWW
zation step of the deprotonated simulation (see Simulation
Details). Therefore, although sufficient space for penetra- 95T Deprotonated 1
tion of sandostatin into the bilayer existed during the pro-
tonated simulation, this was probably prevented by electro- oo}
static repulsions between positive charges on the peptide
and lipid headgroups. The peptide-bilayer distance fluctu- o5
ates more in the first half of the deprotonated simulation
than in the protonated complex; logically, the deeper pen-
etration of sandostatin in the deprotonated complex perturbsiGure 4 orientation of sandostatin in the protonatespe) and
the bilayer more than the surface-bound peptide and moreéeprotonatedigwer) runs. The vector that determines the value gfiSa
time is required for the membrane to adjust to the inclusionnormal to the plane defined by the*@toms of Cys2, Lys5, and Cys7. A
The fluctuations settle down between 4 and 6 ns and belector pointing from the Batom of Cys2 to the €atom of Lys5 was used

o calculate S. Values of the parameters are interpreted in the same

come cqmparable to thOSQ of th_e protonated complex. Thuénanner as fo% aromatic rings (spee Tieleman et al., 1%98). Solid lige, S
on the time scale of the simulations, both complexes enjoYjashed line, § Running averages over 50 ps are shown for clarity.
a similar stability.

05 Protonated

"1 I‘
A VN

oo b "\" wi v ‘l\"\lv 1
Wit l

)
\ '“'\,,v ,

N

rpr W
Vgt . "“'\lmn‘..b.)h."l**‘,\vﬂ‘*‘lvp.‘4\‘!‘~
0 1000 2000 3000 4000 5000 6000
Time (ps)

reveals that it is the terminal ends of the peptide that face the
bilayer (see also Fig. 2), with the turn around residues Trp4
To measure the overall orientation of the peptide during theind Lys5 facing in the opposite direction. Upon adsorption
simulation, we have employed a method similar to the oneat 2 ns, a rapid orientational transition is observed: the
used by Tieleman et al. (1989) for measuring the orientatiomormal to the plane $becomes aligned with the bilayer
of aromatic side chains with respect to a bilayer surfacenormal. Thus, the long face of the peptide lies against the
Given a planar molecule, the method is as follows: twobilayer surface. The value of Salso reflects this change,
parameters, Sand S, describe the alignment (with respect although it is clear that the long axis of the peptide retains
to the bilayer normal) of a vector normal to the molecularsome freedom of orientation with respect to the bilayer
plane and a long axis vector lying in the molecular planenormal. In the last nanosecond of the simulation, however,
respectively. Both parameters can assume the values 1 (fthhe peptide comes to lie completely flat against the bilayer
a vector lying parallel to the bilayer normal) t60.5 (vector ~ surface. This change is concomitant with the decrease in the
lying perpendicular to the bilayer normal) but are not mu-peptide-bilayer distance observed during this time period
tually independent. Fig. 2 of Tieleman et al. (1998) provides(see Fig. 3), indicating that binding of the peptide to the
a more detailed explanation, using a tyrosine ring as amilayer favors the flat orientation. Correspondingly, this
example. Fig. 4 shows,Sand S parameters calculated for type of orientation is also observed in the deeply inserted
sandostatin as a whole, using specific peptide atoms tpeptide of the deprotonated complex: theahd § values
define a plane and long axis for the molecule (see figurendicate a rigid, parallel orientation of the peptide with
caption for details). Starting from similar values at the startrespect to the bilayer surface and do not undergo large
of the protonated simulation, both,%nd $ undergo large fluctuations. Presumably, the environment surrounding san-
fluctuations within the first nanosecond. In fact, the largedostatin is much more rigid than in the protonated simula-
changes in the value of Scorrespond closely with the tion and exerts a greater hindrance on peptide rotation.
increases in the peptide-bilayer distance in this same time

period (see Fig. 3). These fluctuations in distance can ther(i:—,e tide conformation

fore be attributed to overall rotation of sandostatin as a ©
whole, rather than translational motion of the peptide awayFig. 5 shows the root-mean-square fluctuation (RMSF) val-
from the bilayer surface. Between 1 and 2 ns, the peptidees in the peptide atom positions for the SW simulation, the
becomes oriented with its long axis parallel to the bilayerfirst 2 ns of the protonated run, the last 4 ns of the proton-
normal. Because the long axis vector points away from thated run, and the entire deprotonated run, respectively. The
N- and C-termini of the peptide, the negative value Qf S profiles from all four data sets are similar in that the termi-

Peptide orientation
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0.4 . r r ' T r . . and Sander, 1983). A single, stable hydrogen bond was
formed between the carbonyl oxygen of Cys2 and the ni-
trogen of Thr8, forming g-bridge structure separated by a

bend. No other intramolecular hydrogen bonds were possi-
03 1 ble, as the main-chain atoms of the remaining residues
engaged in extensive hydrogen bonding with the lipids (data
not shown). The existence of a single, persistent conforma-
tion differs from observations made in the SW simulation

and the first 2 ns of the protonated run: during these times,
the peptide was observed to sample both of the major
conformational families determined from solution NMR

. studies of sandostatin (Melacini et al., 1997; data not

RMSF (nm)
o
N

01 F \ , ,
\
- A, Y shown).
\\/ - S
0.0 . . . . 1 . . . Buried surface area
Phei Cys2 Phe3 Trp4 Lys5 Thr6 Cys7 Thr8
Residue Fig. 6 shows the amount of surface area buried at the

peptide-bilayer interface for both the protonated and depro-

FIGURE 5 RMSF of sandostatin during the simulations. Solid line, tonated trajectories This was calculated as follows: the
entire SW simulation; dotted line, first 2 ns of the deprotonated run; dashej) . . ' |
line, last 4 ns of the deprotonated run; long dashed line, the entir eptlde and bllayer were taken separately from each re-

deprotonated run. The RMSF for each residue was averaged over all atonfOrded configuration of the trajectories and the sum of their
in the residue. surface areas was calculated. The area was then calculated

