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Insertion of Peptide Chains Into Lipid Membranes:
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ABSTRACT A combination of dynamic
Monte Carlo simulation techniques with a hy-
dropathy scale method for the prediction of the
location of transmembrane fragments in mem-
brane proteins is described. The new hydropa-
thy scale proposed here is based on experimen-
tal data for the interactions of tripeptides with
phospholipid membranes (Jacobs, R.E., White,
S.H. Biochemistry 26:6127-6134, 1987) and the
self-solvation effect in protein systems (Rose-
man, M.A., J. Mol. Biol. 200:513-522, 1988). The
simulations give good predictions both for the
state of association and the orientation of the
peptide relative to the membrane surface of a
number of peptides including Magainin2, M23,
and melittin. Furthermore, for Pfl bacterio-
phage coat protein, in accord with experiment,
the simulations predict that the C-terminus
forms a transmembrane helix and the N-ter-
minus forms a helix which is adsorbed on the
surface of the bilayer. Finally, the present se-
ries of simulations provide a number of insights
into the mechanism of insertion of peptides into
cell membranes. © 1993 Wiley-Liss, Inc.
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INTRODUCTION

The problem of insertion of peptide chains into cell
membranes is of fundamental importance in the
area of membrane protein research. This is reflected
in the growing attention this field has received from
both theory and experiment.’'! Recently, computer
simulations have emerged as a powerful technique
to guide the development of both theoretical and ex-
perimental methods. There are many key questions
where simulations can provide a number of insights.
These include the mechanism of protein insertion
into bilayers, the differential interactions between
amino acids in water and in lipid phases, the modi-
fication of the structure of the lipid accompanying
peptide insertion, the location of transmembrane he-
lices and extramembrane loops, and more generally,
the preferred location of peptide fragments relative
to the membrane. In the present paper, we consider
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simplified models which are designed to address
these questions and demonstrate that it is possible,
at least for simple geometries, to predict the confor-
mation of peptides and small proteins using an ef-
fective medium model of a membrane.

Use of computer simulations to probe various fac-
ets of protein/membrane systems has already pro-
vided a number of insights. For example, Edholm
and Johansson'? have used molecular dynamics to
simulate a short, trans-bilayer fragment of glycoph-
orin. This model contains a hundred lipid molecules
forming a bilayer, and one trans-bilayer peptide in
the helix conformation. Use of a full atom represen-
tation of the lipid molecules provides the possibility
of exploring the effects of a trans-bilayer helix on
the structural and dynamic properties of the bilayer;
however, this model neglects hydrophobic interac-
tions. As was subsequently pointed out by Edholm
and Jahnig,'® the hydrophobic effect is very difficult
to model on an atomic level. When a full represen-
tation of the peptide, lipids, and water is employed,
there is a large error because the effective lipid—
protein interactions arise from the small difference
between the strong interactions of the protein atoms
with the atoms of water and the lipid.’® Starting
from analogous assumptions, Edholm and Jahnig'?
used a continuum approximation for the hydropho-
bic effect, and by employing phenomenological en-
ergies, they have modelled a 46-residue fragment of
glycophorin. As before, the simulation started from
an initial helical and trans-bilayer configuration.
The elapsed simulation time (about 100 psec) per-
mitted an examination of the structural fluctua-
tions in the trans-bilayer conformation of glycoph-
orin.

Starting from helical structures obtained from
both crystallography and from NMR data, Pastore et
al.’ have simulated the toxin melittin using the
GROMOS MD package. These simulations neglect
the hydrophobic effect as well as the presence of the
water and lipid molecules and simulate the system
for relatively short times (20—30 psec). These simu-
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lations represent an interesting attempt to glean
some aspects of the behavior of melittin. Unfortu-
nately, the actual experimental situation is more
complicated, e.g., melittin is not monomeric in
water, and longer times are required to achieve
equilibrium sampling. This necessitates the devel-
opment of alternative techniques such as are pre-
sented here.

Based upon our previous simulations of lipid-
water systems!® and a lattice model of membrane
peptides,'® we propose an off-lattice Monte Carlo dy-
namics model of peptide chains in membranes. Our
model is designed to simulate the properties of short
helical peptides in the membrane phase; for these
preliminary calculations, we employ a simple Ca
representation of the peptide chain having helical
propensities and a mean-field, effective medium rep-
resentation of the membrane phase. As a necessary
consequence, we cannot explore differences in sec-
ondary structural preferences for o-helices or B-
sheets of the peptides (however, turns versus a-he-
lices preferences can be examined; see for example
Pf1 virus coat protein) nor the changes in lipid phase
structure. However, we can use phenomenological
interaction parameters to obtain some important in-
formation about the orientation of helical fragments
in the membrane and some information about the
insertion pathway.

The development of a good set hydrophobic inter-
action parameters is especially crucial to the success
of the method. Starting from the Jacobs and White
multiphase-membrane system* and Roseman’s study
of the self-solvation effect,!” we have built a new
hydropathy scale, which can be explicitly used in the
Monte Carlo simulation. The effects of changes in the
lipid chain ordering in the neighborhood of peptide
chain and the coupling between peptide location (in,
on, or across the bilayer) and hydrophobic interac-
tions are also schematically addressed in the present
model.

The outline of the remainder of the paper is as
follows. The next section contains a description of
the model including the proposed hydropathy scale
and an overview of the Monte Carlo algorithm. The
results of the simulations for a set of representative
peptides are then presented. Finally, the paper con-
cludes with a discussion of the results of the simu-
lations, their relationship to experimental data, and
the advantages and disadvantages of the proposed
model.

