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Binding of Small Basic Peptides to Membranes Containing Acidic Lipids:
Theoretical Models and Experimental Results
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ABSTRACT We measured directly the binding of Lys,, Lyss, and Lys; to vesicles containing acidic phospholipids. When the
vesicles contain 33% acidic lipids and the aqueous solution contains 100 mM monovalent salt, the standard Gibbs free
energy for the binding of these peptides is 3, 5, and 7 kcal/mol, respectively. The binding energies decrease as the mol% of
acidic lipids in the membrane decreases and/or as the salt concentration increases. Several lines of evidence suggest that
these hydrophilic peptides do not penetrate the polar headgroup region of the membrane and that the binding is mainly due
to electrostatic interactions. To calculate the binding energies from classical electrostatics, we applied the nonlinear
Poisson-Boltzmann equation to atomic models of the phospholipid bilayers and the basic peptides in aqueous solution. The
electrostatic free energy of interaction, which arises from both a long-range coulombic attraction between the positively
charged peptide and the negatively charged lipid bilayer, and a short-range Born or image charge repuision, is a minimum
when ~2.5 A (i.e., one layer of water) exists between the van der Waals surfaces of the peptide and the lipid bilayer. The
calculated molar association constants, K, agree well with the measured values: K is typically about 10-fold smaller than the
experimental value (i.e., a difference of about 1.5 kcal/mol in the free energy of binding). The predicted dependence of K (or
the binding free energies) on the ionic strength of the solution, the mol% of acidic lipids in the membrane, and the number
of basic residues in the peptide agree very well with the experimental measurements. These calculations are relevant to the

membrane binding of a number of important proteins that contain clusters of basic residues.

INTRODUCTION

Many proteins have a cluster of basic residues that facilitate
their adsorption to membranes—the basic residues interact
with acidic lipids. These electrostatic interactions often oc-
cur in conjunction with the hydrophobic penetration of a
myristoyl or farnesyl group on the proteins into the interior
of the membrane. Examples of myristoylated proteins that
use this mechanism include Src (Resh, 1993, 1994; Buser et
al., 1994; Sigal et al., 1994), MARCKS (Aderem, 1992;
Blackshear, 1993; McLaughlin and Aderem, 1995), and the
HIV matrix protein (Zhou et al., 1994; Massiah et al., 1994);
an example of a farnesylated protein that uses this mecha-
nism is K-ras (Hancock et al., 1990; Cadwallader et al.,
1994). The binding of MARCKS to membranes can be
reversed by PKC phosphorylation of serine residues within
the cluster, which places negatively charged phosphate
groups within the cluster, weakens the electrostatic interac-
tion, and allows the protein to translocate to the cytoplasm
because the muyristate group does not provide sufficient
hydrophobic energy to anchor the protein (McLaughlin and
Aderem, 1995). The main objective of this report is to
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provide a theoretical description of the electrostatic interac-
tion of basic peptides with membranes containing acidic
lipids.

Short hydrophilic peptides containing basic residues bind
to membranes containing acidic lipids (Dufourcq et al.,
1981; de Kruijff et al., 1985; Roux et al., 1988; de Kroon et
al., 1990, 1991; Kim et al., 1991; Thorgeirsson et al., 1995).
A theoretical model that combines the Gouy-Chapman-
Stern theory of the electrostatic potential adjacent to a
charged membrane, the Boltzmann relation, and mass action
equations accounts qualitatively for the binding data (Kim
et al., 1991; Thorgeirsson et al., 1995). Two groups have
reported more detailed theoretical studies of the electrostatic
interactions of proteins with surfaces: Yoon and Lenhoff
(1992) studied the interaction of positively charged ribonu-
clease A with a negatively charged surface, and Roush et al.
(1994) studied the interaction of negatively charged rat
cytochrome b5 with a positively charged surface. The elec-
trostatic energy of interaction of the proteins and the sur-
faces was analyzed using continuum solvent models. (For
reviews of continuum solvent models and their biological
and chemical applications, see Davis and McCammon
(1990), Honig et al. (1993), Sharp (1994), and Honig and
Nicholls (1995).) Roth and Lenhoff (1993) extended the
method to account for van der Waals (dispersion) interac-
tions between the adsorbed protein and the surface, and they
calculated the binding constant of the protein to the surface
from the energy of interaction.

We report here a systematic study of the binding of three
basic peptides, (Lys);, (Lys)s, and (Lys);, to phospholipid
vesicles under conditions where the peptide concentration is
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sufficiently low that peptide-peptide interactions are van-
ishingly small. The available evidence suggests that the
binding of the peptides is due mainly to electrostatic inter-
actions. 1) Small basic peptides like (Lys)s do not bind to
membranes formed from electrically neutral lipids like
phosphatydylcholine (PC) (Mosior and McLaughlin,
1992a). 2) Binding increases as the mol% of acidic lipids in
membrane increases (Mosior and McLaughlin, 1992b; see
also below). 3) Binding decreases as the salt concentration
increases (Mosior and McLaughlin, 1992b; see also below).
4) The binding is independent of the chemical nature of the
acidic lipids or the basic residues (Kim et al., 1991; Mosior
and McLaughlin, 1992a). 5) Peptides like (Lys)s bind out-
side the envelope of the polar headgroup, as indicated by
NMR (Roux et al., 1988), high-pressure fluorescence (Mon-
tich et al., 1993), and monolayer surface pressure (Kim et
al., 1991; see also below) measurements.

We present two theoretical models, based on classical
electrostatics, for calculating the binding constant of the
positively charged peptides to the negatively charged mem-
branes. Following the approach outlined in standard elec-
trochemistry texts (e.g., Bockris and Kahn, 1993) and de-
scribed in detail below (see Fig. 1), we calculated the
binding constant by evaluating the Gibbs surface excess of
the peptide adjacent to the membrane. The peptide concen-
tration at any distance from the membrane surface depends
in a Boltzmann manner on its electrostatic free energy of
interaction with the membrane, which is calculated by solv-
ing the nonlinear Poisson-Boltzmann equation.