for the peptide and bilayer together and was subtracted from

the sum of the two species taken independently, giving the
nal residues and those located near the top of the turn atetal surface area buried in the complex. The ASC program
relatively mobile, with flexibility decreasing toward the of Eisenhaber and Argos (1993) was used for all area
cysteine residues engaged in the disulfide bond. Howeveralculations, using atomic radii from GROMACS. From the
the magnitudes of the values in the various profiles differdata for the protonated run, a linear increase in the buried
greatly, depending on whether the peptide is free or boundurface area is observed between 1 and 2 ns, followed by a
to the bilayer. The flexibility of all residues is roughly the plateau. The absence of contact between the peptide and
same in the SW simulation and the first 2 ns of the proton-bilayer during the first nanosecond of the simulation ex-
ated simulation, with the peptide being only slightly more
rigid in the latter. With the exception of the N-terminal
phenylalanine, all residues of the peptide become much 4
more restricted in the latter 4 ns of the protonated simulation
(protonated complex), and the most significant reductionsin 16 p
flexibility are seen in those residues that penetrate deepest
into the bilayer (see below). The data from the deprotonated
simulation shows that the apparent translational and rota- 12}
tional rigidity of the deprotonated complex also extends to_.
the intermolecular degrees of freedom: the RMSF values for§
all residues are reduced relative to the protonated complexg |
Moreover, the RMSF values for all residues in this complex <
are roughly similar: even those near the top of the turn have 8|
experienced a significant loss of conformational freedom.

For both complexes, additional evidence of structural

Protonated Deprotonated

—— Hydrophobic

rigidity was seen in the secondary structure a@nas angles Y S 7 N S Hydrophilic

of the peptide. While bound, very small fluctuations were ) ) ) )

seen in the average backbone dihedrals, with each residue %0 2000 4000 6000 0 2000 4000 6000
sampling small and nearly separate regionsppi) space Time (ps)

(data not shown). Consistent with the RMSF plots, the

spread in the dihedral angle values was smaller in tthGQRE 6 .Surfat.:e area sharec! by sandostatin and't.he bilayer as a
function of simulation time. Contributions from hydrophilic and hydro-

depmtonated than in the pro_tonated complex. The Secon(i‘_lhobic surface areas are shown along with the total. An atom was consid-
ary structure of sandostatin in both complexes was esseRred hydrophobic if the magnitude of its partial charge was less than 0.2.

tially identical as determined by the DSSP program (KabschRunning averages over 50 ps are shown for clarity.
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plains the unrestricted rotation of the peptide during thisdue to the bilayer becomes gradually more negative and
time period (see Fig. 4). Aside from a slight increase be-draws sandostatin deeper into the lipids.

tween 5 and 6 ns, the value remains fairly constant for the The most striking feature of the solvent force component
remainder of the simulation. The interfacial area of thein the protonated simulation is its near mirror-image quality
protonated complex is 40% hydrophobic and 60% hydro-with respect to that of the bilayer between 750 and 2500 ps.
philic in character, respectively. The buried surface aredor the bulk of this time period the bilayer contribution
increases greatly following deprotonation of the N-termi-dominates the total force but is consistently opposed by
nus, with the value jumping to almost twice that of the near-simultaneous solvent repulsions, presumably caused
protonated complex. Aside from transient changes near thiey expulsion of water molecules from the space between the
middle and ends of the run, the size of the interface remaingteracting species. Between 2.5 and 5 ns, the solvent force
essentially constant for the entire simulation. The charactebecomes comparatively independent of the bilayer force and
of the interface has changed slightly from that observed iroscillates around zero. Concomitant with the increased pep-
the protonated simulation, with hydrophobic and hydro-tide-bilayer interaction between 5 and 6 ns, this solvent
philic atoms contributing equally to the total. force then disappears entirely.

The z components of the intermolecular force for the
deprotonated simulation are shown in the lower plot of Fig.
7. Like the last nanosecond of the protonated simulation, the
Intermolecular forces (Lennard-Jones and Coulomb) on theontribution of the solvent to the total force is small and
peptide due to the bilayer, solvent (water and counterions)gssentially disappears after the first nanosecond. The value
and their sum is shown in Fig. 7. Only taeomponents are of the bilayer contribution is negative throughout, indicating
shown as they act normal to the bilayer surface and thug net force attempting to draw sandostatin even deeper into
control the binding process. For the first 750 ps of thethe bilayer.
protonated simulation, the total force component and its
contributions essentially fluctuate around zero, and the pe
tide is roughly at equilibrium with respect to the normal
forces. After this time, however, the bilayer exerts a signif-The four plots in Fig. 8 show the density distributions of
icantly attractive force on the sandostatin molecule, reachvarious groups along the bilayer normal calculated as aver-
ing a minimum when the peptide becomes completely adages over the first and last 500 ps of the protonated (upper
sorbed at 2 ns. Aside from a small fluctuation-a2.6 ns, plots) and deprotonated (lower plots) runs, respectively.
the bilayer force is negative (favors adsorption) and fairlyBefore discussing the location of the peptide in the inter-
constant between 2 and 5 ns. In the last nanosecond of thace, it should be mentioned that the distribution of lipid
simulation, the cause of the decrease in the peptide-bilayeromponents observed in our simulations are slightly too
distance (see Fig. 3) becomes clear; the force on the peptideide compared with the neutron diffraction data of Jacobs

Intermolecular forces

plf)ensity plots

1000

Protonated
500 ) i
W
oL
FIGURE 7 Thez coordinates of the intermolecular g -500
forces acting on the peptide as a function of simulation €
time. Upper plo) Protonated trajectoryLower plo) "3 -1000
Deprotonated trajectory. Thin solid line, force due to €& 1000 i i i i i
the bilayer; dashed line, force due to the solvent (water 2
and counterions); thick solid line, total intermolecular ¢ Deprotonated
force on the peptide. Running averages over 50 ps are g 500 | 1
shown for clarity. L.
0t
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FIGURE 8 Distribution of system —_ 1 . cys2
components along the bilayer norma. ( ""E —— Cys7
andB) First and last 500 ps of the pro- c —— Thré
tonated trajectory, respectivelyC (and ‘é 0 — Thrs
D) First and last 500 ps of the deproto- 9 I";‘;
nated trajectory, respectively. The scale E 50— — ———r—————r— 4 NYterminus
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-------- PO, Chol

idue, only the density of the side-chain

. — - Water
atoms is shown.