DESCRIPTION OF MODEL

A C-a representation of the peptides is used,
where the distance between adjacent residues
equals 3.785 A (1 A=0.1 nm), which is the mean
value of the Ca—Ca distance for proteins represented
in the Brookhaven Protein Database. Excluded vol-
ume is implemented as a hardcore interaction be-
tween residues. The values of the interaction radii

are taken from Table I of Gregoret and Cohen,'®
calculated using a “sphere growth method.” While
Gregoret and Cohen used two or three balls to rep-
resent the aromatic amino acids, here for simplicity,
a single ball representation is used for every amino
acid.

The Monte Carlo dynamics method is used to cal-
culate the equilibrium properties of the model sys-
tem. The system starts from a random conformation
and then diffuses in conformational space by ran-
domly chosen micro-modifications of the peptide
chain conformation. The time interval is discrete,
and at every moment ¢; the transition probability
from state S(¢,) to state S(¢;+1) depends on the en-
ergy of these states, according to the asymmetrical
Metropolis scheme.'® The set of micromodifications
is very limited and contains only “spike” moves for
the central and end segments, and a “sliding” move.
The “spike” move (illustrated in Fig. 1a,b) involves
the rotation of a bead by a random angle. The rota-
tion of a central bead conserves the central bond
angle and the lengths of the adjacent bond vectors,
while the rotation of an end vector just conserves its
length. The “sliding” move (Fig. 1c) consists of the
virtual cutting of the model chain at one point, mak-
ing an end-type rotation at that point and then re-
building the cut fragment starting from the rotated
point. This last move affords the possibility of mov-
ing large fragments of the molecule over a short dis-
tance without disrupting the internal structure of
the fragment undergoing the motion.

In order to calculate the transition probability, we
require the energy as a function of the chain confor-
mation and its location in space. In the present
model, this energy consists of two classes of terms—
the internal energy of the amino acid which depends
on the local conformation of the peptide, and cou-
pling terms which mimic the presence of the lipid
and water phases; therefore, they depend on the po-
sition of the amino acid in the Monte Carlo box.

The internal energy of a given bead is a function
of the bond angle & and the torsional angle p (see
Fig. 2). Since the model is designed to simulate he-
lical peptides, both potentials are approximated by a
function having a single minimum at 6,=89° and
po=>52°. These values are chosen to reproduce the
positions of the C-a carbons in an ideal «-helix and
are obtained from Barlow and Thornton.2° This ca-
nonical a-helix is characterized by the backbone di-
hedral angles: $=62° and = —41°.

An essential feature of this model is the interac-
tion of an amino acid with its environment. There
are several hydropathy scales obtained on the basis
of solubility and partitioning data for free amino
acids and side chain analogues (see for example, the
reviews in refs. 21 and 22). As Roseman has
observed,'? these scales very often are based upon
the assumption that the transfer energy of an amino
acid side chain is additive and that this energy is the
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Fig. 1. An iliustration of micro modifications used in the aigo-
rithm. (a) “Spike” move of the end vector; (b) “spike’” move of an
internal residue; {c) “sliding” move.

same for an individual amino acid and for an amino
acid in a peptide chain. According to Roseman'” this
assumption is sometimes misleading. This is espe-
cially true for charged side chains, where the free
energy of transfer from water into the hydrocarbon
phase, according to some hydropathy scales, re-
quires from 12 to 20 kecal/mol (1 keal = 4.184 kJ).

Fig. 2. Definitions of the bond angle 6 and the torsional an-
gle p.

Roseman'!” proposed an experimentally derived
scale based on water/octanol partition coefficients of
N-acetylamino acid amides. The free energies of
transfer for polar amino acids so obtained are 40 to
85% less than those calculated assuming structure
additivity. The hydropathy scale for side chains that
we employ may be found in Table 3 of Roseman’s
paper.!”

The next important fact which must be addressed
is that the lipid bilayer is not uniform hydrophobic
phase. The head-group region of a bilayer interface
forms a very important part of the system, whose
thermodynamic properties are different from the
properties of the rest of the bilayer. Indeed, accord-
ing to Jacobs and White* (JW), the adsorption of
peptides onto the bilayer interface plays an impor-
tant role in helix formation and insertion.

In order to accommodate these features, depend-
ing on the location of the peptide along the z axis, we
divide our Monte Carlo box into five regions. As
schematically shown in the top of Figure 3, the hy-
drophobic phase in the center of the MC box is sur-
rounded by two head group layers and two water
layers. The bottom part of this figure presents the
fraction of “water phase” (dashed line) and “hydro-
carbon phase” (dotted line) in the Monte Carlo box
as a function of the z-coordinate. We have used a
1/[1 + exp(22)] type function to model the border be-
tween phases; this produces a smooth transition be-
tween the various phases.

The detailed shape of the function depicting the
interface of the bilayer is not crucial at the level of
abstraction in the present model. One has to remem-
ber that the model is based on a Ca representation of
amino acids and a very schematic representation of
the lipid phase. The transition function was here
used only for smoothing the borders between phases
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Fig. 3. Schematic illustration of composition of the Monte
Carlo box in the present model. The MC-box is divided according
to the position along the z-axis into five phases. The phases are
defined using the percentage of “water” and “hydrocarbon” for a
given value of z-coordinate, as it is presented in the bottom frag-
ment of the figure.

and was chosen from the point of view of algorithmic
convenience rather than for rendering the exact de-
tails of the structure of the fluid bilayer. However,
we have tested the influence of changes of shape of
the interfaces on the dynamics of the model, and we
find that too sharp interfaces makes the insertion of
the peptide into bilayer very difficult. The model
chain has less space for preparing of fragments of
secondary structure, which can be then transported
into the hydrocarbon phase.