In the first model, the peptide is represented by a point
charge and the membrane by a uniformly charged surface.
This simplified geometry allows one to obtain an analytical
expression for the energy of interaction at each peptide-
membrane distance in terms of the Gouy-Chapman-Stern
theory. In the second model both the peptide and the mem-
brane (Peitzsch et al., 1995) are represented in atomic detail.
The reciprocal effects of the peptide and the membrane on
each other’s electrostatic potentials, which were ignored in
the first model, are taken into account and give rise to a
Born repulsion between the peptide and the membrane at a
short distance. The short-range repulsion, when added to the
long-range coulombic attraction between the oppositely
charged membrane and peptide, yields a minimum in the
electrostatic free energy of interaction between the mem-
brane and the peptide. We compare the binding constants
predicted by the two different theoretical models with the
experimental results.

MATERIALS AND METHODS
Materials

The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (PG) were purchased
from Avanti Polar Lipids (Birmingham, AL). 1,2-Di[l-'*C]oleoyl-L-3-
phosphocholine (['*CIPC) was purchased from Amersham (Arlington
Heights, IL). The peptides KKKKKKK, KKKKK, and KKK were synthe-
sized by Multiple Peptides Systems (San Diego, CA) and were >95% pure,
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FIGURE 1 Sketch illustrating the concept of the Gibbs surface excess of
peptide defined in Eq. 5. (A) In the primitive model the membrane is
represented as a plane with a uniform surface charge density, and the
electrostatic potential in the aqueous phase, ¢(R), is described by Gouy-
Chapman-Stern theory (Eqs. 12 and 13). The charge density we used for
this figure corresponds to a 9:1 PC:PG membrane in 100 mM KCl. (B) The
concentration of the Z-valent peptide a distance R from the membrane,
[P(R)] = [P(«)lexp(—ZP(R)), is calculated from the potential illustrated in
A with Z = 3, corresponding to trilysine, and [P(®)] = 107 M. The Gibbs
surface excess is defined as the integral of [P(R)] — [P(«)] over distance.
This quantity, the stippled area in the figure, may be considered the number
of trilysine peptides “adsorbed” to a unit area of membrane.

as determined by analytical high-performance liquid chromatography and
mass spectrographic analyses.

Methods
Preparation of vesicles

Concentrations of PC and PG in CHCl; were measured on a Cahn elec-
trobalance, a method that gives the same results as phosphate analysis (Kim
et al., 1991; Peitzsch and McLaughlin, 1993). A mixture of lipids in a
CHCl, solution was dried in a rotary evaporator under vacuum and resus-
pended in a sucrose solution (typically 176 mM sucrose, 1 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), pH 7.0). Large unilamellar
vesicles (LUVs) were produced from the above lipid dispersions by the
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method of Hope et al. (1985). In brief, the mixture was taken through five
cycles of freezing (liquid N,) and thawing (40°C water bath) followed by
10 cycles of extrusion through a stack of two polycarbonate filters (0.1-um
diameter pore size) in a Lipex biomembranes extruder (Vancouver, BC,
Canada). Vesicles of this size are unilamellar (Mui et al., 1993). The
sucrose solution on the outside of the vesicles was removed by dilution of
the LUV solution to an isosmotic salt solution (typically 100 mM KC}, 1
mM MOPS, pH 7.0) and centrifugation (1 h, 100,000 X g, 25°C; for details
see Rebecchi et al., 1992, and Buser et al., 1994). The supernatant was
discarded and the resuspended pellet was used for the binding measure-
ments. The incorporation of trace amounts of ['“CJPC into the lipid
mixture allowed us to monitor the lipid concentration throughout the
binding measurements.

Binding measurements

Peptides were mixed with sucrose-loaded LUVs under conditions where
[peptide] << [lipid], so the peptide did not bind a significant fraction of the
acidic lipid in the vesicles. The mixture was equilibrated for 15 min at
room temperature (22°C) and then separated by centrifugation (1 h,
100,000 X g, 25°C). Ninety percent of the supernatant was retrieved
immediately, and the concentrations of peptide in the supernatant and pellet
were measured by a fluorescamine assay as described by Buser et al.
(1994). Calculations of the percentage of bound peptide were corrected for
the 1-5% lipid that remained in the supernatant.

For technical reasons we used the acidic lipid PG rather than PS for
these binding measurements (the breakdown of a small fraction of PS
produces amines that are detected by the fluorescamine technique). Most of
our theoretical calculations were carried out with the acidic lipid PS,
because this is the major acidic lipid in a mammalian biological membrane.
Previous electrophoretic mobility measurements showed that trilysine and
pentalysine bind with identical affinities to vesicles formed from either PG
or PS (see figure 1 of Kim et al., 1991).

Monolayer measurements

We used an apparatus designed by Fromherz (1975) (purchased from
Mayer Feintechnik, Géttingen, Germany) to show that when Lyss mole-
cules adsorb to lipid monolayers they do not penetrate significantly into the
monolayer. This apparatus monitors the surface pressure of the monolayer
by means of a Wilhemy plate and has a feedback circuit that increases the
area of the monolayer to maintain a constant surface pressure as any
adsorbing solute penetrates into the monolayer. Adsorption of molecules
that would be expected to penetrate the monolayer, such as dibucaine
(Seelig, 1987), signal peptides (Tamm, 1991), substance P antagonists
(Seelig, 1992), myristic acid, and short-chain phospholipids (Boguslavsky
et al., 1994), produces an increase in area. The addition of 4 X 107 or 8 X
107°> M Lys; to a monolayer formed from 2:1 PC:PG or PC:PS over a
solution containing 100 mM KCl, 1 mM MOPS (pH 7) does not increase
the surface pressure (7 = 30 mN/m) at constant area or the area at constant
surface pressure (7 = 20, 30 mN/m), demonstrating that Lyss does not
penetrate the monolayer upon adsorption.

Extracting binding constants and binding
energies from experimental measurements

The binding of peptides to lipid bilayers can be described in terms of a
molar partition coefficient, K, without making assumptions about the
adsorption mechanism (see equation 1 of Peitzsch and McLaughlin, 1993).
K is the proportionality factor between the mole fraction of peptide bound
to the membrane, y, and the molar concentration of peptide in the bulk
aqueous phase, [P]. Under our experimental conditions, the molar concen-
tration of lipid accessible to the peptide, [L], is much greater than the molar
concentration of peptide bound to the membrane, [P, so x = [P], /(L] and

[P]. = KTPJ[L]. )
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Hydrophilic basic peptides bind only to the outer surface of LUVs; hence
[L] = [L]/2, where [L],, is the total molar concentration of lipid in the
solution.