Distance from bilayer centre (nm)

and White (1989), as exemplified by the phosphate-headand hydrocarbon tail region of the lipids. This is also true of
group densities, which are approximately 0.5 nm too farthe Cys2, Cys7, and Phel side chains. The Lys side chain
from the bilayer center. This is due to the small area pemoves closer to the bilayer than Trp4 during the first 500 ps
lipid observed in our simulations, which is 6G,Aompared  of the deprotonated simulation, despite the positive charges
with the experimental estimate of 6& fEvans et al., 1987). on the outer edge of the POhol density, whereas the
However, as with most of our results, we are interestedryptophan side chain has now moved to a position similar
mainly in changes occurring as a result of peptide bindingo that of Phe3 in the protonated simulation. In this position
and in particular the partitioning of specific peptide groupsthe indole group engages in significant hydrogen bonding
in the interface. Thus, this discrepancy has little effect orwith both the water and headgroup phosphates (data not
our overall conclusions. Due to the large distance betweeshown), which partially prevents this side chain from pen-
sandostatin and the bilayer surface, there is no overlap of thetrating the inner bilayer core.

peptide and lipid densities during the first 500 ps of the The situation in the last 500 ps of the deprotonated run
protonated run. These data are included to provide a souregemains largely the same, except for a few significant dif-
of comparison for the other plots and to confirm that theferences. First, there is a sharpening of all the side chain
peptide is initially placed outside the interfacial region of densities, indicating that the location of the peptide along
the bilayer. In the densities calculated between 5.5 and 6 nhie bilayer normal has stabilized compared with the first
of the protonated run there is noticeable overlap betweeB00 ps of the trajectory. Second, although all the features of
several side chains and the headgroups of the lipids. Durinthe first 500 ps remain, there has been an overall movement
this time period the Phe3 side chain penetrates the bilayesf the peptide away from the bilayer core. Third, the side
further than all other residues, having significant overlapchain of Lys5 is once more located in the water phase.
with the PG,Chol (see Fig. 1) headgroup density and to a

lesser degree the=€0*Glyc and CH, regions. From the

same plot it can be seen that the N-terminus of SandOStatiRromatic side-chain orientation

is located near the outer edge of the bilayer at th§@Hol/

water interface. In the first 500 ps of the deprotonatedS(,) and S() parameters for the three aromatic residues of
simulation, all side chains insert themselves more deeplgandostatin as a function of simulation time are shown in
into the bilayer than in the protonated complex. It is inter-Fig. 9. Concentrating first on the results for the protonated
esting to note, however, that the position of each side chairun, it is clear that there is significant orientational freedom
relative to the others along the bilayer normal remains veryor both Phe residues in the first 500 ps of the simulation,
similar. Phe3, which still penetrates the interface the fur-whereas the side chain of Trp4 appears to be slightly more
thest, now has significant overlap with both the=O*Glyc rigid during this time. It should be noted, however, that the
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FIGURE 9 Orientation of the aromatic peptide side chains from the protonated and deprotonated trajectories. Sqliddashes line, S Running
averages over 50 ps are shown for clarity.

peptide as a whole rotates rather freely in this portion of théPhe residues indicate changes occurring in the protonated
simulation. Although changes in the orientation of the sidecomplex in the last nanosecond of the simulation. In par-
chains occur on a much faster time scale than overallicular, the plane of Phel undergoes rotation around the long
rotation, changes in peptide orientation could effect theaxis at approximately 5.5 ns. For the remainder of the
values of § and S . Directly after the first 500 ps, rapid and simulation the plane of the ring remains perpendicular to the
significant changes occur in the orientation of all threebilayer surface. Slightly different effects are seen in the
residues, particularly the phenylalanines. The long axes andrientation of the Phe3 side chain, with an overall move-
planes of both these residues become rigidly perpendiculanent of both the plane and long axis from a perpendicular
to the bilayer surface, whereas the parameters for Trp4 spiki® a parallel orientation. Conversely, the orientation of Trp4
and then fluctuate over a wide range of values. This situaremains more or less stable during this time.

tion lasts up until 1.5 ns. Betweer1.5 and 2 ns, the The overall picture for all three residues during the de-
orientations of all three residues change once again. Uniprotonated run is similar to that between 2.5 and 5.5 ns of
formly, all of the aromatic planes orient themselves more oithe protonated simulation. Once again, all of the aromatic
less parallel to the bilayer surface. Consistent with its deeplanes and long axes lay parallel to the bilayer surface.
penetration of the bilayer, the plane of Phe3 appears to haviside from some very rapid and transient changes occurring
the most rigid orientation of the three residues. In comparin all residues at the beginning and/or end of the simulation,
ison, the planes of Phel and Trp4, which are located furthemo appreciable changes in orientation are observed. As in
out from the bilayer interior toward the water phase, fluc-the protonated run, these changes occur more or less simul-
tuate rather significantly about their orientations. The longtaneously in all three residues. All three residues experience
axes of all three residues lie parallel to the plane of theabout the same freedom in the orientation of their respective
bilayer for the most part but are reasonably free to moveplanes, whereas the long axis of Phel seems to be much
particularly between 2.5 and 5.5 ns. The orientation of botimore rigidly oriented than those of the Phe3 and Trp4.
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Phospholipid headgroup orientation 1000
Through geometrical interpretation of quadrupole splittings e Uomer leafit A
from POPC lipids with selectively deuterated headgroups, it g0} - - Lower leafiet

has been shown that the binding of positively charged 8
species to bilayers causes the lipid headgroups to protrudé:
out into the water phase (Seelig et al., 1987; Scherer andg 600 |
Seelig, 1989; Beschiaschvili and Seelig, 1991). In short, theg
quadrupole splitting of the headgroup-methylene de- &
creases in a linear fashion with respect to the mole fraction&
of bound, positively charged amphiphile, whereas that of ©
the B-methylene increases. Negatively charged amphiphiles
have the opposite effect in both cases. For positive species
the changes in the splittings can be interpreted as a rotation
of the “"P-N" headgroup dipole away from the surface of 0
the bilayer into the aqueous phase. In the absence of charged
binding species, it is estimated that these dipoles lie within

30° of the bilayer surface in a more or less parallel orien-

tation (Scherer and Seelig, 1989). To determine the effectof %3 [ B
sandostatin on the lipid headgroups, we first divided the
simulations into windows of 500 ps and counted the number 8

400 p

200 p

0 1000 2000 3000 4000 5000 6000
Time (ps)

of times that any P-N" dipole in the bilayer is significantly € %2T |
aligned with thez axis, with the N end pointing out into %
the water phase. Due to their interaction with the peptide, %

