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Inclusion of Lateral Pressure/Curvature Stress Effects in Implicit
Membrane Models

Huan Zhan and Themis Lazaridis*
Department of Chemistry, City College of New York/City University of New York, New York, New York

ABSTRACT Implicit membrane models usually treat the membrane as a hydrophobic slab and neglect lateral pressure/
curvature stress effects. As a result, they cannot distinguish, for example, PE from PC lipids. Here, the implicit membrane model
IMM1 is extended to include these effects using a combination of classical thermodynamics and membrane elasticity theory.
The proposed model is tested by molecular dynamics simulation of the peptides alamethicin, melittin, cyclotide kalata B1,
18A, and "¥pL,s. The lateral pressure term stabilizes interfacial binding due to the negative pressure at the hydrocarbon-water
interface. In agreement with experiment, increase in the peptide/lipid molar ratio shifts the equilibrium from the interfacial to the
transmembrane orientation. Simulations of mixed DOPC/DOPE bilayers show that increase of the DOPE mole fraction in
general stabilizes interfacial orientations and destabilizes transmembrane orientations. The extent of the stabilization or desta-
bilization varies depending on the exact position of the peptides. The computational results are in good agreement with

experiments.

INTRODUCTION

Although spontaneously self-assembled phospholipid
bilayers or biological membranes are tension-free, the local
pressure within membranes is depth-dependent and can reach
several hundred atmospheres (1,2). This inhomogeneous
distribution of the pressure along the membrane normal
originates from the interaction between the membrane
constituents and the balancing hydrophobic effect on expo-
sure of the lipid chain to water at the polar-apolar interface.
The resulting lateral pressure profile features two positive
pressure peaks in the acyl-chain and headgroup regions,
and a negative pressure peak at the interface (1,2).

The microscopic lateral pressure is related to the macro-
scopic elasticity of the membrane through its moments
along the normal. The first moment is related to the mean
curvature modulus k. and spontaneous curvature ¢, (3),

P, = /zp(z)dz = k.c,. (D

The value of k. can be experimentally determined by the
methods of thermal fluctuation of bending (4,5), pipette-
aspiration (6), or dual-solvent stress (7,8). The second
moment is related to the Gaussian curvature modulus . (3),

P, = / (z—06)°p(2)dz = —ke. 2)

In Eq. 2, ¢ is the position of the neutral plane (the plane of
inextension), which is usually found to lie close to the inter-
face (9-11). The value k. can be measured by the response
of cubic Q-phase dimensions to varying water content (9),

Submitted September 28, 2012, and accepted for publication December 10,
2012.

*Correspondence: tlazaridis@ccny.cuny.edu
Editor: Scott Feller.

© 2013 by the Biophysical Society
0006-3495/13/02/0643/12  $2.00

@ CrossMark

or observation of L,-Qy phase coexistence (11). Equations 1
and 2 provide a link between the lateral pressure profile and
the curvature stress of the membrane.

Although the lateral pressure is widely accepted as an
inherent property of lipid membranes, its direct measure-
ment is not yet possible. Indirect methods include the use
of 2H-NMR (12) and fluorescent probes (13); however, the
results are not reliable due to uncertainties in the interpreta-
tion of the experiments. As an alternative, lateral pressure
data have been obtained by theoretical and computational
methods such as mean-field theory (MFT) (14-21) and
molecular dynamics (MD) simulations (22-33). The MD
simulations enable the calculation of the pressure profile
across the entire bilayer, by representing the lipids explicitly
with atomistic (22-31) or coarse-grained models (32,33).
The results, however, do not agree very well with each other,
indicating that the calculation is sensitive to the simulation
protocol and/or the force field (24). The best-known MFT
studies are those of Cantor (18-21). The MFT approach
has the advantage of not being subject to statistical errors
due to inadequate sampling. However, the assumption of
a uniformly packed hydrophobic core of the bilayers may
be problematic (23). Other computational approaches,
such as dissipative particle dynamics (34) and Monte Carlo
simulations (35), have also been used to obtain the pressure
profile.

The lateral pressure is affected by variations in lipid
composition. Cantor (20) investigated the influence of chain
unsaturation and showed that, due to the difference in the
packing of the chains, double bonds close to the headgroup
have much stronger effect on the lateral pressure than those
at the end of the chain. In addition, broadly distributed
double bonds lead to broad pressure distribution as well,
without significantly changing the thickness of the bilayer.

http://dx.doi.org/10.1016/j.bpj.2012.12.022


mailto:tlazaridis@ccny.cuny.edu
http://dx.doi.org/10.1016/j.bpj.2012.12.022
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bpj.2012.12.022&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2012.12.022
http://dx.doi.org/10.1016/j.bpj.2012.12.022
http://dx.doi.org/10.1016/j.bpj.2012.12.022
http://dx.doi.org/10.1016/j.bpj.2012.12.022

644

This study also showed that even small quantities of choles-
terol can cause significant changes to the pressure profile,
characterized by a position shift toward the membrane inte-
rior and a maximum magnitude decrease adjacent to the
interface. This effect is opposite to that of adding small
solutes such as short-chain alcohols or general anesthetics.
As for the influence of headgroups, not yet confirmed by
computations, experiments suggest that conical-shaped non-
bilayer lipids may induce a pressure decrease in the head-
group region and an increase in the acyl-chain region (36).