Equation 1 has the same form as the limiting version of a mass-action
equation which assumes (incorrectly) that the peptide forms a 1:1 complex
with a lipid. Thus K may be regarded as an apparent association constant.
For our experiments we need consider only the limiting form of the
equation (i.e., the Henry limiting law): because the peptide concentration is
low, binding depends linearly on the concentration of peptide, the free lipid
concentration is approximately equal to the total lipid concentration, and
there is no significant interaction between the adsorbed peptides.

The total concentration of peptides in the solution, [P],,, is the sum of
bound and free peptides:

[P] + [Pln = [P )

Substituting Eq. 2 in Eq. 1, one obtains

[Pl. _ KIL]

(Plo 1+ KIL] 3

We determine the value of K by measuring the fraction of bound peptide,
[P]/[P)o:» as a function of [L]. We plot [P]_ /[P, versus [L] and obtain
the value of K from a least-squares fit of Eq. 3 to the data; note that when
[P)u/[P)e; = 172, K = V/[L].

If the peptide formed a 1:1 complex with a lipid, the association
constant K would be related to the standard Gibbs free energy by

AG°® = —NkgT In(K), 4

where N is Avogadro’s number, kg is Boltzmann’s constant, and T is the
temperature. We use Eq. 4 as a formalism to convert the experimentally
determined molar partition coefficient K into energy units and refer below
to AG® as the experimentally determined standard Gibbs free energy, or
simply the binding free energy.

THEORETICAL MODELS

We calculate the binding energies of peptides to membranes
using two different models. In the first we represent the
peptide as a point and the membrane as a plane with the
surface charge smeared uniformly. In the second we de-
scribe the peptide and the membrane in atomic detail. Be-
cause both the Debye length and the dimensions of the
peptides are much smaller than the radius of the vesicles, we
can assume the peptides interact with a planar surface.
Because the peptides do not interact with each other, we
studied the binding of a single peptide to the surface.

We assume the binding is purely electrostatic in nature.
The negatively charged membrane concentrates the posi-
tively charged peptide in the aqueous diffuse double layer
adjacent to the surface. We calculated the Gibbs surface
excess, I', of the peptide to compare with our binding
measurements. I' is defined as (e.g., Bockris and Kahn,
1993)

'=C | dR(P(R)] - [P(»)]), &)

0

where [P(R)] is the peptide concentration at a distance R
from the surface (R is the distance in A between the van der
Waals surfaces of the peptide and the membrane), I' repre-
sents the number of moles of peptide “adsorbed” (through
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nonspecific electrostatic interactions) to a unit area of sur-
face in mol/dm? (see Fig. 1 B), and C = 107° dm/A is a
units conversion factor.

By multiplying I" by the area of the vesicles accessible to
the peptides (i.e., the total area of the outer surfaces of the
large unilamellar vesicles), A (in dm?), and dividing by the
volume of the solution, V (in dm®), we obtain the total
concentration of membrane-bound peptide in the solution,
[P],,- In other words,

AT
[P]m = 7 (6)

If the average free energy change that occurs when the
peptide moves from the bulk aqueous solution at © to a
distance R is AW(R), then the concentration of peptides at a
distance R, [P(R)], is given by the Boltzmann relation

[P(R)] = [P()]exp( — BAW(R)), Q)

where B = (kg7)”'. We assume that AW(R) arises only

from electrostatic work and that we can calculate this en-

ergy using the (nonlinear) Poisson-Boltzmann equation.

The calculation of AW(R) is trivial in model 1 but requires

extensive calculations in the more realistic model 2.
Combining Egs. 5, 6, and 7 we get

CA [*
[P) = [P(=)} f dR(exp(—~BAW(R)) — 1). (8)
0

Equation 8 represents the integral we must evaluate to
calculate the apparent association constant of the peptide
with the membrane. It is valid for all values of lipid con-
centration, or equivalently, all values of A/V. In particular, it
is valid for K[L] << 1 in Eq. 3. In this limit [P],,, = [P(®)],
such that Eq. 3 becomes

[Pl = K[P()] [L]. ©)

Note that by definition,

(L= 1y (10)

where A is the area of lipid available to the peptide, A, is the
area occupied by one lipid in the bilayer (68 A2 = 68 X
1078 dm?), and V is the volume of the solution. Combining
Egs. 8, 9, and 10, we obtain an expression for the binding
constant as a function of the average free energy of the
peptide a distance R from the membrane:

K= CAN f“’ dR(exp( — BAW(R)) — 1). an

0

Equation 11 allows us to calculate a value of X that can be
compared with our experimental value.
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Model 1

We treat the system in the spirit of Gouy-Chapman theory
(e.g., Aveyard and Haydon, 1973). Specifically, we assume
the membrane is a plane with a uniform surface charge
density. Monovalent ions (e.g., K*, C17) and the peptides
are treated as points, and we neglect the effect of the peptide
on the electric field. In addition, we apply a Stern correction
to describe the adsorption of the monovalent cation K* to
the acidic lipids. The Gouy-Chapman-Stern theory has been
shown to accurately describe the electrostatic potential in
the aqueous phase adjacent to a membrane (McLaughlin,
1989).

Gouy-Chapman theory describes how the electrostatic
potential, ¢(R) (in units of kyT/e, where e is electron
charge), depends on the distance from the surface, R:

1 + tanh(¢(0)/4)exp(—kR)
$(R) = 2 In T h(6(0)/4)exp(—rR)

(12)

where k = [(2Be’c®)/(€y€,)]"? (c® is the number of mono-
valent ions per unit volume in bulk, €, is the permittivity in
vacuum, and e, is the dielectric constant of water) is the
Debye-Hiickel parameter (e.g., k' = 9.6 A when the
aqueous solution contains 100 mM monovalent ions at
25°C). The electrostatic potential at the surface, ¢(0), is
determined from the Gouy-Chapman-Stern equation

sinh(@) = (8NksTepe, [K*]) 2

(13)

X To
1 + K [K*Jexp(—$(0))

where oy, is the surface charge density in the absence of K*
binding, and [K*] is the molar concentration of potassium
ions in bulk. We deduced the value of the association
constant of K* ions with the acidic lipids, Kx; = 0.3 ML
that is appropriate for our experimental conditions from the
zeta potential measurements of Kim et al. (1991). (The zeta
potential is the potential at the hydrodynamic plane of shear,
which is about 2 A from the surface of the membrane in a
0.1 M monovalent salt solution (McLaughlin, 1989).) The
Gouy-Chapman-Stern theory with this K, showed an ex-
cellent fit to the experimentally determined zeta potential
measurements as a function of the mol% of acidic lipids.