The walls of the Monte Carlo box are impenetra-
ble for peptide chains, and the box is large enough to
give the peptide chain the possibility to diffuse and
freely change its conformation.

Following JW,* the process of transfer of an ex-
tended peptide chain from water to the bilayer is
divided into two main steps: (1) the transfer from
water into the head group phase; and (2) the transfer
from the head group phase into the hydrocarbon
phase.

The free energy of transfer of a peptide from water
to the interface AG,,_, ;s can be represented using Eq.
(11) of the JW paper.*

AG.,_ie=AGim +AG, )

mm

where AG g, is the free energy of transfer associated
with the partial burial of the extended chain in the
lipid phase when it is constrained to lie in the inter-
face and is defined according to Eq. (10) of JW*,

AG;p =BG, =fCA, @

where f is the fractional area of the peptide that is
buried at the interface, C, is a solvation parameter,
and A, is the total accessible surface area of the
peptide in an extended conformation.?® We have as-
sumed in the present simulation that f/=0.56 and
C,=—22.0 cal/(mol-A?), according to JW.*

AG;m is the change in free energy due to the
reduction in the external degrees of freedom of a

peptide when the peptide is constrained to lie on a
surface. It represents an unfavorable water-to-
interface transport free energy. Being very difficult
to evaluate using analytical methods,"%* it was ne-
glected in the JW analysis. The present Monte Carlo
simulation scheme, at least, accounts for the en-
tropic contributions to AG,,, ...

Burial of a peptide disrupts the lipid packing and
thereby the orientational order of the lipid. To ac-
count for the lipid perturbation effect in our model,
we introduce a standard nematic type potential,
AG);,. In the simplest version, this change depends
on the orientation of the peptide fragment relative
to the main ordering axis of the lipid phase (which is
presumed to be perpendicular to the surface). In the
model, this energy is calculated according to

AGy;, =C g X sin?(6) (3)

where C,,4 is a coefficient, and 6 is the angle be-
tween the end-to-end vector of a polypeptide frag-
ment consisting of four residues, and the normal to
the membrane surface. C 4 is chosen to be rela-
tively small and assumes values from 0.05 to 0.15
kcal/residue. This realization of the lipid perturba-
tion energy was first successfully used in our earlier
lattice model of insertion of peptide chains into a
bilayer.!®

The free energy of transport of a peptide fragment
in a nonhelical conformation from the interface to
the interior of a bilayer (AG,,,) is defined analogous
to Eq. 16 of JW:

AG . =(1-NCAGq, +AG,, + AG,, (4)

where A, is the accessible surface area of a glycine
residue.

(1-AC,Ag,, denotes the residual transfer free en-
ergy, which was not satisfied upon attachment at
the interface and is calculated for the glycine resi-
due (this term will be discussed below);

AGy, is the free energy of transfer of backbone polar
groups which are not hydrogen bonded;

AG,, is the corrected, self-solvation transfer free en-
ergies for whole side chains, obtained from Table 3 of
the Roseman paper.'”

We define the AG,. term somewhat differently
from the treatment of JW. In the original JW defi-
nition, this was the free energy of transfer of the
polar groups of the side chain. Because the side
chain transfer free energy from the water to the
lipid phase is now included in AG,_, we use the hy-
drophobic free energy for glycine to account for the
backbone transfer free energy in which polar back-
bone interactions are excluded. For AG,,,, JW have
used 6.12 kcal/mol, which is an upper limit for this
value.? Here, we have decreased this value to 4.1
kcal/mol (about 2/3 of the JW value) to account for
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TABLE 1. Values (in kcal/mol) of the
Free Energy of Transport of Amino
Acids in Nonhelical (AG,,,) and
Helical (AGy,;,) Conformations,
From the Interface to the Interior

of a Bilayer
Residue AG . AGy,
A 2.58 -0.82
C 1.25 -2.05
D 4.82 1.82
E 5.03 2.53
F 0.01 -3.09
G 3.25 -0.55
H 4.34 1.54
I 0.23 -3.17
K 571 2.31
L 0.23 -2.97
M 1.58 -1.92
N 5.52 2.62
P -1.10 -0.60
Q 5.37 2.27
R 7.14 3.64
S 3.35 -0.05
T 2.83 -0.57
\% 1.07 -2.33
W 0.39 -2.81
Y 423 1.63

the self-solvation effect, according to Roseman.'’
The Pro residue is the only exception where we use
AGy, = 1.5 keal/mol because of its specific structure.
The values of AG,,, obtained using Eq. 4 for all the
residues are presented in the Table I.

The free energy of transport of a peptide residue in
the helical conformation (AGy,,) is defined by

AGL=AG o+ AGLy +AG ()

where AG,y; is the free energy associated with the
formation of backbone hydrogen bonds; AG,,,; is the
decrease of side chain hydrophobicity due to change
of the accessible surface area of side chains during
formation of an a-helix from an extended conforma-
tion.

The free energy of hydrogen bond formation is es-
timated by JW* to be —5.57 kcal/mol. In order to
consider the self-solvation effect, we decrease this
value to —3.8 kcal/mol, about %: of the JW value,
analogous to what we did for the AG,,,. The AGy,,
potential works complementary to the structural
propensities defined above as E, 4 and E, . and
has a comparable value (see Table II). We use both
the potentials, because the structural propensities
can distinguish between left- and right-handed he-
lices and AG,,,, is environment sensitive and prefers

the lipid phase. The values for the approximate loss
of side chain hydrophobicity due to formation of an
«-helix are taken from Table 4 of Roseman’s paper.1?