01 F

the headgroups of the upper leaflet will presumably undergo g
more significant changes in orientation than those of the<
lower leaflet. Fig. 10 shows the results of the calculation for
the protonated run. Comparing the plot for the upper leaflet %0
with that of the lower leaflet reveals that, in fact, the-N*
dipoles of the latter point out from the bilayer surface more
often than those of the former in the first 1.5 ns. It should be T 2 s 4 s & 3
noted that a similar calculation for the BW simulation Bin number
revealed similar differences between the orientation of the o o _
headgroups in the two leaflets (data not shown), and it i{_IGUR!E 1Q @) Orientation of the_ lipid headgroups as a fu_nct|on of
. . . . imulation time. For every 500-ps window of the protonated trajectory, the
therefore unlikely that the peptide is responsible for thesgumper of occurrences in which an-N* vector is significantly oriented
initial differences in the protonated simulation. Between 1.5along thez axis and pointing out from the bilayer is counted. To be
and 2.0 ns, the number of occurrences in the upper leaflesounted, the cosine of the angle between the vector and alxés had to
increases drastically until the value for both leaflets isbe greatertr_]an or equal to O.B)(O_rientation of the lipid headg‘roups with
. . .. respect to distance from the peptide (see text for details). Bin 1 starts at a
approximately equal. The end of this time frame coincides ;¢ of 0. The width of each bin is 0.3 nm.
with the peptide reaching a stable minimum distance from
the upper bilayer surface (see Fig. 3). In the next 2.0 ns, the
value for the upper leaflet experiences another drastic inspatial distribution of the phenomenon: 1) sandostatin has a
crease, reaching a maximum between 2.5 and 3.0 ns. lsmall, essentially uniform effect on all headgroups, or 2) the
contrast, the value for the lower leaflet remains fairly con-effect is dependent on the distance between the headgroup
stant and close to the values observed for the BW simulatioand the peptide. To investigate these possibilities, we first
(data not shown). Past 3.0 ns in the simulation, the effect oflivided the lipids of the upper leaflet into bins based on the
the peptide on the upper leaflet headgroups relaxes to minimum distance between theP-N* headgroup vector
value similar to that of the lower leaflet. Interestingly, thereand any peptide atom. For each bin, we then calculated the
was very little effect on the orientation of headgroups inaverage orientation (as the cosine of the angle formed
either leaflet during the deprotonated simulation; for thebetween the P-N* vector and the bilayer normal) between
entire 6 ns, values for the upper and lower leaflets remained.5 and 3.0 ns. The results are shown in the lower plot of
fairly constant and similar to those of the BW simulation Fig. 10 and reveal that the lipids within 0.3 nm of the
(data not shown). peptide lay almost perfectly flat against the bilayer surface.
Given the headgroup orientation effect observed in theRadiating outward to a distance of 0.3—-1.2 nm from the
protonated simulation, two possibilities exist concerning thepeptide, the alignment of headgroups along the bilayer

3
%
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normal increases slightly and is fairly constant within thiskHz = Ay, = +10 kHz (- charge) and which varies with
range. Between 1.2 and 1.5 nm, however, the degree tihe charge and amount of amphiphile bound. A similar
which the headgroups protrude from the bilayer surfacesituation is seen for thB- methylenes: values 6f46.4 and
increases significantly. The localization of the effect at this—34.1 were calculated for the protonated and BW simula-
distance proves to be quite sharp, with the headgroups lyintions, respectively, with the experimental range beirg (
more or less flat at greater distances. charge) 14.4 kHz= A vB = —2 kHz (— charge). Despite
That transient and spatially localized nature of the headthe discrepancies between the calculated values and the
group orientation effect in the protonated simulation differsexperimentally determined ranges, which is due to the lim-
from the experimental results. When measuring the quadited time scale of the simulation, the magnitude of the
rupole splittings of selectively deuterated carbon atoms imrelative uncertainty in each of the calculated values (calcu-
the POPC headgroups, single, well-defined spectra are oliated from the RMS values in a manner analogous to that of
tained for a given concentration of bound peptide, indicatthe lipid chain order parameters; see below) is less than 5%
ing that sandostatin undergoes a rapid two-dimensionah each case, making it possible to calculate statistically
diffusion in the plane of the bilayer and thus affects all significant differences between the values for the protonated
headgroups uniformly within the order of 1®s (Beschi- and BW simulations. These differences &&va = —9.6
aschvili and Seelig, 1991). Obviously, the time scale of thisand AAv, = 12.4, respectively. Thus, the influence of
diffusion lies far outside the reach of our simulations andsandostatin on the quadrupolar splitting of each headgroup
may serve to explain the transient nature of the effeceegment is qualitatively reproduced in the simulations, with
observed in the simulation. Also, the time scales of lipidAv, decreasing (becoming more negative) ang increas-
motions (such as the overall rotation about the bilayeling upon binding of the peptide to the bilayer.
normal) are such that the sampling over states required for
the accurate calculation of some NMR observable data i
not possible from a nanosecond-scale simulation. Neverth
less, we have calculated quadrupole splittings for both théor both simulations, deuterium order parameters were ini-
a- and B-methylenes of the headgroups. Even a qualitativeially calculated by averaging over all lipids in successive
agreement between the calculated and experimental valugisne windows of 2 ns each (data not shown). Although the
would help to confirm that the headgroup protrusion ob-shape of the order parameter profiles thus obtained were in
served in the upper plot of Fig. 10 occurs as a result of thexcellent agreement with those obtained from experiment
same conformational changes inferred from the experimend_afleur et al., 1990; Seelig and Seelig, 1977; Seelig, 1977)
tally observed quadrupolar splittings (Scherer and Seeligand other simulation studies (Heller et al., 1993; Damodaran
1989). For calculation of the splittings from the simulation, et al., 1992; Egberts and Berendsen, 1988), the values

_ipid order parameters

the following relationship was used: themselves were uniformly too high. As with the lipid
density distributions, this can be attributed to the small area
3/eqQ per lipid we observe in the simulations. This effect of the
Av=c|— S, L :
2\ h area per lipid on the order parameters has been discussed by