One of the reasons that the study of membrane lateral
pressure has attracted great interest is that the variation in
lipid composition could influence the conformation and
function of membrane proteins and peptides. For example,
higher conductance states of the alamethicin ion channel
were found to be more probable in dioleoylphosphatidyle-
thanolamine (DOPE) than in dioleoylphosphatidylcholine
(DOPC) (37), perhaps due to the preference of DOPE for
the oligomeric state of the peptide (38). Escherichia coli
leader peptidase, an integral membrane protein crucial
for the protein secretion pathway, was shown to have
a preference for nonbilayer lipids over phosphatidylcholine
and phosphatidylglycerol upon insertion into lipid mono-
layers (39). The transition free energy of rhodopsin
between the meta-1 and meta-II states was found to exhibit
a linear dependence on the spontaneous curvature of DOPC/
DOPE mixtures (40). Finally, the activity of peripheral
membrane proteins such as protein kinase C (41,42), phos-
pholipase A2 (43), and CTP:phosphocholine cytidylyltrans-
ferase (43,44) was also reported to be affected by nonbilayer
lipids.

In recent years, implicit solvation models have increas-
ingly been applied to MD simulation of peptides in
membranes due to their computational efficiency (45).
These models have been extended to account for the effect
of surface charge (46-49), transmembrane voltage (50),
aqueous pores (51-53), and recently membrane dipole
potential (54). Despite its importance, the lateral pressure
has not yet been incorporated into implicit membrane
models. As a result, it is not possible to model the effects
of lipid composition, such as, for example, the change
from PC to PE. Because the lateral pressure profile has
a well-defined shape across lipid bilayers, in this study
we represent the pressure as an external field, and incorpo-
rate it into the IMMI1 implicit membrane model (45).
The proposed model is used to study the influence of
peptide/lipid molar ratio and lipid composition on the
membrane binding energy and configuration of the peptides
alamethicin, melittin, cyclotide kalata B1 (KB1), 18A,
and KKle 5.

THEORY

Upon peptide binding, the total area Ay of a bilayer is given
by (1)
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Ap = npap + npap, 3)

where a; is the area per lipid; ap is the peptide cross-
sectional area; and n; and np are the moles of lipid and
peptide, respectively. From Eq. 3, we get

o), = Go) o
Based on Eq. 4, if the bilayer expands by the full peptide
cross-sectional area ((dAg/dnp), = ap), there is no
compression of the lipids. On the other hand, if the bilayer
does not expand at all ((dAg/dnp), = 0), the lipids are
compressed by the full peptide cross-sectional area (1).

Because the true expansion of a bilayer is hard to estimate
and depends on the experimental situation, here we write

(0Ag/dnp),, as
(‘“l> = Jar, )
al’lp n

where A is defined as the expansion coefficient, which can
range from O to 1. In this study, it is treated as an adjustable
parameter, tentatively set to 0.5. From Eqs. 4 and 5, we get

al/lp

Because ap varies along the membrane normal, Eq. 6 has to
be rewritten as

ne (6“L(Z)>HL = —(1 - Nap(2). %)

al’lp

To insert a peptide into the bilayer at infinite dilution (infin-
itesimal peptide/lipid molar ratio np/n;), one needs to do
work against the pressure profile (1,18),

W= - / n (a‘;;f))mp@dz. @®)

From Eqgs. 7 and 8, we get

W= >1- /\)/ap(z)p(z)dz. )

When A = 0 (the bilayer does not expand at all), Eq. 9 can be
simplified as

W= / ap(2)p()dz,

which is consistent with Eq. 2 in Cantor (18).

To calculate W in Eq. 9 in our model, a bilayer is evenly
divided into slabs from the center (z = 0 A) to a position in
water (z = 30 A) where the pressure is taken to be 0. The
thickness of the slabs is set to &4 = 0.1 A, a value much
smaller than the size of any atom. Therefore, within each
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slab, both ap and p can be treated as approximately indepen-
dent of z, and Eq. 9 is then written as

W = h(1—2)Y_ arsp, (10)
k

where k runs over all slabs.

At finite np/n;, one has to take into account that the lateral
pressure profile itself is affected by the presence of peptides.
Thus, the lateral pressure within each slab is a function of
the peptide cross-sectional area (1), and Eq. 10 has to be
rewritten as

= h(1 —A)Z/ pi(ap)dap,. (11)
k
0

The explicit form of p(ap,) can be obtained based on ther-
modynamics. At constant temperature the relation between
the lateral pressure p; and total volume of lipids V; ; at slab
k upon peptide binding is given by

o)
K“”Q?)’ (12)
Lk/ T

where K4 is the compressibility modulus of the slab. Inte-
gration of Eq. 12 gives

Vi AV,
=Dl = —Kax ln# = Ky In[ 1+ Vf’k . (13)

L.k L.k

where p%; and V°; ;. are the lateral pressure and total volume

of lipids in the pure bilayer, and AV, ; =V, — V°.. If the

stress caused by peptide binding is small, Eq. 13 can be

approximated as

—K A,kALOL’k. (14)
Lk

Pk—PZ =

Because the stress is in-plane, we have

AV AA;
OL,k _ OL,k. (s)
Vi A7
Noting that
a
AAp = /nL(aaL’k) dnp = —(1 — Nnpapy
np n
and
Az,k = nLa27
Eq. 15 can be written as
AV )
UL.k = —(1-2 nPaPD,k' (16)
VL,k n.ay
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In Eq. 16, a, 4 is the peptide cross-sectional area, and a°; is
the area per lipid in the pure bilayer. From Eq. 14 and