Fig. 1 A illustrates the potential adjacent to a 9:1 PC:PS
membrane predicted by this theory. The potential falls ap-
proximately exponentially with the distance from the sur-
face (note from Eq. 12 that ¢(R) = ¢(0)exp(—«R) for small
potentials) and the Debye length, k™, is about 10 A in this
100 mM monovalent salt solution.

The concentration of Z-valent peptide a distance R from
the surface is calculated from the Boltzmann relation, Eq. 7,
assuming that

BAW(R) = Z(R). (14)
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The Gibbs surface excess, as defined in Eq. 5, is illus-
trated by the stippled region in Fig. 1 B.

Model 2: atomic representation

We also carried out calculations using detailed atomic mod-
els of peptides and lipid bilayers. The free energy of binding
of a peptide to a lipid bilayer was calculated in five stages
described in detail in the subsections below:

1. The peptide was placed at a given distance from and
orientation to the membrane (i.e., configuration) and
mapped onto a cubic lattice.

2. The Poisson-Boltzmann equation (Eq. 21) was solved for
the electrostatic potential at each lattice point for a par-
ticular configuration.

3. The electrostatic free energy of interaction of the peptide
with the membrane at the configuration was calculated
from the electrostatic potential using Eqs. 17-20.

4. Steps 1-3 were repeated for 67 configurations, and the
binding constant was calculated by integrating the excess
concentration of peptides over distance (Eq. 16).

5. The binding free energy was calculated from the binding
constant by the thermodynamic definition (Eq. 4).
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Binding constants and binding free energies

We assume that the structure of neither the peptide nor the
lipid bilayer changes upon binding. (The role of dynamics is
considered, for example, in three recent papers (Zhou and
Schulten, 1995; Chiu et al., 1995; Essmann et al., 1995) and
is reviewed by Pastor (1994).) Hence the ith configuration
of the peptide relative to the center of the membrane section,
which was chosen as a reference, is uniquely defined by six
coordinates: three cartesian coordinates of the location of
the geometric center of the peptide x, y, and z; and three
angles of rotation and tilts of the peptide around its geo-
metrical center 6, a, and -y. The rotation and tilt angles were
measured relative to the orientation depicted in Figs. 2 and
3 (i.e., the peptide parallel to the membrane surface with its
backbone in the x direction). Specifically, 8 denotes rota-
tions of the peptide around z, the normal to the membrane
surface; a denotes rotation of the peptide around x, a virtual
axis along the peptide backbone; and y denotes rotation of
the peptide around y, an axis parallel to the membrane
surface and perpendicular to the peptide backbone axis (i.e.,
a tilt with respect to the surface).

The concentration of peptide at R, the minimum distance
between the van der Waals surfaces of the peptide and the

FIGURE 2 Molecular model of a portion of a PC:PS (3:1) bilayer membrane and pentalysine. The PS lipids in the membrane can be recognized by their
blue nitrogen atoms. The oxygen atoms are red, the phosphorus atoms yellow, the carbon atoms grey, and the hydrogen atoms white. The membrane is
oriented with the normal to its surface along the z axis. The distance between the van der Waals surfaces of the peptide and the membrane in this

configuration is R = 2.5 A.
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FIGURE 3 A cross section of the membrane-solution interface and pen-
talysine shown in a configuration similar to that illustrated in Fig. 2. The
structure of one PS molecule is shown for reference. The aqueous phase
(white region) has a dielectric constant of 80 and contains monovalent salt.
The lipids and the peptide (grey regions) have a dielectric constant of 2 and
are impenetrable to salt. The ion exclusion layers (stippled regions) have a
dielectric constant of 80 and contain no salt; this region extends 2 A
beyond the van der Waals radii of the atoms that constitute the lipids and
peptide. R is the distance between the van der Waals surfaces of the peptide
and the membrane. The insert illustrates o and 6: two of the angles used to
define the orientation of the peptide relative to the x, y, and z axes.

membrane, [P(R)], is proportional to its concentration at
infinity, [P,], and to the average of the exponent of its free
energy of interaction with the membrane (Roth and Lenhoff,
(1993):

[P(R)] = [P=Kexp(~BAW(x, y, R, 6, a,7))).

Using Eqgs. 5, 6, 9, 10, and 15, we obtain the six-dimen-
sional analog of Eq. 11; the binding constant, X, is given as

15)

K = CAN j dR(exp[—BAW(x,y, R, a, y, 6)] — 1).

0

(16)

Equation 16 is a more general form of an equation used by
Roth and Lenhoff (1993) in their study of the binding of
lysozyme to a charged surface. They assumed a simple
geometry: a charged sphere interacting with a uniformly
charged planar surface. Our Eq. 16 accounts for the exact
geometry of both the peptide and the membrane. Sixty-
seven different orientations of the peptide (in the 5D space
(x, y, B, v. 0)) were sampled for each R. The convergence
with respect to the number of orientations sampled was
tested by comparing the values of K obtained using 50 and
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67 orientations. The difference of less than 0.2 kcal/mol
indicates a sufficient convergence.

The electrostatic free energy of interaction of the peptide
and the membrane

The electrostatic free energy of interaction of the peptide
with the membrane at the ith configuration, AW, is defined
as the difference between the electrostatic free energy of the
system in this configuration, W‘;ﬁb, and the electrostatic free
energy when the peptide and the bilayer are infinitely far

apart (W, + W,):

AW = Wi, — (W, + W). a7

The energies W:,H,, W,, and W,, were calculated using the
nonlinear Poisson-Boltzmann equation (Sharp and Honig,
1990). In calculating the energies we assumed that the ion
atmospheres redistribute themselves instantaneously to each
configuration of the peptide. The energy is therefore given
by

1 1
pw = f (Epfm(;) ~ 5P (P - Aw)dv, (18)

where dv is a volume element around a given point, 7, in
space. ep' (7) and ep™(¥) are the charge densities of the fixed
and the mobile charges, respectively. Specifically, the fixed
charge density includes all of the charges on the membrane
and the peptide. The mobile (ionic) charge density in space
is given by the Boltzmann relation as

p"(7) = —2c" sinh(¢(7)),
where c® is the bulk concentration of (monovalent) ions.