Feller et al. (1996). When compared with profiles obtained
which is valid for lipids in a bilayer oriented with the from the BW simulation, the order parameters calculated for
normal parallel to the external magnetic field, provided thethe protonated and deprotonated complexes using all lipids
asymmetry parameter of the electrostatic field gradient ishowed small differences in the palmityl chains; in the
small and can be ignored, which is commonly the caserotonated complex, the presence of the peptide raised the
(Seelig, 1977).S,, is the relevant element of the order order parameters near the top of the chain (carbons 2-5) and
parameter tensor, which can be calculated for each methylewered those in the rest of the chain. In the deprotonated
ene directly from the simulations, and the collection ofcomplex, the order parameters near the top of the chain
constants in brackets is the deuteron quadrupole couplingemained close to those of the BW simulation, although the
constant, for which a value of 170 kHz was used (Seeligrest of the chain seemed to be disordered by the peptide.
1977). For the protonated simulation, the average splitting&ffects observed for the oleoyl side chain were even less
of the upper leaflet headgroups between 1.5 and 3 ns (theoticeable. To examine the possibility of more significant
time period of reorientation) were calculated. These werdocalized changes in lipid order, we carried out an analysis
compared with the values obtained from the same leaflet isimilar to that of Tieleman et al. (1998) in which the carbons
the last 1.5 ns of the BW simulation. The calculated quawere divided into bins based on their distance from any
drupolar splitting constants for the-methylenes in the peptide atom. Order parameters for each carbon were then
protonated and BW simulations were46.4 and—36.8 calculated for each bin. As with their results for single
kHz, respectively. Both of these values lie far outside thefransmembraneof-helices, we found that a disordering
experimentally determined range for POPC bilayers witheffect was observed only for lipids within the first layer of
various charged amphiphiles, which is$ (charge)—11.6 lipids (those within 0.8 nm) surrounding the peptide (data
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not shown). However, due to the fact that the peptideuntil they are similar or lower than the BW values. In the
remains relatively close to the bilayer surface in our simu-case of the protonated run, significant lowering of the order
lations, carbons near the terminal end of the chains werparameters occurs near the end of the palmityl chain, with a
rarely placed in the first bin, resulting in poor statistics. Tosomewhat smaller effect in the oleoyl chain.

circumvent this, we selected a subset of lipids that made For the palmityl chains in the last 2 ns of the deprotonated
significant van der Waals contacts with the peptide (mini-run, there is an overall lowering of the order parameters
mum distance between any peptide and lipid atom was lesslong the bulk of the chain as compared with the first 2 ns.
than 0.6 nm), and calculated order parameters for all atomalthough the values calculated between 2 and 4 ns for this
in both tails. Once again, successive time windows of 2 nghain cannot be considered significantly lower than those of
were used for both the protonated and deprotonated simuhe first 2 ns, they are roughly intermediate between those
lations. Fig. 11 shows the order parameters calculated fdirom the beginning and end of the simulations and thus
these nearby lipids as well as the RMS values in the first andeem to indicate an overall trend as the peptide exerts its
last 2 ns of each simulation, which were calculated accordinfluences on the lipid chains. In contrast to the results for

ing to the protonated simulation, the order parameters near the
o headgroup rather than terminal region of the oleoyl chains
N Ne are most affected by sandostatin in the deprotonated run. As
(RMS; = N_Nq 228 =S with the values calculated using all lipids (see above) the
L F

order parameters for all atoms in the nearby lipids are too
whereS, is the instantaneous value of the order parametefigh at the beginning of the simulations. Once again, this is
for atom () in ||p|d L and <SL> is the average order ||ke|y due to the small area per I|p|d in our simulations.
parameter for a glven ator'NL and NF are the number Of HOWeVer |f we reStI‘ICt our attent|0n to rela“ve Changes |n
lipids and coordinate frames used in the averages, respeltPid order as a result of peptide binding, it is clear that the
tively (Damodaran et al., 1995). Order parameters calcuP€ptide is having a disordering effect.
lated from the BW simulation using all lipids are shown in
the graphs for comparison. A cursory look at the data see
to show a general trend: in the beginning of both simula-
tions, the order parameters of both chains are significantlyrig. 12 shows the ordering of water molecules alongzhe
and uniformly greater than the BW values. However, as thexis for the BW, protonated, and deprotonated simulations.
simulation progresses, order parameters calculated fromhe water orientation profiles in the plots differs from those
subsequent time windows become progressively smalleof other simulation analyses in that the orientation of the

mIsnterfamal water ordering

sn-1 (palmityl) chain sn-2 (oleoyl) chain
0-4 T T T T T T T T T T T T

os ﬁ}j T T |
0.2+ I } T \P{T{ I L
FIGURE 11 Deuterium order parameters for lipid

chains within van der Waals contact (0.6 nm) of the 0.1 | EI L
peptide. Six lipids were included in the calculation for

the protonated trajectoryipper plot3, and seven were
included for the deprotonated trajectoifpwer plots. a 0.0 e — T
Order parameters were calculated in successive timeegy’ 0.4 7 T T T T T
windows of 2 ns each. Carbon atoms are numbered

relative to the ester carbon, which is considered to be

carbon 1 of the chain. RMS values for the order param- 03 1 i
eters calculated for the first and last 2 ns of each
simulation are shown as error bars. 02 | 4 L
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FIGURE 12 Orientation of the water molecules with
respect to normals on the bilayer leaflets. The simula-
tion box was divided into 50 slices perpendicular to the
z dimension and the average angle between the water
dipoles and the leaflet normals were calculatsolifl
line). Where applicable, the dashed line shows the
location of the peptide densityA BW simulation; B)

First 2 ns of the protonated trajectorg)(Last 4 ns of

the protonated trajectoryD{ Deprotonated trajectory.