The hydrogen bond energy obviously depends on

TABLE II. The Values of Parameters Used for
the Simulations Presented in This Paper

Parameter Value
Temperature 305.0 (K)
Minimum of the bond

potential (E,,,4(0,)] 2.0  (kcal/mol)
Equilibrium bond angle (68,) 89.5 (deg)
Minimum of the torsional

potential [E, . (py)] 1.5  (kcal/mol)

Equilibrium torsional angle (p,) 52.1 (deg)
Nematic potential coeff.

[C,.q in Eq. (3)] 0.05  (kcal/mol)
Thickness of the hydrocarbon

phase (see Fig. 3) 270 (&)
Thickness of the interface

(see Fig. 3) 45 (&)

the conformation of the peptide fragment. To ac-
count for this effect in our model, we have defined an
additional function,

fim=1-fi(r ;. ) +falriii )

which has the values from 0 to 1. The functions f;
and f, are defined according to the equation

fi=a;+ x*(0.1+x%

with j=1 or 2. a; is a constant that shifts the max-
imuminf, tor;;,3=5.04 A and the maximum in f,
tor;; . 4,=6.3 A. These distances are characteristic of
those in helices according to Barlow and Thornton.?°
Values of AG,,, obtained using Eq. 5 are pre-
sented in Table I. Having these values, we can cal-
culate the energy of a given residue in a given con-
formation and environment. The final formula for
calculation of the value of the free energy is

AG = _fwaterAGw—»if+ fhc[AGext +
fran(AGp+ AGhos) +AG] (6)

where faier and f;,. are the fractions of water and
hydrocarbon defined by 2z-coordinate dependent
functions, presented in Fig. 3, and the remainder of
the symbols are defined above. Figure 4 shows as an
example the free energy of methionine residue as a
function of the z-coordinate. The solid line repre-
sents the free energy of the residue in an extended
conformation, and the dotted one is the free energy
in a helical conformation. The actual value of AG
(for the hydrocarbon region) lies between these two
values and depends on the function f;,. (the local
conformation of the peptide).

RESULTS
Simulation of Amphipathic Helical Peptides
Two membrane peptides, Magainin2 and MZ23,

were used in the initial simulations. The sequences
and information about their properties were taken
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Fig. 4. Free energy of a methionine residue plotted as a func-
tion of its z-coordinate. The solid line denotes a nonhelical con-
formation and the dotted line an «-helical conformation.

from the paper of Bechinger et al.>* Magainin2 is a
member of a family of 21-26 residue peptides found
in the skin of frogs.2®> Magainins have antibacterial
activities, but do not lyse red blood cells.** NMR
experiments indicate that magainins are predomi-
nantly helical in detergent micelles®® and unfolded
in water. The Magainin2 used in the simulation has
the sequence®*:

GIGKFLHSAKKFGKAFVGEIMNS

(the hydrophobic amino acids are bold; the charged
amino acids are in italics). An analysis of solid-state
NMR spectra showed that this peptide is adsorbed
on the surface of the bilayer.?*

The M25 peptide has the sequence®*:

EKMSTAISVLLAQAVFLLLTSQR

(again, the hydrophobic amino acids are bold; the
charged amino acids are in italics). This peptide dif-
fers from Magainin2 in both the pattern of hydro-
phobs and hydrophils and its physiological activi-
ty.2* In the Magainin2 sequence, charged and
hydrophobic amino acids are mixed according to an
amphipathic helix motif. The amino acid composi-
tion and pattern of M23 is close to those of signal
sequences®’; the hydrophobic side chains are clus-
tered in the middle of the sequence. M23 lipid lyses
red bloed cells?® and forms a transmembrane helical
structure in bilayers.?*

These peptides were used as the first test of our
model. Both simulations started from the same ini-
tial unfolded conformation in the aqueous phase and
used the same set of initial parameters. Table II con-
tains the set of parameters used for the simulation of
Magainin2 and M29 peptides.

Figure 5 contains some representative snapshots
from the simulation trajectory of Magainin2. The
simulation started from a randomly coiled peptide
chain in water (Fig. 5a). After a short time, the
chain adsorbs on the membrane surface (Fig. 5b). It
first forms a slightly disrupted (Fig. 5¢), and then an

Snapshot 7
a
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b.
re! {/\—A
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c.
T
Snapshot 283
d.
el

Snapshot 1002

Snapshot 1101

e
Snapshot 3327
9
\4 p— v
~OORR
Snapshot 4748
h.
AA K

Fig. 5. Snapshots from one of the simulations of Magainin2.
The box indicates the lipid phase. See text for comments and
further details.

ordered (Fig. 5d) helical structure. Magainin2 re-
mains adsorbed on the membrane surface, and the
helical structure persists during the rest of the sim-
ulation. The structure is not frozen, and the ad-
sorbed chain has the possibility of diffusing on the
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Fig. 6. Snapshots from one of the simulations of M2d peptide.
The box indicates the lipid phase. See text for comments and
further details.

membrane surface. As shown in Figure 5e, both
ends of the peptide chain can partially insert into
the hydrocarbon phase. However, this is a very un-
stable conformation which rapidly dissolves (Fig.
5f). The two next snapshots (Fig. 5g,h) show that the
system remains stable during the rest of a long sim-
ulation.