Am = 2c%cosh(p() — 1) 0)

(19)

is the excess osmotic pressure contribution to the energy
due to the nonuniform distribution of ions in the electric
field. Similar calculations have been carried out for salt
effects on the binding of ligands and proteins to DNA
(Zacharias et al., 1992; Misra et al., 1994a,b).

Note that Eq. 18 reduces to the conventional expression
for the electrostatic free energy obtained from the linearized
Poisson-Boltzmann equation: BW,,.., = ¥2 [ pf /) &) dv
for low electrostatic potential (i.e., in the limit of high ionic
strength and/or low charge density). The last two terms on
the right-hand side of Eq. 18 are the nonlinear contributions
to the energy. Their contributions relative to the linear term
depend on the ionic strength and the charge. For a 2:1
PC:PS membrane in 100 mM salt, they collectively contrib-
ute about 30% of the value of the free energy of interaction.

Model peptides and model membranes

Three (unblocked) basic peptides, Lys,, Lyss, and Lys-,
were built in extended form, and energy minimized (2000
iterations of conjugate gradient method) in gas phase using
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the CVFF force field (Hagler et al., 1974) in the Insight/
Discover molecular modeling package (INSIGHT-II, Bio-
sym Technologies). The minimization did not change the
structure significantly; this result is consistent with a strong
electrostatic repulsion of the charged lysine residues. The
peptides dimensions are 4 A X 14 A X 14 A4A X144
x 21 A, and 4 A X 14 A x 28 A, for tri-, penta-, and
heptalysine, respectively.

Charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(PS) and neutral 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (PC) lipids were built using Biograf (Biodesigns, Pas-
adena, CA) version 2.11 running on an Evans and Sutherland
PS 390. These were used to construct model bilayers. Infor-
mation about the orientation of the polar headgroup and the
glycerol backbone comes from NMR (Scherer and Seelig,
1987; Seelig et al., 1987; Smith et al., 1992), neutron and x-ray
diffraction (Biildt et al., 1979; Pearson and Pascher, 1979,
Hauser et al., 1981; Wiener and White, 1992), and Raman
scattering (Akutsu and Nagamori, 1991) measurements. The
polar headgroup of our model PC has an ~15° angle of
inclination to the bilayer surface, compared to the estimate of
~20° by Wiener and White (1992). The glycerol backbones in
our model have an ~25° inclination from the bilayer normal,
greater than the ~0° inclination seen for DMPC by x-ray
(Pearson and Pasher, 1979) but less than the <~45° inclina-
tion deduced for DPPC by NMR (Smith et al.,, 1992). The
structures were energy minimized for 200 cycles using the
conjugate gradient method and a Dreiding force field.

Four different lipid bilayers, 1:1, 2:1, 3:1, and 8:1 PC:PS
(50%, 33%, 25%, and 11% PS), were built as described by
Peitzsch et al. (1995). Each bilayer leaflet contains 192
hexagonally packed lipids, and each lipid has an area of 68
AZ. The bilayer surface is roughly square, 130 A X 120 A,
and the bilayers are 60 A thick. Each leaflet’s polar head
group region is 7-8 A thick, which leaves a 45-A region
occupied by the acyl tails. The thickness of the hydrocarbon
region agrees with experimental neutron and x-ray diffrac-
tion measurements (Wiener and White, 1992). The acidic
lipids were distributed on a hexagonal lattice throughout
each leaflet, and the leaflets are mirror images of each other.
All lipids of the same species were oriented identically in
the plane of the membrane. Other researchers have con-
structed similar molecular models of membranes (reviewed
in Stouch, 1993).

The system used in each set of calculations was a com-
bination of one model peptide interacting with one model
lipid bilayer. For each calculation, the peptide was placed in
a specified position and orientation with respect to the lipid
bilayer. For example, Fig. 2 shows Lyss oriented parallel to
the surface of a 3:1 PC:PS bilayer with approximately 2.5 A
separating their van der Waals surfaces.

Representation on a cubic grid

The method used for representing the peptide and mem-
brane on the lattice has been reviewed by Honig et al.
(Honig et al., 1993; Honig and Nicholls, 1995) and was used
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by Peitzsch et al. (1995) in their study of the electrostatic
potential adjacent to membranes. The peptide and the mem-
brane at a given configuration were represented as a set of
atomic radii and partial charges, defined at the coordinates
of each nucleus. The atoms were mapped onto a cubic grid
of > grid points (in most calculations / = 113). The charges
and radii used for the amino acids were taken from a
CHARMM?22 parameter set (Brooks et al., 1983), and those
used for the lipids are the ones described by Peitzsch et al.
(1995).

A smooth molecular surface was generated by rolling a
spherical probe with the radius of a water molecule (1.4 A)
over the surface defined by the van der Waals radii of all of
the atoms of the peptide and the membrane; the contours
traced out by the probe’s edge closest to the van der Waals
surfaces of the peptide and the membrane atoms were taken
as the molecular surfaces. The volume inside the molecular
surface (grey regions in Fig. 3) was assigned a dielectric
constant of 2, and the outside volume was assigned a value
of 80.

The Debye-Hiickel parameter, k, was assigned a value of
0 for all lattice points of zero ionic strength (gray and
stippled regions in Fig. 3). A nonzero value of k (e.g., k™'
= 9.6 A when the aqueous solution contains 100 mM
monovalent ions at 25°C) was assigned to all the other
lattice points (white region in Fig. 3). Charges were as-
signed to the eight lattice points that surround the center of
each charged atom using a trilinear interpolation (Klapper et
al., 1986).