Average Orientation

01 2 3 4 4 3 2101 2 3 4
Distance from bilayer centre (nm)

_1.0 | I B |
4 3 2 1

water molecules with respect to normals pointing out froma spontaneous peptide-bilayer complex that was relatively
each bilayer leaflet (as opposed to thaxis of the simula- independent of the starting conditions. The peptide-bilayer
tion box) is shown. This merely represents a different framedistance, orientation, and RMSF (Figs. 3, 4, and 5, respec-
of reference for the ordering of the water molecules andively) data from the first 2 ns of the simulation attest to the

does not influence the conclusions. Although the use ofranslational, rotational, and conformational freedom of the
short electrostatic cutoffs has been shown to induce excepeptide during this time.

sive ordering of water at interfaces (Feller et al., 1996), we

do not observe such an effect, and our cutoff value of 1.7

nm seems sufficient to produce good agreement with datihtermolecular forces

obtained in other simulation studies (Zhou and SchultenTh fluctuat f the int lecular f d ;
1995; Marrink et al., 1993). As with the order parameters € Tiuctuation or the intermolecular forces around zero a

we are concerned here only with relative changes in th(]—_'\he beginning of the protonated simulation show that the

water ordering caused by the binding of the peptide Theoeptide feels little influence from the bilayer initially. This
' confirms that the starting conditions of the simulation allow

characteristic features of the plot include a large positive ide to adont tural struct d orientat tth
peak near the top of the carbon chains and a negative peé € peptide to adopt a natural structure and orientation at the

of approximately the same magnitude further out among thgﬁterface. Despite the positive charge and neutrality of san-

headgroups, representing parallel and antiparallel a"gngostatln and the lipids, respectively, the attractive force

ments of the water molecules with the bilayer normal,?x'St'ng between the two species at distances less than 1 nm

respectively. Despite the presence of the peptide, the profil a key determin_ant of the binding process. In contrast, the
remains largely undisturbed during the first 2 ns of the orce on the peptlde due to t_he_ solvent directly Opposes the
protonated simulation. However, the positive peaks deplndlng and is probably a frictional effect due to the dis-

crease significantly following peptide adsorption, indicatingp_la(:ewlent of water molecules from between the two spe-

a loss or water ordering near the interface. In the deprotoS <> We feel that this is a direct observation of the much

nated simulation, the height and width of these peaks ingigpusslegdg Zdelhg gg;\t:\(zn f_olr<cet (ITrai;a;:V”L andf _V\{fnn?r—
crease again and are only slightly smaller than that of th&Tom. X » Marrink et al., )- As a frictiona

BW simulation and the first 2 ns of the protonated simulation.effect experienced during the binding process, this force is
not to be confused with the hydrophobic effect, which will

thermodynamically favor the binding of peptides to bilay-
DISCUSSION ers. There is an effective disappearance of the solvent force
in the last nanosecond of the protonated run and in the
deprotonated run. This, together with the consistently at-
As mentioned in the Introduction, the initial location of tractive bilayer force, demonstrates the preference of the
sandostatin in the protonated run was chosen so as to obtgueptide for the lipid phase over that of the aqueous.

The binding process
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Buried surface area plexes, respectively. The latter value is close to the exper-
. . imental estimate of 60-70% (Beschiaschvili and Seelig,
Simple calculations of a molecule or complex often assum )

a linear relationship between the free energy and the sol- 5 . . .
. Although Beschiaschvili and Seelig (1991) measured the
vent-exposed surface area (Juffer et al., 1995). In thelg I~ schiascvii an 19 ( ) suf

) ) . S , econdary structure of sandostatin bound to charged POPG
calculations of peptide-bilayer binding free energies, Ben;

. lipids only, the structural changes in the simulated com-
Tal etal. (1997) f“fther as_sumed that the che_mge IN EXPOSEQlayes (relative to the free peptide in the SW simulation)
surface area was linear with respect to the distance betwe

the t ies. Based on the i ) i th rresponds nicely with the increase fiturn observed
€ two species. based on Ihe finear increase In the areéa gl, , yhair circular dichroism measurements. As mentioned
the peptide-bilayer interface between 1 and 2 ns of th

. . . . %arlier, they assumed that the conformational entropy loss in
protonated simulation (see Fig. 6) and the linear decrease y Py

. : _ . o the peptide could be effectively ignored in their thermody-
the pep_ﬂde-bﬂayer d|st_ance _dunng this time, we have Obhamic analyses (Beschiaschvili and Seelig, 1992). Whereas
served just such a relationship. This result contributes to th

- - . e observe a relative decrease in the conformational free-
validity of the approach and indicates that it could be ofdom of sandostatin following binding and upon deprotona-
general utility in continuum calculations.

tion, it is likely that this is a reasonable assumption for this
rigid cyclic peptide. To put the data of Fig. 5 in perspective,
Tieleman et al. (1999a,c) made a similar calculation for a
20-residue alamethicin peptide inserted into a bilayer. The
Despite the fact that no procedure was employed to positioRMSF values they calculated for*Gitoms alone were on
sandostatin favorably on the bilayer surface, details of botlthe same order of magnitude as those we have obtained for
simulated complexes are in excellent agreement with experll atoms of sandostatin in both complexes. Nonetheless,
imental findings of Beschiaschvili and Seelig (1990, 1991,given that conformational effects contribute directly to the
1992). Taken together, the protonated and deprotonateftiee energy of peptide-bilayer binding and insertioin@lg,
simulations may closely resemble the process by whicil983; Ben-Shaul et al., 1996), direct calculation of confor-
sandostatin immerses itself into PC lipids. From calorimetimational entropy from simulations (Tidor and Karplus,
ric measurements, Beschiaschvili and Seelig (1992) detei:994) of rigid and flexible peptides would prove useful in
mined that 0.24 protons were released per peptide during thdeciding the extent to which they must be considered
binding process. Based on standar#, values, this dep- quantitatively.
rotonation most likely occurs at the N-terminus. Thus, as the Correspondence between the simulated complexes and
peptide approaches the bilayer surface, the change in locakperimental measurements are not limited to the peptide
environment (due to the lipid headgroups and ionic suralone. The effect of the peptide on the orientation of the
roundings, the latter of which is absent in our simulations)lipid headgroups was also reproduced in the protonated
causes a loss of protons, allowing the peptide to partitiorsimulation. As observed in NMR experiments on POPC
more efficiently into the lipid phase. It was not necessary tdipids with selectively perdeuterated methylene groups in
remove lipid molecules from the bilayer to make room forthe choline moiety (Beschiaschvili and Seelig, 1991), the
the deprotonated peptide, indicating that the positive chargbinding of the peptide in our simulation causes the head-
on the N-terminus presented the primary barrier to deepegroups to stick out from the bilayer surface into the water
penetration. The location of the N-terminus peak in thephase. Interestingly, this effect was seen only in the proton-
density plots supports this conclusion. Similar relationshipsated simulation and not in the deprotonated run. Moreover,
between peptide charge and the degree of peptide-bilay¢he headgroups relaxed back into a flat orientation shortly
interaction have also been observed in other simulationafter adsorption. This latter phenomenon could be attributed
(Bernehe et al., 1998; Damodaran and Merz, 1995) ando the fact that the time scale of the simulation is insufficient
may indicate a very general effect. to observe the rapid, two-dimensional diffusion of the pep-
Using a simple binding isotherm that related the degree ofide along the bilayer surface. Our result suggests that this
binding to surface areas of the peptide and lipids, Beschirapid two-dimensional diffusion is necessary to sustain the
aschvili and Seelig (1990) also concluded that the bouneffect, which is caused by peptides localized to the very
peptide presents one of its long faces to the bilayer surfaceurface of the bilayer. Also, there is an apparent localization
This is exactly what we observe in both simulations. More-of the effect to lipids within 1.2-1.5 nm away from the
over, a large rotation was necessary for the peptide to adopieptide (see Fig. 10). It is interesting to note that the
this orientation upon adsorption (See Fig. 6), indicating thaprotrusion of headgroups from bilayer surfaces may have
it is favored. Assuming that the buried surface area in théiological significance: as two bilayer surfaces approach
complexes results from a perfectly matched interface beeach other, the conformational restriction of these protru-
tween the peptide and lipids, the percentage of sandostatin®ons contribute to a repulsive force between the two mem-
buried surface area can be estimated, which results in valudsanes, which is entropic in origin (Israelachvili and Wen-
of 30% and 57% for the protonated and deprotonated comaerstian, 1992, 1996; Marrink et al., 1993). Because the