Eq. 16, we get
K
+(1—a)=2% ( )ap_,k. A7)
np

ay

Pr =
Based on Eq. 17, Eq. 11 can be written as

h(l — 2 n
() S

(18)

h(1 - 2) ZpkaPk +—F

The second term on the right-hand side of Eq. 18 is caused
by the lateral compression of lipids upon peptide binding at
finite np/n;. The same term, with A = 0, was derived in
a different way by Huang (55). In summary, Eq. 18 is the
discrete form of the work against the lateral pressure for
inserting a peptide into a bilayer. It extends the equation
given by Cantor (18) in two ways:

1. It takes into consideration the pressure change caused by
the compression of lipids upon peptide binding at finite
np/ng; and

2. It takes into consideration the bilayer area expansion by
introducing an expansion coefficient.

Because Eq. 14 is inaccurate at high np/n;, in our simula-
tions W was calculated based on Eq. 13, which gives

W =h(1—2) Zp;ap,k +h(1 = 2)

;(ng (1 — Bapy)(In(1 — Bapy) — 1) + 1>,

19)

where 8 = ((1 — A)/a’;)(np/ng).

METHODS
Implicit membrane model IMM1

IMM1 (45) is an extension of the EEF1 energy function for proteins in solu-
tion (56). In EEF1 and IMM 1, the effective energy (potential of mean force)
is the sum of the extended atom CHARMM energy function and a term
describing the solvation free energy,

>_AG! = ZAG’“f D AV )

i jFEI
where AG;" is the solvation free energy of atom i, r; is the distance
between i and j, f; is the solvation free energy density of i (a Gaussian func-
tion of ry), V; is the volume of atom j, and AG; "/ is the solvation free energy
of a fully solvent-exposed atom. In addition, the dielectric constant is
distance-dependent and the ionic side chains are neutralized to account
for the screening effect of the surrounding solvent. The membrane bilayer
is represented by a hydrophobic slab centered at the plane z = 0 A. The
thickness of the slab depends on lipid type and typically ranges between
20 A and 30 A. In IMM 1, the solvation parameters are linear combinations

A G.rlv —
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between the values pertaining to water and to cyclohexane, with a contin-
uous transition between water and membrane environments. In addition,
the dielectric screening is attenuated in the membrane. The surface poten-
tial can be treated using the Gouy-Chapman theory (48) and the dipole
potential can be treated by adding a sigmoidal potential field along the
membrane normal on both bilayer leaflets (54).

The peptide cross-sectional area

To obtain a,; in Eq. 18, we make the assumption that the cross-sectional
area of a peptide can be calculated by summing over individual atoms,

apy = ) _dj, @1

where a; is the cross-sectional area of atom i, and i runs over all atoms occu-
pying slab k. Overlaps between bonded atoms and interstitial spaces are
taken into account in an approximate fashion. Treating each atom as an
ideal sphere, the cross-sectional area is a function of the distance between
the center of the atom (z') and the position of the slab plane (z’k), as
d = 7R —|z-24), (|7 —4|<R). (2

In Eq. 22, R; is the radius of the atom, which is calculated by using
the atomic volume V; from the IMMI solvation parameters (45) (R; =
(3\/1-/477)”3) and is then empirically increased by 10% to account for the
empty space between atoms.

Inserting Eq. 22 into Eq. 21 and doing the calculation for all slabs,
a cross-sectional area profile along the membrane normal can be obtained.
As a test, the calculation was performed on transmembrane and interfacial
(Gly)y, helix and the result is given in Fig. 1. The highest areas of 300 A?
and 45 A? for the interfacial and transmembrane orientations are very close
to the 270 A2 and 53 A? calculated with an ideal helix model 2.3 A for
helix radius, 1.8 A for the average radius of backbone atoms, and 1.5 A
rise per residue along the helix axis).

Fitting the lateral pressure profile of the DOPC
bilayer

Because the lateral pressure profile of pure DOPC bilayer has been
computed by several explicit MD simulations, a simple way to get p° in
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FIGURE 1 The cross-sectional area of transmembrane and interfacial

orientations of a (Gly),, a-helix calculated as a sum of atomic contribu-
tions.
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Eq. 18 would be to use these data directly. For more flexibility, however,
and to impose consistency with experimental measurements, we fit the ex-
isting pressure distribution with an analytical function. The parameters
controlling the position and width of the peaks and the magnitude at the
interface are estimated by using the pressure profile from explicit MD simu-
lations. The parameters for controlling the magnitude in the acyl-chain and
headgroup regions are then calculated based on Egs. 1 and 2.