The electrostatic potential
The Poisson-Boltzmann (PB) equation,

2

. Be
V- (V) — € «* sinh($(7)) + ;pf(;') =0, (21)

where €(F) is the spatially dependent dielectric constant, was
mapped onto a cubic lattice as described above and solved
for @(7). The first term in Eq. 21 was represented on the
lattice using the finite difference approximation. The quasi-
Newton method for treating the nonlinear portion of the PB
equation (Holst and Saied, 1993) was combined with three
levels of multigridings (Holst, 1993) to solve the equation.
The same method was recently used by Peitzsch et al.
(1995) in their study of the electrostatic potential adjacent to
the model phospholipid bilayer.

In the initial run, a coarse scale of 0.25 grids/A was used,
such that the x dimension of the membrane spanned about
20% of the lattice. At this resolution the electrostatic po-
tential is approximately zero at the grid boundaries. Debye-
Hiickel potential boundary conditions (Gilson et al., 1988)
were used, but the final results did not change significantly
when zero or coulombic boundary conditions were applied.
A sequence of three focusing runs (Gilson et al.,, 1988)
using finer scales of 0.5, 1.0, and 2.0 grids/A followed the
initial run. The boundary conditions for each of the focusing
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runs were taken from the potential calculated in the previous
run. Periodic boundary conditions were applied in the x and
y axes (the plane of the membrane) for scales of 0.25 and
0.5 gn'ds/A to mimic an infinite membrane, because the
membrane spanned less than 100% of the lattice at these
resolutions. At resolutions greater than 0.5 grids/A, the
membrane was larger than the lattice and periodic boundary
conditions were not used, to avoid replicating the peptide.
Moreover, the periodicity of the membrane is implicitly
retained by using the focusing boundary conditions
(Peitzsch et al., 1995). Periodic boundary conditions were
not used for solving the Poisson-Boltzmann equation for the
peptide itself.

Convergence tests

We tested the convergence of the results with respect to the
lattice size and scale. Increasing the size of the grid box
from 1132 to either 129> or 193 points at a constant scale
of 2 grids/A altered the electrostatic free energy of interac-
tion of pentalysine with a 2:1 PC:PS membrane in 100 mM
monovalent salt by less than 0.2 kcal/mol. The convergence
with respect to lattice scale depended on the distance be-
tween the peptide and the membrane and on their relative
orientation. The results obtained using a grid box of 129°
points and scales of 0.5, 1.0, and 2.0 grids/A differed by less
than 0.1 kcal/mol when at least one water molecule fit
between the van der Waals surfaces of the membrane and
the peptide; the depth of the free energy minimum, which
dominates the binding free energy (see Eq. 16), changed by
less than 0.2 kcal/mol. We estimate that the free energy of
binding deduced from these calculations is accurate to 0.5
kcal/mol.

RESULTS
Experimental measurements

Fig. 4 illustrates the binding of Lys,, Lyss, and Lys, to
vesicles containing 33% acidic phospholipid (2:1 PC:PG
vesicles) in 100 mM monovalent salt. The experimental
results are described well by Eq. 3; a least-squares fit of this
equation to the data gave molar partition coefficients, or
apparent association constants of the peptide with a lipid
(Eq. 1), of 1.9 X 107, 5.4 X 10°, and 1.5 X 10° M~! for
Lys;, Lyss, and Lys;, respectively. These correspond to
binding free energies of about —3, —5, and —7 kcal/mol for
peptides with 3, 5, and 7 basic residues (Eq. 4). Thus each
basic residue contributes about —1 kcal/mol binding energy
when the membrane contains 33% acidic lipid and the
aqueous solutions contains 100 mM KCI. The binding en-
ergies deduced from the data in Fig. 4 are plotted as filled
circles in Fig. 5 for comparison with the theoretical predic-
tions of two different models. (The data were most accurate
for binding energies between 3 and 6 kcal/mol for several
technical reasons. We also obtained reliable data for binding
energies of about 2 and 7 kcal/mol, although there was more
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FIGURE 4 Binding of Lys,, Lyss, and Lys, to large unilamellar vesicles
(LUVs). The vesicles were formed from a 2:1 mixture of phosphatidyl-
choline:phosphatidylglycerol (PC:PG) in 100 mM KCI buffered to pH 7.0
with 1 mM MOPS. The percentage of peptide bound to the vesicles was
measured directly by a centrifugation technique. The vesicles were loaded
with sucrose to increase their density and centrifuged in the presence of
peptides, and the peptide remaining in the supernatant (and in the pellet
with the vesicles) was determined using a fluorescamine assay. The curves
through the points are the predictions of Eq. 3.

scatter in these experimental measurements, as illustrated
by the data for Lys, in Fig. 2).

We also measured the binding of Lyss to 2:1 PC:PG
vesicles in solutions containing 50, 150, 300, or 500 mM

Energy (kcal/mole)

1 1 1 | ﬁ
3 4 5 6 7
Number of Lysine Residues

FIGURE 5 Binding energy as a function of the number of lysine resi-
dues. The standard Gibbs free energies of binding determined from the
experimental data in Fig. 4 are represented as filled circles. The open
triangles connected by the dashed line illustrate the predictions of the
primitive model, where the membrane is represented as a uniformly
charged plane and the peptide is represented as a point charge. The filled
square illustrates the prediction of the atomic model. The open squares
connected by the solid line illustrate the potential energy of the peptide
positioned such that its free energy is minimal as predicted by the atomic
model; this orientation and location are illustrated in Fig. 2 for Lyss. As
discussed in the text, this is not the theoretically expected binding energy
of the peptide, although the energies fortuitously agree well with the
experimental values.
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KCl and 1 mM MOPS (pH 7.0). The data at each salt
concentration can be described by Eq. 3 about as accurately
as the data in Fig. 4. Fig. 6 shows the binding energies
determined from these measurements as a function of salt
concentration (filled circles). Note that increasing the salt
concentration from 50 to 500 mM decreases the magnitude
of the binding energy from about —7 to —2 kcal/mol. The
corresponding reduction in the apparent association con-
stant is from 8 X 10* to 25 M.

We also measured the binding of Lyss to membranes
containing different mole fractions of acidic lipid. The data
obtained with 1:1, 4:1, and 9:1 PC:PG membranes can be
described by Eq. 3 about as well as the data shown in Fig.
4. Fig. 7 shows the binding energies determined from these
measurements as a function of the mol% of acidic lipid in
the membranes (filled circles). The magnitude of the bind-
ing energy increases from about —2 to —6 kcal/mol as the
percentage of acidic lipid increases from 10% to 50%. The
corresponding increase in the apparent association constant
is from about 50 to 3 X 10* M~!. We could not detect any
significant binding of pentalysine to PC vesicles using this
technique, which implies that the binding energy is <1
kcal/mol.