Figure 6 shows analogous snapshots of the M23
simulation. The peptide chain, initially located in
the water chain (Fig. 6a), adsorbs at the membrane
surface (Fig. 6b) and forms a helical structure close
to the surface of the membrane. The central frag-

ment of the M23 peptide is mostly hydrophobic:
therefore, the structure looks like a “bridge,” with
both of its hydrophilic ends on the surface and the
hydrophobic interior buried in the hydrocarbon
phase (Fig. 6¢). This structure requires disruption of
the helical structure at two points and is energeti-
cally unfavorable. The best conformation of the sys-
tem is one where both ends are on surface, the cen-
tral point is in hydrocarbon phase, and the structure
is fully helical. This is possible only for a transmem-
brane helix, but the transition from the “bridge like”
adsorbed structure to the trans-bilayer conforma-
tion requires the system to cross an energetic bar-
rier. The intermediate conformation, where the he-
lical structure is partially disrupted and one of the
hydrophilic ends is buried in the hydrocarbon phase
(Fig. 6d), has a high energy. The system makes a few
attempts to cross this barrier, and finally forms a
trans-bilayer structure (Fig. 6e). This structure can
laterally diffuse in the membrane, but remains sta-
ble in sense of orientation and overall conformation
(Fig. 6fg).

For both peptides, the simulations were repeated
12 times with changes in the random number gen-
erator seeds and the initial structures. In all cases,
the results of the simulations are consistent with
experimental data. The model of Magainin2 forms a
helical structure which lies on the surface of the
lipid phase, and the model of M23 forms a trans-
bilayer helix. Note that the chains are not frozen;
they can diffuse in the membrane plane, but the
orientation remains stable. In this sense, the mole-
cules are in a broad, global minimum in conforma-
tional space.

To quantitate information about the structure and
orientation of these peptides, we have measured the
mean over trajectories of the z-coordinates of the
Cas for both chains. The resulting curves, showing
the mean z-coordinates as a function of residue num-
ber, are presented in Figure 7a for Magainin2 and
Figure 8a for M23. Figures 7b and 8b show devia-
tions in r,,, ; and r,,, , (measured in A) from the
“ideal” helical values defined above,*” as a function
of the residue number. In both figure, the bars de-
note values of the mean absolute deviations defined
by

Stxy ..oy = UNYx,— 30!
with x;=r,, yorr,, ,as appropriate.
The mean values of the z-coordinates for both pep-
tides are very well defined, with the mean deviation
almost always less than 2 A, The Magainin2 helix is
slightly curved with the N-terminus more buried in
the hydrocarbon phase. What is important is that
the helix does not rotate around its main axis. One
side of the helix is always buried, while the other is
exposed to water. The analysis of Figure 7b indi-
cates that the structure of Magainin2 is slightly dis-
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Fig. 7. Mean conformation and orientation parameters for
Magainin2: (a) the mean z-coordinate of the residue; (b) the mean
deviations from an “ideal” helical structure. The bars denote val-
ues of mean absolute deviations of the data (see definition in text).

torted and that this distortion is maximal in the
central fragment of the chain.

Analysis of analogous curves for the model of M2%
shows a different picture. The Cas have very well
defined z-coordinates (Fig. 8a) and create an almost
ideal trans-bilayer structure. The deviations from
the mean helical structure (Fig. 8b) are very small;
the structure is almost ideal in the center of the
helix and is slightly distorted at both ends.

Simulation of Melittin

Melittin is the major protein component of the
venom of the European honey bee Apis mellifera.
This is a 26 amino acid peptide having a powerful
hemolytic activity?® with the sequence:2°

GIGAVLKVLTTGLPALISWIKRKRQQ

(as before, the hydrophobic amino acids are bold,
and the charged amino acids are in italics). The N-
terminus of melittin has a predominantly hydropho-
bic character. The C-terminus is very hydrophilic
and basic. In spite of its overall hydrophobicity,
melittin is soluble in both water and in methanol. In
water, melittin can be monomeric or tetrameric.
Monomeric melittin in water has no detectable sec-
ondary structure (Dempsey** and works cited there-
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Fig. 8. Mean conformation and orientation parameters for M23
peptide in our model: (a) the mean z-coordinate of the residue; (b)
the mean deviations from an “ideal” helical structure. The bars
denote values of mean absolute deviations of the data (see def-
inition in text).

in); the structure of tetramers has been solved to a
resolution of 2 to 2.5 A by analysis of X-ray diffrac-
tion data from two crystal forms.3° Melittin adopts a
helical conformation in the tetrameric state with the
hydrophobic side chains packed within the struc-
ture. The helix in the tetrameric structure is bent
with an angle of about 60° near Leu-13 and Pro-14.
Using NMR spectroscopy it has been shown that, in
methanol, melittin is monomeric and helical.3* The
difference between the water-tetramer structure
and the methanol structure lies mainly in the struc-
ture of the bend fragment; the bend angle is about
20° in methanol. NMR, CD, and Raman studies of
melittin indicate that the peptide is helical in a lipid
environment.

The experimental situation concerning the orien-
tation of melittin in a lipid bilayer is not so clear. A
review of literature concerning this subject can be
found in the work of Dempsey.?® Vogel and Jahnig®?
measured the melittin helix orientation in the gel
phase of ditetradecylphosphatidylcholine or dimyri-
stoyl phosphatidylcholine at low hydration levels
and conclude that the helix is oriented roughly per-
pendicular to the bilayer surface. The results from
total reflectance (ATR) IR spectroscopy analysis on
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the orientation of melittin helices in dioleoylphos-
phatidylcholine and dipalmitoylphosphatidylcho-
line®® and the analysis of CD spectra in oriented
membranes and unoriented vesicles3* also support
the conclusion that the melittin helix is oriented ap-
proximately perpendicular to the bilayer surface.
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Fig. 9. Snapshots from one of the simulations of melittin. The
asterisk denotes the N-terminus. The box indicates the lipid
phase. See text for comments and further details.