Because the lateral pressure originates from the repulsion in the acyl-
chain and headgroup regions and the cohesive tension at the interface
(36), we decompose the pressure within a monolayer leaflet into three
Gaussian components,

— b)?
p’(a,b,c,z) = a-exp —% , (23)

where a, b, and ¢ are the parameters controlling the magnitude, position,
and width of the pressure, respectively, and vary in each region. Based on
Eq. 23, the first and second moments are given by

Pl = ma, (24)

Py = ma, (25)

where m; = \/bc and my = /mc((b — 6)* + ¢2/2). The moments of the
whole leaflet are linear combinations of the three components,

Py = mpas + mya; + mgay, (26)

Py, = mppas + mya; + mypay, 27

where subscripts A, I, and H denote the acyl chain, interface, and head-
group, respectively. Substituting from Eqs. 26 and 27 in Egs. 1 and 2, we get

as
ma - mygomg \ [ ke 28)
s My Moy —k. )’

ay

(aA ) _ (mlA my ) - <cho — myap > . (29)
apy Maa Moy —k. — mya;

In Eq. 29, the pressure profile from Ollila’s simulation (27) was used to esti-

mate 1,4, Mog, My, Moy, Mg, Moy, and a;. The values k., k., and c, were
taken from experiments (57), in which k. = 4.0 X 1072 J and

k. = —0.8 k.. Finally, a, and ay can be calculated by solving Eq. 29,
and then the whole pressure profile of the monolayer leaflet is given by

=

or

po(z) :po(aA7bAacA7Z) +P0(ahbhcl7z)

’ (30)
+ p°(ay, by, cy, z).

For a symmetric bilayer, the two leaflets will have the same lateral pressure
profile. Extension to asymmetric bilayers is straightforward. In some
previous atomistic MD simulations, a local maximum of pressure was ob-
tained at the bilayer center, which is thought to be caused by the interdig-
itation of lipids from the opposing monolayer leaflets (24). This local
maximum, however, was not reproduced in analytical theories and
coarse-grained MD simulations. Even in those simulations that give the
pressure maximum, its magnitude is not very large, so we do not expect
it to have significant influence in our simulations. Therefore, this local
maximum at the bilayer center is not included in our model.
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The lateral pressure profile of mixed DOPC/DOPE
bilayers

For mixed DOPC/DOPE monolayers, the spontaneous curvature c, is
a function of the mole fraction of DOPE (x) (8),

co = (1 =2 + X, 31

DOPC DOPE

where ¢, and ¢, are the spontaneous curvatures of DOPC and
DOPE monolayers, whose values are —0.0066 A 'and0.0431 A7, respec-
tively (2). Inserting Eq. 31 into Eq. 29, the corresponding a4 and ag can be
calculated. The reasons that, in Eq. 29, the same parameters except for a,,
ay, and ¢ are used for DOPC and DOPE, are the following:

1. Both lipids have the same type of acyl chains, which makes it reasonable
to assume that the position and width of the pressure peaks do not change
too much;

2. The pressure at the interface is characterized by the contact of hydro-
carbon with bulk water and is much the same for all lipids (2); and

3. Experiments give similar k. values for DOPC and DOPE monolayers
(57).

In Fig. 2, the lateral pressure profiles at x = 0, 0.2, 0.4, 0.6, and 0.8 are
plotted. It can be seen that the nonbilayer DOPE increases the pressure in
the acyl-chain region and decreases it in the headgroup region, as suggested
by both fluorescence (13) and H-NMR experiments (58-60).

The compressibility modulus and total energy
of peptide binding

In this model, the compressibility modulus is treated as a constant along the
membrane normal, and K, 4 in Eq. 18 is assumed to be

Ky

Kaw = (32)

where K is the compressibility modulus of the bilayer, set to 240 mN/m for
DOPC (10), and d is the bilayer thickness including both hydrocarbon
(254 A) and headgroup regions (20 A). Because experiments give similar
A?; and bilayer thickness for DOPC and DOPE (Table 1), for convenience
the same parameters are used for DOPE. For K,, although experiments
show that the PE headgroup stiffens lipid bilayers and increases the value
of K4 (61), we found that the influence of K, is very small compared to

400 - _ 4. -
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FIGURE 2 The lateral pressure profile of a mixed DOPC/DOPE bilayer
at different mole fractions of DOPE.
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TABLE 1 Experimental parameters of DOPC and DOPE
bilayers
K4 kC Ep Co dl aoL
(MmN/my*  (10°2°0° ()P AN @A @AY
DOPC 240 4.0 —0.8k,  —0.0066 36 70
DOPE 240 4.5 —0.0431 37 65

2K, from Table 1 of Rawicz et al. (10), which is all ~240 mN/m for more
than 10 lipids. Therefore, the value of 240 mN/m is used for both DOPC
and DOPE 1in this study.

®See Marsh (2). These values are for monolayers.

d; from Table 1 of Rand and Parsegian (83), which is the distance between
the center of the phosphate groups.

9See Rand and Parsegian (83).

that of p°, therefore the value of K, for DOPC is also used for DOPE. It
is also worth mentioning that K, is affected by the pressure and thereby
affected by np/n;. However, within the range of np/n; in our simulation
the change in pressure is very small so that K4 can be approximately treated
as a constant. From Eqs. 18 and 32, we get

W =E"T 4 ECOM = h(1—2)> plaps
k

+h(1 —)K, " Zaz (33)
2dag n, Pk

k

In Eq. 33, the first term is represented as E“” because it is related to the
lateral pressure of the pure bilayer, and the second term is represented as
E“M because it is related to the compressibility modulus. The total energy
of peptide binding to the bilayer is then given by

E = EIMMI +ELAT+ECOM7 (34)

where E™M! is the standard IMMI1 energy.