In summary, the membrane binding energy of these basic
peptides increases significantly with an increase in the num-
ber of basic residues in the peptide (Fig. 5), a reduction in
the ionic strength of the solution (Fig. 6), and an increase in
the mol% acidic lipid in the membrane (Fig. 7).

Model 1

Using the model illustrated in Fig. 1 and Eqgs. 11-14, we
calculated the binding of point charges with valences equal

1 —
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FIGURE 6 Binding energy of pentalysine to bilayers as a function of the
salt concentration. The experimentally determined standard Gibbs free
energies of binding of pentalysine to 2:1 PC:PG bilayers are represented as
filled circles. The open triangles connected by the dashed line illustrate the
predictions of the primitive model, where the membrane is represented as
a uniformly charged plane and the peptide is represented as a point charge.
The open squares connected by the solid line illustrate the potential energy
of the peptide in the orientation of Fig. 2 predicted by the atomic model,
where its free energy is minimal.
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FIGURE 7 Binding energy of pentalysine to bilayers as a function of the
mol% of acidic lipid. The experimentally determined standard Gibbs free
energies of binding of pentalysine to PC:PG vesicles in 100 mM KClI (plus
1 mM MOPS, pH 7) are represented as filled circles. The open triangles
connected by the dashed line illustrate the predictions of the primitive
model, where the membrane is represented as a uniformly charged plane
and the peptide is represented as a point charge. The open squares con-
nected by the solid line illustrate the potential energy of the peptide in the
orientation of Fig. 2 predicted by the atomic model; in this orientation its
free energy is minimai.

to Lyss, Lyss, and Lys, with charged slabs. The slabs have
charge densities equal to our model phospholipid bilayers.
The predictions of this model are shown in Figs. 5, 6, and 7
(triangles); the agreement with the experimental results is
remarkably good. The model accurately describes not only
the dependence of the binding energy on the number of
basic residues (Fig. 5), the salt concentration (Fig. 6), and
the mol% acidic lipid in the membrane (Fig. 7), but also the
absolute value of the binding energy.

Model 2: atomic representation

The electrostatic interaction as a function of the
peptide-membrane distance

Fig. 8 shows the electrostatic free energy of interaction of
pentalysine with a 2:1 PC:PS bilayer in a 100 mM salt
solution plotted as a function of the distance R (defined in
Fig. 3). The peptide is oriented parallel to the membrane
surface as in Fig. 2. This free energy curve illustrates the
coulombic attraction between the positively charged peptide
and the negatively charged membrane for R = 2.5 A (i.e.,
the minimum distance between the van der Waals surfaces
is larger than the 2.8 A diameter of a water molecule). At
shorter distances, however, a portion of the region between
the peptide and the membrane (part of the white and stip-
pled regions between pentalysine and the membrane in Fig.
3) is no longer accessible to water and is assigned a low
dielectric constant (i.e., “becomes grey” in terms of the
scheme in Fig. 3). The charges on the peptide and the
membrane in this region are thus transferred to a region of
low dielectric constant when pentalysine approaches the
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FIGURE 8 Electrostatic free energy curve. The electrostatic free energy
of interaction between pentalysine and a 2:1 PC:PS lipid bilayer in 100 mM
monovalent salt as a function of the distance R. The peptide is parallel to
the membrane surface in the orientation depicted in Fig. 2. A set of charges
and radii derived from a CHARMM force field and a probe and ionic radii
of 1.4 and 2.0 A were used. The inner dielectric of the peptide and the
membrane was set to 2, and the outer dielectric was set to 80.

membrane surface. There is an energy penalty, known as
Born repulsion (see, for example, Parsegian, 1969;
Andersen, 1978; Torrie et al, 1982), for transferring
charges from a high to a low dielectric region. It is clear
from the energy curve presented here that the Born repul-
sion dominates the electrostatic attraction between the op-
positely charged peptide and membrane at short distances.
(That desolvation forces can dominate over coulombic at-
tractions, leading to apparent repulsion between opposite
charges, has been noted in a number of other systems
(Parsegian, 1969; Warshel, 1981; Warshel and Schlosser,
1981; Warshel and Russell, 1984; Honig and Hubbell, 1984;
Novotny and Sharp, 1992; Zacharias et al., 1992; Hendsch
and Tidor, 1994; Tachiya, 1994; Honig and Nicholls, 1995).
The physical origin of the phenomenon is discussed in detail
in Ben-Tal and Coalson (1994) and Ben-Tal (1995).)

The electrostatic interaction as a function of orientation

Fig. 9 shows how the « rotation of pentalysine around its
backbone (see Fig. 3) affects the electrostatic free energy of
interaction between the peptide and the bilayer. We used an
acetyl-pentalysine-amide to concentrate on effects due to
the side chains rather than the charged amino and carboxy
termini. If the peptide is close to the membrane surface, the
electrostatic free energy minimum occurs when the peptide
is parallel to the membrane surface (Fig. 9). Recall that a
pentalysine in extended form has a plate-like structure, so
that each of its five residues interact equally well with the
membrane surface when the peptide is in a parallel orien-
tation. If the peptide is far from the membrane, however, the
free energy minimum occurs when the peptide is perpen-
dicular to the membrane because the electrostatic interac-
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FIGURE 9 Electrostatic free energy of interaction as a function of rota-
tions. The electrostatic free energy of interaction between an acetyl-
pentalysine-amide and a 2:1 PC:PS lipid bilayer in 100 mM monovalent
salt as a function of rotation of the peptide around the x axis. The axis of
the peptide was maintained a constant distance z from the membrane. For
a = 0 the distance between the peptide and the membrane is R = 2.5 A.
A set of charges and radii derived from a CHARMM force field and a
probe and ionic radii of 1.4 and 2.0 A were used, and the inner and outer
dielectric constants were set to 2 and 80, respectively.

tions are nonlinear: the energy gained by the proximal
residues exceeds the energy lost by the distal residues.