Peptide-bilayer complexes
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binding of peptides to the bilayer surface increases th&eneral implications for peptide-bilayer binding
number of these protrusions, this contribution to the repul-

. . In thi ion we will di he results of our simulation
sive force would also be expected to increase. From thelknt S section we discuss the results of our simulations

simulation studies of fusion-inhibition peptides, Damodaranthri;[ herlver:n:pllilrzeilttlznf f(?[;]peptlr:jc(ja—bllat?/frp%npd |Cng n tgf:eﬁ:
and Merz (1995) suggested that effects of the peptide on tha o are no €d fo e sandostatin- system. he

lipid chain order may provide the inhibition mechanism. T‘Iel’St of these is the relative partitioning of the amino acid

: : side chains at the bilayer interface, as observed in the
Based on the experimental observation of the headgrougensit lots of Fig. 8. Experimentallv. the preference of
orientation effect (Seelig et al., 1987; Scherer and Seeli yp 9. ©. EXp Y P

. . ; Yarious residues for the interface has been studied exten-
1989; Beschiaschvili and Seelig, 1991), the results of Ou%ively by White and co-workers (Jacobs and White, 1986,

simulations and the theory of the short-range repulsive forc s . . . :
between bilayers (Israelachvili and Wenneimsiro1992, Z?Sp?ép\)/t\ilggs Exg\)l\(/lmfx&i?tgt?gt;f I?,gxi?gg;ogggui ;?”es

1996), we suggest that headgroup orientation could alsaimyristoyl-sngchero-3-phosphocholine (DMPC) bilay-