Molecular dynamics simulations

MD simulations were carried out at 300 K using the CHARMM program
(62). Membrane and water were implicitly represented with IMM1. Five
peptides were simulated: alamethicin, melittin, KB1, 18A, and KKles,
whose sequences are given in Table 2. The simulations were done in
a zwitterionic (neutral) bilayer, whose hydrocarbon thickness is set to
254 A corresponding to the DOPC bilayer (63). The initial structures of
the peptides were generated by CHARMM based on their sequences except
KBI1, for which the crystal structure was used. To study the influence of
peptide/lipid molar ratio on peptide binding, simulations were performed
on alamethicin in pure DOPC bilayer from np/n;, = 0.01 to 0.10 in 0.01
increments. To study the influence of nonbilayer lipids, simulations were
performed on all peptides in mixed DOPC/DOPE bilayers at x = 0, 0.2,
0.4, 0.6, and 0.8. In the second study, np/n;, = 0.01 was used for all peptides.

Each simulation run lasted 10 ns, and the average structures and energies
of the last 5 ns were taken for analysis. The binding energy of the peptides
was estimated as the average effective energy difference in membrane and

TABLE 2 Sequences of the peptides studied

Alamethicin Ac-UPUAUAQUVUGLUPVUUEQF-OH*
Melittin Ac-GIGAVLKVLTTGLPALISWIKRKRQQ-NH,
KB1 Ac-CGETCVGTCNTPGCTCSWPVCTRNGLPV-NH,
18A Ac-DWLKAFYDKVAEKLKEAF-NH,
KKpL,s Ac-KKLLLLLLLDWLLLLLLLLKK-NH,

#U stands for a-aminoisobutyric acid.
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water environments for the conformational ensemble generated by the
membrane simulation,

1 N

v (B =), (35)
i=1

EBINDING —

MBR WAT
E; E;

where and are the effective energy in membrane and in water,
respectively, and i runs through N = 2500 conformations saved at equal
intervals within the last 5 ns of the simulation.

RESULTS

Binding of alamethicin to a DOPC bilayer at
various peptide/lipid molar ratios

Alamethicin is a 20-amino-acid helical peptide forming
voltage-gated ion channels in lipid bilayers (64). Previous
MD simulations with IMM1 showed that alamethicin can
bind lipid bilayers in two orientations, one interfacial and
one more deeply inserted (nearly transmembrane). The
binding energy of the former is 1-2 kcal/mol lower than
that of the latter (50,54). These simulations also showed
that the N-terminus of the interfacial orientation is slightly
tilted and buried under the interface, while the tilt angle
between the transmembrane orientation and bilayer normal
is ~30°.

In this study, alamethicin was initially placed both
parallel to the bilayer at the interface and inserted perpen-
dicular to the bilayer. The peptide/lipid molar ratio np/n,,
was initially set to 0.01. Both interfacial and transmembrane
binding were observed in the simulation (Fig. 3); however, it
can be seen from the figure that the N-terminus of our inter-
facial orientation is no longer tilted. Also, it was found that
with the lateral pressure added to IMMI, the interfacial
orientation is significantly stabilized, with binding energy
now 8 kcal/mol lower than that of the transmembrane orien-
tation (Table 3).

To investigate the influence of peptide/lipid molar ratio
on the binding, we increased np/n; from 0.01 to 0.10 at
0.01 increments and repeated the simulation at each np/n;.
Because the transmembrane orientation has significantly

a b c

— ARAARE
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higher relative binding energy, the peptide easily moves to
the interfacial orientation in most of the simulations, even
though it was initially placed perpendicular to the bilayer.
Therefore, to obtain energy data for the transmembrane
configuration, harmonic constraints were applied to the
Ca atoms using the np/n; = 0.01 structure as a reference.
This way the binding energy of both orientations as a func-
tion of np/n; was calculated and reported in Table 3. It can
be seen from the table that the binding energy increases with
np/n;, for both interfacial and transmembrane orientations.
However, the increase is much larger for the former. There-
fore, we expect equilibrium to shift gradually from the inter-
facial to transmembrane orientation as np/n; increases.
Experimentally, a transition from interfacial to transmem-
brane has been observed for many antimicrobial peptides,
including alamethicin (65-67). This transition was attrib-
uted to the thinning of the bilayer caused by the interfacial
binding of the peptides (55). Although the shift we observed
is in agreement with experiment, experiment gives
a threshold concentration of 0.02 for alamethicin binding
on DPhPC bilayer (68), while we are not able to observe
the transition on DOPC bilayer from np/n; = 0.01 to 0.10.
This may be because IMMI1 has been parameterized without
the inclusion of a lateral pressure term (see Discussion).

Binding of peptides to mixed DOPC/DOPE
bilayers

Alamethicin

The effect of DOPE mole fraction on the binding energy
of alamethicin was investigated separately for interfacial
and transmembrane configurations. As before, harmonic
constraints on the Co atoms were employed to keep alame-
thicin transmembrane. The binding energy as a function of
is plotted in Fig. 4 A (the contribution of all components is
given in Table 4). From the figure it can be seen that for the
interfacial orientation, the binding energy barely changes.
For the transmembrane orientation, however, the binding
energy increases with x. This is consistent with experiment,

FIGURE 3 The average configuration of (a)
interfacial alamethicin, (b) transmembrane alame-
thicin, (c¢) melittin, (d) KB1, (e) 18A, (f) interfacial
KKles, and (g) transmembrane KKpL15 at np/ln;, =
0.01 and x = 0. The average helix contents calcu-

lated based on the structures from our simulations
are: 85% for alamethicin, 80% for melittin, 84%
for 18A, and 75% for KKpL15, which are a little
higher than the corresponding experimental values
of 71-74% (84), 76% (84), 70-76% (76), and