However, Dempsey,2® based on analysis of neutron
scattering intensity of oriented, fluid phase bilayers
(unpublished data) found that all the amino groups
of melittin lie at the membrane surface, which sug-
gests a parallel orientation of the melittin helix un-
der these conditions. The final conclusion of experi-
mental results may be that the behavior of melittin
is complex and strongly dependent on experimental
conditions.

The results of our simulations are in accord with
the supposition that the orientation of melittin mol-
ecules in the bilayer is close to perpendicular to the
membrane surface. This is confirmed from a repre-
sentative set of the snapshots from one of our melit-
tin simulation trajectories which are presented in
Figure 9. The simulation started from a random con-
formation outside the model membrane (Fig. 9a). Af-
ter a short time, the chain adsorbs on the surface of
the hydrocarbon phase, where it forms a slightly dis-
ordered helical structure (Fig. 9b,c), a necessary con-
dition for insertion into the hydrocarbon phase.
When the helix is partially formed, the hydrophobic
potential forces the N-terminus (indicated by an as-
terisk) to be buried inside the membrane (Fig. 9d).
The process of transporting the N-terminus through
the membrane takes the longest time in the inser-
tion process. The N-terminus of melittin is hydro-
phobic, and there is only a weak tendency to make
the main axis of the helix perpendicular to the sur-
face. The tendency arises from the orienting forces
in the peptide-lipid interaction and the polarity of
the peptide terminus due to unsaturated hydrogen
bonds. The net result is that the melittin chain
“waves” in the membrane, with its orientation
changing, as is shown in Figure 9e,f,g. Finally, after
a long time, the N-terminus finds the opposite side
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Fig. 10. Mean conformation and orientation parameters for
melittin. (@) The mean z-coordinate of the residue; (b) the mean
deviations from an “ideal” helical structure. The bars denote
values of mean absolute deviations of the data (definition in text).

of the membrane (Fig. 9h), and the orientation of the
molecule becomes more stable. The chain still has
the possibility of diffusing, but the preferred orien-
tation is perpendicular to the surface (Fig. 9i,j).
Analogous to Figures 7 and 8, Figure 10 parts a
and b present the mean z-coordinate and the mean
deviation from the “ideal” helix as a function of res-
idue number. The mean z-coordinates for the model
of melittin show that the chain never forms a trans-
membrane structure; rather, the C-terminus floats
on the interface. It is possible to distinguish two
fragments in the chain: a stable fragment from the
C-end of the peptide up to the Pro-14 residue, and
the more mobile fragment from the Pro-14 to the
N-terminus. The mobility of the residue can be es-
timated from the value of the mean absolute de-
viation of the z-coordinate of the residue. These con-
clusions are in good accord with NMR data and
molecular dynamics simulation,'* which indicate
that the structure of melittin has two helical frag-
ments connected by a more flexible fragment at Pro-
14. The analysis of the deviations from an ideal he-
lical structure (Fig. 10b) shows that the mobile, but
buried N-terminal fragment is better defined than
the surface anchored C-terminus. The simulations
were repeated 12 times with different random num-

bers, and the same qualitative results were ob-
tained.

The problem of orientation of melittin in the lipid
bilayer phase is still open and we are waiting for
new experimental data on this subject. Our rather
schematic model prefers an orientation which is per-
pendicular to the surface, both the orientation of the
real melittin may be an effect of more subtle ther-
modynamic parameters, which are not included
here. We hope to return to this problem in our next,
more realistic model of membrane—peptide systems.

Simulation of Bacteriophage Pfl Coat Protein

Filamentous bacteriophage Pfl coat protein is an
example of a simple membrane protein. It is secreted
through the host cell membrane before it assembles
around viral DNA.?®> NMR studies show that the
structure of this 46 residue long protein contains
two helices connected by a mobile linker.3¢ The
transmembrane hydrophobic helix contains residues
from 19 to 42; the second helix runs from residues 6
to 13, is amphipathic, and lies on the surface of the
membrane.

The Pfl coat protein was chosen as a test of the
present model, because it is the simplest protein
which contains both trans-bilayer and surface ad-
sorbed helices. We asked the question, whether the
algorithm can distinguish between these two re-
gions using only information about sequence. To
make this “numerical experiment” maximally pure,
we have superimposed homogeneous helical propen-
sities along the sequence. The goal of the calculation
is not only to determine the orientation of the helix,
but the position of the linker as well. This is even
more difficult here than it is in nature, due to lack of
the “turn-type” hydrogen bonds in the model, it
costs the system free energy to disrupt the helical
structure.