play. a significant rple. . . . ers. Using this system, they developed an interfacial hydro-
.leer} the paucity 9f experlmental information on Fhe hobicity (IFH) scale that ranks all 20 amino acids based on
orler.\tatlon' O.f ar'ornatlc re.5|dues n membrane-assqmateﬁ]eir preference for bilayer interfaces (Jacobs and White,
peptides, it is difficult to interpret our own results in a 1989). Despite the differences (e.g., size, structure, and
geheral context. In their megsu_rements of side—qhain Orienc'harge) between sandostatin and the AXAtBu peptides, we
tation for a number of prote|n-blla}yer s_ystems., Tleleman €bbserve a striking correspondence between the depth of the
al. (1998) found that phenylalanine side chains enjoyed ije chains in the simulated complexes and their rankings
relatively high degree of flexibility in a wide range of e |FH scale: in the protonated complex, the Phe3 side
orientations. Tyrosine and tryptophan side chains wergpain penetrates the bilayer to a depth consistent with the
more rigid, with individual orientations being determined g i, peak of the bimodal tryptophan peak in the AWAtBu
largely by packing requirements and hydrogen bonding,entide measured by neutron diffraction (Jacobs and White,
interactions with the I|p|ds- and so!vent (Tieleman et aI.-, 1989). In the deprotonated complex, Phe3 is located at an
1998). Although sandostatin contains only three aromati¢iermediate location between the inner and outer trypto-
residues, all of these adopt a similar, parallel orlentatlorbhan density peaks. In calorimetric studies, Jacobs and
with respect to the bilayer surface. Although the appareniy/hite (1986) found that the Trp and Phe members of the
stability of these orientations could be an artifact of limited ox AtBy series had similar effects on the phase behavior of
simulation length, Tieleman et al. (1998) observed signifi-pvpc bilayers. Assuming that this reflects a similar degree
cant flexibility in a number of residues (including those f pilayer penetration for the central residues of the two
located in the hydrocarbon core) within shorter or eqUiva‘peptides, our simulations are in agreement with the exper-
lent time scales. Also, the few changes in side-chain orienpmental data. Because the free energy of transfer from water
tation observed in our complexes appear to be short-livedg g pilayer interface is more favorable for a Trp residue
Nevertheless, NMR measurements on indole derivatives byhgn a Phe residue (Jacobs and White, 1989; White and
Persson et al. (1998) and Yau et al. (1998) do not support §/imley, 1998), one might argue that the Trp4 side chain
parallel orientation of the molecules with the bilayer Sur-should penetrate the bi|ayer the deepest in the simulated
face. Although it is true that a perpendicular orientation ofcomplexes. However, NMR studies of Trp side-chain ana-
phenylalanine residues with respect to the bilayer surfacggs (indole and\-methylated indole) show that these mol-
would allow them to intercalate with the lipid chains and ecules do not penetrate very deeply into bilayers but remain
more efficiently immerse their hydrophobic surface area innear the glycerol backbone (Persson et al., 1998; Yau et al.,
the bilayer, there are a variety of interactions occurring nea998). Also, the preference of Trp residues for the interface
the interface (Persson et al., 1998). The flat orientation thajs sensitive to the hydrogen-bonding status of the indole
we observe for all three side chains may allow for favorablegroup, a fact that the IFH scale takes into account. Accord-
cation-@r) interactions (Persson et al., 1998; Dougherty,ing to the scale, Trp residues can prefer the aqueous phase
1996) between the aromatic moieties and positive chargesver the interface depending on whether indole hydrogen
on the lipid headgroups. In the case of tryptophan sidéhonds are satisfied or not. Favorable hydrogen bonding
chains, a flat orientation does not preclude favorable dipoléetween the Trp4 side chain and lipids were observed
and hydrogen bonding interactions from occurring. Al-during our simulations (data not shown). This almost cer-
though the depth of aromatic side-chain analogs in lipidtainly plays a role in localizing this residue near the head-
bilayers has been studied rather extensively, investigationgroups. Also, the specific sequence of sandostatin must be
on their orientation could possibly benefit from ab initio or taken into account: Trp4 is located next to Lys5, a residue
semi-empirical calculations on these molecules in an interthat strongly prefers the aqueous phase over the interface
facial environment, which would better model the complex(Jacobs and White, 1989; White and Wimley, 1998). Ac-
nature of the various interactions involved. cordingly, the lysine side chain remains in an almost totally
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agueous environment in both complexes. This directly lim-protonated simulation, the profile is essentially the same as
its the ability of Trp4 to penetrate the bilayer. Ultimately, that of the BW simulation. Once the protonated complex is
the location of Trp4 in the complexes is in agreement withformed, however, there is a noticeable decrease in the
the fluorescence measurements of Beschiaschvili and Seelaignment of the water molecules in the positive peak of Fig.
(1991), who placed the indole side chain near the lipidl2, seeming to indicate a disordering effect. However, the
headgroups based on its blue shift. The strong dependendensity of water in this region is much less than the bulk
of bilayer penetration on the N-terminal charge of sandostavalue and as such, relatively few waters are being affected.
tin also supports the design rationale of the AXAtBu seriesAlthough the profile does maintain its overall shape, it
because the uncapped N-terminus of these peptides wabould be remembered that the peptide occupies only a
intended to anchor the peptides at the interface, preventingmall fraction of the bilayer surface. Furthermore, much of
more wholesale immersion into the lipids. All our results the order returns in the deprotonated simulation. If the
indicate that the N-terminus of sandostatin also fills thisprotonated and deprotonated simulations are taken together
role. Indeed, the deprotonation effects observed by Beschas a model for the binding of sandostatin to the bilayer (i.e.,
aschvili and Seelig (1992), the deeper penetration of sarsurface adsorption followed by deprotonation followed by
dostatin following deprotonation in our simulation, the sim- deeper penetration), then we observe a picture much like the
ilar observations made in other simulations (Betmeet al.,  one suggested by the experimentalists, in which the average
1998; Damodaran and Merz, 1995), and the bimodal peaksumber and ordering of water molecules around the lipids
for the Trp side chain in the neutron diffraction studies offollowing binding would be approximately the same as in
Jacobs and White (1989) all lead us to suggest that twthe absence of the peptide (Beschiaschvili and Seelig,
major populations of peptides exist at bilayer interfaces1992). However, the appearance of water ordering at the
These populations would differ in the degree to which theyinterface is qualitatively different in the deprotonated com-
penetrate into the bilayer interior, with the degree of peneplex than in the absence of the peptide and we cannot say
tration depending closely on the net charge of the peptidefor certain that the hydrophobic effect is negligible. In a
Much like the increase in entropy that results from thevery similar discussion of the short-range repulsive force
disordering of water molecules (the hydrophobic effect),between bilayers, Marrink et al. (1993) suggested that both
disruption of order in the lipid chains will also favor pep- lipid conformational effects (Israelachvili and Wenner-
tide-bilayer binding (Janig, 1983; Ben-Shaul et al., 1996). stram, 1992, 1996) and water disordering effects play a role
By analogy, Janig (1983) has referred to this as the lipo- in the phenomenon. Although our results qualitatively agree
phobic effect. As mentioned earlier, calorimetric measurewith the experimental hypothesis of Beschiaschvili and
ments on the binding of sandostatin to POPC unilamellaSeelig, we cannot attribute the entropy of the binding pro-
vesicles (LUVSs) revealed that the process was entropicallgess to a single, dominant contribution with any certainty.
dominated (i.e., the enthalpy of binding was nearly zero)Longer simulations and more quantitative analyses would
Based on their results, the authors hypothesized that thiee required to further investigate this possibility.
bulk of this favorable entropy resulted from the lipophobic
effect (Beschiaschvili and Seelig, 1992). As the binding of
AXAtBu peptides to PC bilayers is also dominated byCONCLUSIONS
entropic effects, this intriguing hypothesis could have gen-The spontaneous formation of the simulated complexes and
eral implications and deserves further investigation. Deutetheir agreement with experimental measurements provide
rium order parameters measure the average orientation aridrther proof that MD simulations can provide accurate,
fluctuation of the lipid chains with respect to the bilayer microscopic information on peptide-bilayer binding. Strong
normal (Seelig, 1977; Seelig and Seelig, 1980) and are thiorces of attraction exist between the positively charged
most common measure of lipid order. From our simulationspeptide and the neutral lipids, driving the binding interac-
we observe that the disordering of the lipid chains is localtion. Despite this, the charge on the peptide strongly affects
ized to lipids near the peptide. In these lipids, the disorderthe extent to which it penetrates the interface. This could be
ing effect is very noticeable: aside from those near the tom general feature for many systems, resulting in two or more
of the chain in the protonated complex, all deuterium ordeipeptide populations in the bilayer. The disposition of san-
parameters along both chains decrease as the simulatialvstatins side chains within the complexes supports the
progresses (see Fig. 11). Thus, it seems reasonable to sugenerality of the IFH scale developed by Jacobs and White
gest that at least some of the favorable binding entropy1989). Although the aromatic side chains of sandostatin
arises from lipid disordering. However, for the hypothesisprefer to lie parallel to the bilayer surface, this may or may
of Beschiaschvili and Seelig to be correct, we would expechot be a general feature of surface-bound peptides. We
to see only negligible disordering of the interfacial water.conclude that the domination of the binding entropy by the
The alignment of the water dipoles with the leaflet normalslipophobic effect is possible. However, more quantitative
provides a simple measure of the water order throughout thanalyses from much longer simulations will be necessary to
system (see Fig. 12). Before adsorption of the peptide in thaccurately test this hypothesis.
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