A e

65-75% (7). The structures do not change signif-
icantly with np/n; or x. The lines denote the hydro-
phobic boundary of the bilayers.
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TABLE 3 Binding energy (kcal/mol) of alamethicin at various
peptide/lipid molar ratios

npln, AEMML AEMAT AECOM [BINDING
0.01 —7.6/-17.0 1.5/-7.1 0.0/0.1 —6.1/-14.0
0.02 —7.5/-7.0 1.5/-7.2 0.1/0.3 -5.9/-13.9
0.03 —7.5/-1.1 1.5/-7.0 0.1/0.4 —5.9/-13.8
0.04 —7.6/-7.0 1.5/-7.1 0.2/0.5 —5.9/-13.6
0.05 —7.5/-1.1 1.5/-7.1 0.2/0.7 —5.8/-13.5
0.06 —7.6/-17.1 1.5/=7.0 0.3/0.8 —-5.9/-13.3
0.07 —7.6/-17.2 1.5/-7.1 0.3/1.0 —5.8/-13.2
0.08 —7.6/-12 1.5/=7.0 0.3/1.1 —5.8/-13.1
0.09 —7.5/-1.2 1.5/-7.0 0.4/1.2 —5.7/-13.0
0.10 —7.6/-172 1.5/-7.0 0.4/1.4 —5.6/—12.8

The first number is for the transmembrane orientation and the second
for the interfacial orientation. EBINPING — ApMMI | ApLAT | AECOM,
where A denotes the transfer from water to membrane. The average stan-
dard deviation is ~0.1 kcal/mol.

which reported that in mixed DOPC/DOPE bilayers the
binding free energy of transmembrane alamethicin increases
linearly with the mole fraction of DOPE (38). From x = 0 to
0.6, our binding energy for the transmembrane orientation
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FIGURE 4 (A) The relative binding energy of the peptides on mixed
DOPC/DOPE bilayers at various mole fractions of DOPE. (B) The relative
energy calculated with the average binding structures obtained at np/n;, =
0.01 and x = 0.
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increases by 0.5 kcal/mol, which is slightly smaller than
the experimental value of 0.8 kcal/mol.

Because the binding energy is an average from MD
simulations, it is noisy and includes contributions not
only from changes in lipid composition, but also changes
in peptide configuration. To see how much the lipid compo-
sition alone contributes to the binding energy, energy
calculations were performed on the average structure of
the peptide from y = O to 0.8. The result is given in
Fig. 4 B and is consistent with that obtained using average
energies.

Melittin

Melittin, a 26-amino-acid helical peptide, is the main
proteinaceous constituent of honeybee venom. The orienta-
tion as well as insertion depth of melittin upon binding to
membranes has been the subject of extensive debate. Exper-
iments under various conditions suggest either a transmem-
brane or an interfacial orientation (69,70). Nevertheless, it is
likely that interfacial binding is more reasonable for neutral
bilayers with the hydrophobic thickness of DOPC (45).
Therefore, at the beginning of our simulation, melittin was
placed parallel to the bilayer at the interface.

During the simulations, melittin stayed primarily at the
interface, with the C-terminus becoming slightly unstruc-
tured and moving toward the water, as shown in Fig. 3.
Fig. 4 shows that the binding energy of melittin decreases
by a very small amount (at ~0.3 kcal/mol) from x = 0 to
0.8. Experiment reported that melittin binds with similar
affinity to liquid crystalline 1,2-Dielaidoyl-sn-glycero-3-
phosphocholine (DEPC) and 1,2-Dielaidoyl-sn-glycero-3-
phosphoethanolamine (DEPE) vesicles, albeit at different
temperatures, while in the gel phase binding to DEPE is
much weaker than to DEPC (71).

Cyclotide kalata B1

The cyclotides are a large family of peptides from plants,
among which the prototypic cyclotide kalata B1 (KB1) is
the most well studied and has been shown to bind (72)
and disrupt phospholipid bilayers by a pore-forming mech-
anism (73). The cyclic knotted structure of KB1 is stabilized
by three disulfide bridges, and binds to membranes via two
hydrophobic loops (74). The starting structure of KB1 was
taken from the Protein Data Bank (PDB:1INB1; www.
wwpdb.org) and was placed with the hydrophobic loops at
the interface.

During the simulation, the peptide stayed as the cyclic
structure at the interface, with the two hydrophobic loops
anchoring superficially into the hydrophobic core of the
bilayer (Fig. 3). The C-terminus of the peptide is more flex-
ible than the N-terminus. It can be seen from Fig. 4 that the
binding energy of KB1 decreases by the largest amount
among all peptides, and from y = 0.1 to 0.2 the energy
decreases by ~0.2 kcal/mol. In a surface plasmon resonance
experiment it was reported that the peptide/lipid molar ratio
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TABLE 4 Binding energy (kcal/mol) at various mole fractions of DOPE