The amino acid sequence of the protein taken from
the paper of Nakashima® is used. The set of snap-
shots in Figure 11, taken from one representative
simulation, can provide insights into the behavior of
the model protein. Every simulation started from a
random structure outside of the membrane (Fig.
11a). In what follows, the N-terminus is marked by
an asterisk. The chain diffuses for some time in the
water phase where the propensities are too weak to
form stable secondary structure (Fig. 11b). When
the molecule contacts the membrane (Fig. 11c), it
rapidly adsorbs on the surface and forms a long, un-
stable, quasi-helical structure (Fig. 11d). The more
hydrophobic C-terminus fragment of the protein has
a tendency to be inserted into the bilayer, but it
must wait for a large enough energy fluctuation to
transport the hydrophilic C-terminus through the
bilayer. A “wrong variant” of the process is an in-
sertion of a broken hydrophobic helix into the mem-
brane (as in Fig. 11e,f,g). This structure is in a local
energy minimum in the system, but it is almost im-
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possible to reconstruct the transmembrane helix in-
side the membrane. Because the lack of hydrogen
bonds in the lipid phase is energetically very expen-
sive, a long fragment (almost all) of the trans-bi-
layer helix must be prepared on the surface and in-
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Fig. 11. Snapshots from one of the typical simulations of the
Pf1 filamentous bacteriophage coat protein. The asterisk denotes
the N-terminus. See text for additional details.

serted into membrane to make the transition
possible (Fig. 11h). Now, the hydrophilic end can be
rapidly transported through the hydrocarbon phase
and forms a trans-bilayer structure (Fig. 11i,j). This
trans-bilayer structure is then stable during the re-
mainder of the simulation, and even large fluctua-
tions (as in Fig. 11k,]) cannot change it. At a simu-
lation temperature of 305 K, the final structure is
mobile. Figure 12 shows one of these final struc-
tures. The lower and upper surfaces in the figure
represent the borders of the hydrocarbon phase; the
protein is represented by a tube following the Ca
coordinates of the model peptide. The tube was col-
ored in order to distinguish between hydrophobic
(yellow), inert (gray), and hydrophilic (blue) amino
acids. On average, residues 5 to 15 are adsorbed on
the surface and form a more or less ordered helical
structure. Residues 21 to 42 form a trans-bilayer
helix. The ends (1 to 5 and 42 to 46) and the linker
(15 to 21) are more flexible and have a less well
determined orientation in the bilayer, despite the
same helix propensities for the entire chain.

The structural properties of the model of the Pfl
peptide can be analyzed analogous to previous cases,
using values of the mean z-coordinates and devia-
tions from the mean helical structure as a function
of the residue number (Fig. 13a,b). These curves
show that the fragment from the N-terminus to Lys-
20 forms a slightly disordered helical structure ad-
sorbed on the interface of the membrane. The C-
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Fig. 12. A representative final structure of filamentous bacte-
riophage Pf1 coat protein obtained using the present model. The
upper and lower surfaces on the figure represent borders of the
hydrocarbon phase. The protein is represented as a tube fol-

terminus fragment (from Gly-24) forms a very
ordered (almost ideal), trans-bilayer, helix. These
results are in good accord with experimental data®®
and provide one more example that the model can
give a good prediction of the structure, orientation,
and insertion mechanism of membrane peptides and
short proteins.

The in vivo insertion path of the Pfl coat protein
is probably different from that presented here, be-
cause we expect that the native coat protein has an
additional signal sequence, which is involved in the
insertion process. The in vivo mechanism is proba-
bly initiated by formation of a helical hairpin ad-
sorbed on the surface of the cell membrane. The
hairpin consisting of a signal peptide and the N-
terminus of the protein, inserts into the membrane
phase and then pulls the rest of the protein with it.
The signal sequence is then cleaved by the signal
peptidase. This way, the N-terminus of the protein is

lowing the Ca positions of the model chain. The yeliow colored
fragments of the tube denote hydrophobic amino acids, the blue
color corresponds to the hydrophilic, and the gray to inert ones.

outside of the protein cell membrane, and the C-
terminus is inside.3® The simulation depicted in Fig-
ure 11 presents a possible in vitro mechanism of
insertion of a mature protein into a bilayer. The in-
sertion of the more hydrophobic C-terminus of the
protein is kinetically easier than is the insertion of
the amphipathic N-terminal helix. That is why in
this model, the C-terminus crosses the membrane.
Figure 14 shows a sequence of snapshots from one
of 12 simulations, which can illustrate a possible in
vivo path of insertion of the Pfl coat protein. The
simulation started, as usual, from a random confor-
mation in the water phase. The chain diffuses freely
in the water phase, and due to random fluctuations
achieves a needlelike conformation, almost perpen-
dicular to the membrane surface, with the N-ter-
minus adsorbed on it (Fig. 14a). Because the borders
of the phases are not sharp in the present model, the
hydrophobic residues of the N-terminal fragment
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Fig. 13. Mean conformation and orientation parameters for
the Pf1 filamentous bacteriophage coat protein. (a) The mean
z-coordinate of the residue; (b) the mean deviations from an
“ideal” helical structure. The bars denote values of mean abso-
lute deviations of the data (definition in text).

“feel” the nearness of the hydrocarbon phase, and
the chain is very quickly pulled into the membrane
(Fig. 14b). This process is so fast that the chain has
no time to change its orientation and punctures the
membrane like a needle. The resulting conformation
(Fig. 14c) is opposite to that in Figure 11, because
the N-terminus of the protein forms a transmem-
brane helix while the C-terminus forms a surface
adsorbed helical structure. The transition to global
free energy minimum configuration is slower and is
related to the transport of the chain across the mem-
brane (Fig. 14d,e,f). The N-terminus helix become
adsorbed on outside surface of the membrane, and
the C-terminus forms a trans-bilayer helix (Fig.
14g,h,i).