x=0 x =02 x =04 x = 0.6 x = 0.8
Alamethicin (interfacial) AE™MM! —6.9 —6.7 -7.0 —6.5 —6.7
AEMT —-7.1 -73 -73 -7.6 -7.6
AECOM 0.1 0.1 0.1 0.2 0.1
EBINDING —14.0 —13.8 —14.1 —14.0 —14.1
Alamethicin (transmembrane) AEMMI —7.6 -7.6 -7.6 -7.6 —-7.6
AEMT 15 1.6 1.8 1.9 2.1
AECOM 0.0 0.0 0.0 0.0 0.0
EBINDING —6.1 —6.0 -5.8 —5.6 -55
Melittin AE™MM! —132 —13.1 —13.0 —12.8 —12.7
AEMT —-8.1 -84 —8.6 —8.8 —9.0
AECOM 0.1 0.2 0.2 0.2 0.2
[EBINDING —212 —213 —214 —21.4 —21.5
KBI AE™MM! —04 0.2 —0.4 —0.4 —0.4
AEMT —54 -5.9 —6.1 —6.2 —6.8
AECOM 0.1 0.2 0.1 0.1 0.1
EBINDING —5.6 —5.9 —6.3 —6.5 -7.0
18A AE™MM! -5.0 —5.1 —49 —4.8 —4.8
AEMT -6.8 -7.0 7.1 -73 -17.5
AECOM 0.1 0.1 0.2 0.1 0.2
EBINDING —11.7 -11.9 —11.8 -12.0 —12.1
KKpL,s (interfacial) AEMMI —26.1 —26.0 —25.7 -25.3 —24.9
AEMT -3.7 -3.8 —4.0 —43 —45
AECOM 0.2 0.2 0.2 0.2 0.2
EBINDING —29.6 -29.6 —-29.5 -29.4 —29.3
KKpL,s (transmembrane) AEMMI —28.3 —28.3 —28.3 —28.4 —28.3
AEMT 2.9 3.0 32 3.5 37
AECOM 0.1 0.1 0.1 0.1 0.1
EBINDING —25.4 —252 —24.9 —24.8 —24.6

increases from 0.08 to 0.15 as the mole percentage of DOPE
in DOPC vesicles increases from 10% to 20% (75). From
this one can deduce a binding free energy decrease of
~0.35 kcal/mol. The authors attribute the affinity for PE to
specific interactions with the headgroup, but we find that
a large portion of the affinity increase can be explained by
lateral pressure/curvature stress effects.

18A

18A is a designed amphipathic peptide of 18 residues. CD
experiments indicated that the peptide adopts mainly helical
structure in membranes, and H-NMR showed that the
insertion of the peptide occurs at the membrane interface
(76). Based on this, the peptide was built as an ideal a-helix
and placed initially parallel to the bilayer at the interface.
During the simulations the helical structure of 18A was
perfectly maintained and the orientation remained interfa-
cial (Fig. 3). The binding energy of 18A decreases by
0.3 kcal/mol from x = 0 to 0.5 (Fig. 4). In experiment, it
is reported that the binding free energy of 18A decreases
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by ~0.5 kcal/mol as the mole fraction of DOPE in POPC/
DOPE vesicles increases from 0 to 0.5 (76).

KKPL 15

KKpL,s is a designed hydrophobic peptide of 21 residues.
According to experiment, the peptide is helical and binds
membranes at either transmembrane or interfacial orienta-
tion (77). Therefore, at the beginning of our simulation
the peptide was placed both parallel to the bilayer at the
interface and inserted perpendicular to the bilayer.

During the simulations, the helical structure of the
peptide was maintained, except that the N-terminus of
the interfacial orientation occasionally unfolded. From
Fig. 3 it can be seen that the interfacial orientation lies right
at the interface, while the transmembrane orientation
spans completely across the hydrophobic core. In Fig. 4 A
the binding energy of interfacial “¥pL,s increases by
0.3 kcal/mol from x = 0 to 0.8, while in Fig. 4 B the effec-
tive energy decreases by 0.2 kcal/mol. As explained above,
Fig. 4 B gives the intrinsic contribution of the lipid
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composition while Fig. 4 A includes the effect of changes in
peptide configuration or conformation. Note that in Table 4
EMT of interfacial KKles decreases with x, while E™MM!
increases. In Fig. 4 A the binding energy of transmembrane
KKpL,s increases by 0.8 kcal/mol from y = 0 to 0.8. This
indicates that the transmembrane orientation becomes less
stable than the interfacial orientation as DOPE is added.
In experiment, the transition between the two orientations
of ¥®pL,s was studied with tryptophan fluorescence. A
red-shift of the emission was observed as POPE was added
to the POPC vesicles, indicating that nonbilayer lipids stabi-
lize the binding of the interfacial orientation (77). This is in
agreement with our calculations.

DISCUSSION

In this study, we proposed a simple approach for implicit
modeling of the lateral pressure across lipid bilayers. The
pressure profile was treated as symmetric with respect to
the bilayer center and was decomposed within each leaflet
into components in the acyl-chain and headgroup regions
and at the interface. Each component was represented by
a Gaussian function. While the parameters for controlling
the position and width of the pressure peaks and the magni-
tude at the interface were estimated by using the data from
the previous MD simulations with explicit lipid models,
those for the magnitude in the headgroup and acyl-chain
regions were calculated based on the relation between the
lateral pressure and monolayer bending elasticity. This treat-
ment gives better compatibility with the implicit membrane
model IMMI1 and enables us to easily calculate the pressure
profile at various lipid compositions. Based on the model,
the interaction energy between the lateral pressure and
peptide cross-sectional area consists of two terms: E-'T
that arises from the lateral pressure of the pure lipid bilayer,
and E“°M that arises from the lateral compression of lipids
upon peptide binding and is proportional to the peptide/lipid
molar ratio.

From Tables 3 and 4 it can be seen that in general the
incorporation of the lateral pressure into IMMI1 gives extra
stabilization to the interfacial binding, as a result of the
negative pressure at the bilayer interface. For alamethicin,
this extra stabilization is ~8 kcal/mol. With this extra
term, IMMI1 predicts the interfacial orientation to be
substantially more stable than the transmembrane one.
This seems inconsistent with experiment, in which alame-
thicin was found to bind lipid bilayers in transmembrane
orientation even at very low concentrations (78). This may
be because IMMI1 was parameterized without the lateral
pressure term. It contains an adjustable parameter (param-
eter a in Eq. 10 of Lazaridis (45)), which controls the inten-
sity of electrostatic interaction inside the membrane. A
decrease in this parameter from 0.85 to 0.80 would lower
the binding energy of transmembrane alamethicin by
7 kcal/mol, while causing little change to interfacial alame-
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thicin. Therefore, it is expected that by reparameterizing the
electrostatic interaction, a relative binding energy between
the two orientations that is more consistent with experiment
could be obtained.

Another important impact of the proposed term is in the
interfacial configuration of alamethicin. While standard
IMMI predicts significant tilt in the interfacial configura-
tion, the lateral pressure term induces a configuration that
is parallel to the membrane. A simple test of the validity
of the lateral pressure term would be to perform explicit
bilayer simulations of interfacial alamethicin starting from
both tilted and untilted simulations. If this effect has been
captured correctly, both simulations should converge to
a parallel orientation.

As DOPE is added, the lateral pressure within the bilayer
will change due to the different spontaneous curvature of
DOPC and DOPE. From Fig. 4 it can be seen that, in
general, DOPE stabilizes interfacial binding and destabi-
lizes transmembrane binding. According to Egs. 29 and
31, this change in binding energy is caused by the change
in E“7, and the difference in E“*” between two different
mole fractions of DOPE (x; and x5,) is given by

AEMT = EXT — BT = h(1 = 2) ) apa(p} — p). (36)
k

Because transmembrane alamethicin and “*pL, 5 bind in the
acyl-chain region of the bilayer (Fig. 3) where the pressure
increases with x, according to Eq. 36 E“*" increases as well.
KBI1 binds in the headgroup region where the pressure
decreases, so E™T decreases. The average position of melit-
tin and 18A in the simulations is 15.9 A and 16.1 A from the
bilayer center, which is between the interface and headgroup
region, so E“7 also decreases, but by a smaller value. The
average position of interfacial alamethicin and **pL,s is
15.0 A and 14.9 A, so these two peptides have the least
E™7T decrease with x. The difference for interfacial
KKpL,s in Fig. 4, A and B, as mentioned above, is caused
by the change in E™M! as a result of the conformation
change with .

In this model, possible bilayer expansion upon peptide
binding was taken into account through an empirical expan-
sion coefficient A. Because the true expansion of a bilayer is
hard to estimate and depends on the experimental situation,
A was arbitrarily set to 0.5. The value of A influences the
binding energy of peptides. For example, according to
Eq. 33, an increase in A will decrease the magnitudes of
both E“" and ES“Y, which means that changing np/n;, or
x will cause smaller influence upon the orientation and
binding energy of peptides in our simulations. On the other
hand, if we decrease 4, the difference of peptide orientation
and binding energy at various np/n; or in x in our simulation
should become larger. The results obtained with the value
0.5 adopted here happen to be quite close to experiment.
For example, experiment gives a binding free energy
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increase of 0.8 kcal/mol for transmembrane alamethicin
from x = 0 to 0.6, while the value predicted by our model
is 0.5 kcal/mol. By further adjusting A, even better agree-
ment with experiment could be achieved.

The model is based on significant assumptions. For
example, the bilayer is divided into slabs and each slab is
treated as independent of the others. This assumption would
be appropriate if the lipid chains were completely flexible
and able to align exactly with the surface of the peptide.
However, the bending rigidity of lipids varies with chain un-
saturation (10) and content of cholesterol (79), and it is
reasonable to expect that this variation can cause errors in
the calculation of E“*" and E“°M. Also neglected are the
thermodynamic consequences of the lipid rearrangements
when a peptide is inserted. These effects have been calcu-
lated using mean field theories (80), but they are difficult
to incorporate in analytical implicit membrane models.

Another factor that might cause errors is the absence of
the bilayer surface deformation in our model. For example,
when there is a hydrophobic mismatch between a transmem-
brane peptide and the bilayer, the surface of the bilayer
around the peptide may grow or collapse until the local
thickness of the bilayer is equal to the length of the peptide
(81). While this deformation avoids the exposure of hydro-
phobic surfaces to water and grants the binding extra stabi-
lization, it causes frustration to the bilayer curvature (82). To
balance these two opposing forces, the peptide may adjust its
binding state without causing any changes to the lateral
deformation. An example for this is the association of
rhodopsin in lipid membranes. While it is not likely to influ-
ence the cross-sectional area of the protein, it was proposed
that the association could significantly relieve the membrane
curvature strain of the monomeric binding state (82).

These concerns notwithstanding, our model provides an
easy and fast way to take into account the effect of
membrane lateral pressure in MD simulations and could
be applied to larger systems and more complex problems.
A potentially interesting application of the model would
be to investigate the influence of lipid composition on the
conformation and thus the function of membrane proteins.
It would also be interesting to determine whether the model
can be further improved by incorporating lipid bending
rigidity, which would enable the investigation of the influ-
ence of lipid unsaturation and cholesterol on peptide/protein
binding.
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