This simulation indicates, at least for the model,
that the N-terminus of the Pfl coat protein can be
transported through a cell membrane without a
leader sequence or specific apparatus. The forces
arising from the hydrophobic effect are sufficient to
make this process possible. Probably, the efficiency
of such as process is very low without any help from
the cell transportation apparatus, and the structure
from Figure 14¢ may be in reality arise due to a
hydrophobic leader sequence (helical hairpin hy-
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Fig. 14. Snapshots from the simulation of the Pf1 filamentous
bacteriophage coat protein, where the N-terminus (denoted by an
asterisk) is transported through the membrane. See text for addi-
tional details.
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Fig. 15. Example illustrating the difference in behavior of our
mode! system with different hydrophobicity scales. Plots of inter-
nal energy of the model M23 peptide as a function of time of
simulation with (a) the JW scale and (b) with the scale proposed
here. The original Roseman’s without self-solvation effect gives
analogous resuits to the JW scale.

pothesis) or a specialized cell apparatus, but the rest
of the insertion process seen in Figure 14d—i may be
realistic.

CONCLUSION

The model presented here is a combination of hy-
dropathy scale based methods for the prediction of
trans-bilayer fragments in membrane proteins with
dynamic Monte Carlo computer simulation tech-
niques. The new hydropathy scale proposed here in-
cludes information about the multiphase structure
of membrane-containing systems and experimental
data about interactions of tripeptides with phospho-
lipid membranes.* Starting from the JW* assump-
tions about the role of the membrane interface in the
process of insertion of peptides and including the
Roseman’” considerations about the self-solvation
effects, we have obtained a hydropathy scale which
can be directly used in computer simulations.

Which particular hydrophobicity/polarity scale is
appropriate for membrane proteins remains an open
question, and our work on a very idealized model is
not able to provide a quantitative evaluation of the
thermodynamic properties of lipid—protein systems.
Rather, we are interested in qualitative information
about the conformation and orientation of peptides
in membranes. Roseman’s octanol partition data
with self-solvation effect corrections were chosen be-
cause of a strictly pragmatic reason—they work in
this present schematic model. Simulations using Ja-
cobs and White’s original scale, and the Roseman’s
scale without self-solvation effect corrections were
unsuccessful. Because of very large values of AG of
transport of polar side chains from water into mem-
brane phase, the chains could not insert into the
hydrocarbon phase. Figure 15 shows a representa-
tive plot of the energy as a function of the simulation
time for (a) the model of M23 peptide with the JW
scale and (b) the scale presented in this paper. Use of

the original JW scale forces the chain to remain ad-
sorbed on the membrane surface. System “a” is fro-
zen and the fluctuations of energy are small relative
to system “b.” Simulations with the hydrophobicity
scale proposed here resembles an all-or-none transi-
tion from an unfolded chain in the water phase to
the transmembrane structure.

The Monte Carlo Dynamics method is used here to
minimize the free energy of the system. Qur ap-
proach couples the interaction energy of peptides
with the phospholipid membranes to the local con-
formation and orientation of the peptide chain. The
combination of the thermodynamic experimental
data with stochastic simulations can give better in-
sight not only into the structure of membrane pro-
teins but also into the mechanism of insertion and
transportation of membrane peptides. Additionally,
since dynamic Monte Carlo procedures act to mini-
mize the free energy, entropic contributions to the
peptide insertion process are also included.

The simulations for the Magainin2 and M28 pep-
tides demonstrate that the proposed model starting
only from the peptide sequence can distinguish be-
tween trans-bilayer and surface-adsorbed helical
structures. The mean z-coordinates of the residues
and the mean deviation from the ideal helical struc-
ture give insights into the preferred conformation of
the peptide and its orientation in the membrane.
The results of the simulations are in accord with the
experimental data for these molecules. Additionally,
since the insertion mechanism is very reproducible,
it may well be that this path is physical, and at the
very least, it schematically imitates the real pro-
cess. The insertion scheme for a trans-bilayer pep-
tide, proposed here, consists of two stages:

1. adsorption on the surface of a membrane with
concomitant formation of helical structure,

2. insertion of the preformed helix into the mem-
brane mainly by rotation of the helix about an axis
which is perpendicular to the helix principal axis
and located near one of its ends.

Thus, the Engelmann—Steitz! helix insertion hy-
pothesis, as extended by Jacobs and White,* is sup-
ported by these simulations.

Our simulations of melittin support the conclu-
sion that this molecule under normal conditions is
oriented predominantly perpendicular to the mem-
brane surface. The analysis of the trajectories of the
insertion process shows that the melittin molecule is
roughly divided into two helices connected by a
linker near the residue Pro-14. The helical fragment
closer to the N-terminus of the molecule is more mo-
bile and is more likely to change orientation relative
to the membrane surface, and the C-terminus helix,
anchored in the interface, is more stable and mostly
perpendicular to the surface.

The results from the Pfl coat protein simulations
show that the present model can be successfully
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used to simulate the folding of fragments larger
than a single trans-bilayer helix (20-25 residues).
Pfl coat protein is 46 residues long and contains
both transmembrane type and amphipathic motifs
in the sequence. The very good agreement of the
simulation results presented above with experimen-
tal data opens up the possibility that the model may
be used for structure prediction of large molecules,
when it is extended to include explicit tertiary in-
teractions between side chains. The analysis of the
mechanism of insertion of the Pfl coat protein into a
membrane shows that the transportation of the N-
terminus across the bilayer may be of key impor-
tance. In these simulations, transport of the N-
terminus across the bilayer is followed by the
apparently irreversible transport of the amphi-
pathic and turn fragments of the molecule and in-
sertion of the trans-bilayer helix. The initial trans-
portation of the N-terminus of the protein can be
spontaneous (as occurred in one of the simulations)
or it may be assisted by a hydrophobic leader se-
quence and/or by the cell transport apparatus.

We want to emphasize that, at this point, our sim-
ulations deal with monomeric peptides and can only
be used for the description of the properties of very
dilute peptides, where chain—chain interactions can
be neglected. The more complicated model with
chain-chain interactions is now being developed.
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