Absolute binding constant

Using Eqs. 16-21, we calculated a binding constant of
~400 M}, which corresponds (via Eq. 4) to a free energy
of binding of —3.6 kcal/mol, for pentalysine binding to 2:1
PC:PS bilayer in 100 mM salt. The filled square in Fig. 5
shows the calculated free energy. The calculated binding
constant and binding free energy are, respectively, about
10-fold smaller and 1.5 kcal/mol less negative than the
measured values, an error of 30%. Explanations for the
deviation will be considered in the Discussion.
Calculating the binding constants of the peptides to the
membrane requires significant computer time because the
Poisson-Boltzmann equation must be solved numerically
for the peptide and the membrane in many different config-
urations. The relative binding free energy (i.e., the depen-
dence of the binding free energy on the number of lysine
residues, on the mol% of acidic lipids, and on the ionic
strength) is much easier to estimate, however. To a first
approximation, we can estimate it from the changes in the
depth of the well in the free energy curve that was obtained
for Lys, (n = 3, 5, and 7) oriented parallel to the membrane
surface (as in Fig. 2). That way, we only needed to calculate
a single energy curve of the type shown in Fig. 8 for each
set of peptide and membrane at each ionic strength.
Although most of the bound peptides adjacent to the
surface of the membrane are in the orientation shown in Fig.
2, some of them are at different distances and/or orienta-
tions. As shown by Eq. 16, the binding constant depends
primarily on the depth of the energy well of Fig. 8, but it
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also depends on its shape. Our approximation, i.e., estimat-
ing the relative binding constant based on changes in the
depth of this energy well, could lead to errors if the shape
also changes. In all of the cases that we studied, the relative
binding energy estimated by using the energy at the bottom
of the well was the same as the relative binding energy
calculated by integration over energy curves such as the one
plotted in Fig. 8. For the particular systems studied here, the
depth of the well coincides with the experimentally deter-
mined standard Gibbs free energy, but this, presumably, is
fortuitous.

Dependence of binding on the number of lysine residues

The open squares in Fig. 5 show the value of the electro-
static free energy of interaction at the bottom of the energy
well for Lys;, Lyss, and Lys, oriented parallel to the mem-
brane surface. The membrane contained 2:1 PC:PS, and the
salt concentration was 100 mM. In agreement with the trend
observed in both the experiments and the primitive model,
the binding becomes stronger (i.c., a deeper minimum in the
electrostatic free energy curve) as the number of charged
residues on the peptide increases. The slope (i.e., the de-
pendence of the calculated binding energy on the number of
charged residues) obtained from this model agrees well with
the slope observed in the experiments.

Dependence of binding on the ionic strength

The open squares in Fig. 6 show the value of the electro-
static free energy of interaction at the bottom of the energy
well for pentalysine oriented parallel to the membrane sur-
face as a function of the ionic strength. The binding gets
weaker (i.e., a shallower minimum in the electrostatic free
energy curve) as the ionic strength increases. The slope
obtained from this model (recall that only the slope is
meaningful, as mentioned above) agrees well with the slope
of the experimental measurements (filled circles).

Dependence of binding on the mol% of acidic lipids

The open squares in Fig. 7 show the value of the electro-
static free energy of interaction at the bottom of the energy
well for pentalysine oriented parallel to the membrane sur-
face as a function of the mol% of acidic lipids. The binding
becomes stronger as the acidic lipid content of the mem-
brane increases, and once again the slope agrees well with
the slope observed in the experiments.

Sensitivity to model parameters

Our calculations used a set of charges and radii derived
from CHARMM force field (Brooks et al., 1983) with
values for the probe and ionic radii that are traditionally
used in continuum models (Honig et al., 1993): a water
molecule probe radius of 1.4 A and an ionic radius of 2.0 A.
We tested the sensitivity of the results to these parameters
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by using charges and radii sets derived from CHARMM
(Brooks et al., 1983), CVFF (Hagler et al., 1974), and
PARSE (Sitkoff et al., 1994) and a range of water probes
and ionic radii. Some results are presented in Fig. 10.

We varied the probe radius in the range 1.0~1.8 A and the
ionic radius in the range 1.9-2.5 A and observed deviations
of =0.5 kcal/mol in the energy values. The energy curves
obtained using charges and radii derived from CHARMM
and CVFF are nearly identical, whereas a somewhat wider
and shallower energy minimum is observed using the
PARSE parameter set (Fig. 10). A comparison of the energy
curves obtained for ionic radii of 2 and 2.2 A (circles and
plus signs, Fig. 10) shows how the size of the ion exclusion
layer (stippled regions in Fig. 3) affects the shape of the
energy curve. The salt ions that are located between the
peptide and the membrane screen the electrostatic attrac-
tion. When the ionic radius is increased, fewer salt ions exist
between the peptide and the membrane, the screening is
reduced, and the electrostatic attraction increases for 3 <
R < 6 A, as illustrated in Fig. 10.

Sensitivity to the value of the dielectric constant

QOur calculations also used the conventional settings of the
dielectric constants: 2 for the interior of the peptide and the
membrane, and 80 for the solution (Honig et al., 1993).
Whereas there is good experimental evidence that the di-
electric constant is 80 for the aqueous phase and 2 for the
interior of the membrane, its value in the polar head group
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FIGURE 10 Sensitivity to model parameters. The electrostatic free en-
ergy of interaction of acetyl-pentalysine-amide with 2:1 PC:PS lipid bi-
layer in 100 mM monovalent salt as a function of R. The peptide is oriented
parallel to the membrane surface as in Fig. 2. The circles connected by the
solid line were calculated using the “traditional setting”: a charge and radii
parameter set derived from CHARMM (Brooks et al., 1983) with ionic and
probe radii of 2.0 A and 1.4 A, respectively. These parameters are the ones
used throughout the paper. The plus signs connected by the dotted line
were calculated using the same parameters, but with an ionic radius of 2.2
A. The diamonds connected by the dashed line were calculated using the
PARSE parameter set (Sitkoff et al., 1994) with an ionic radius of 2.0 A
and a probe radius of 1.4 A. The inner and outer dielectric constants were
set to 2 and 80, respectively, throughout this figure.
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region is unknown. In the atomic model (see Fig. 3) it can
be thought of as a volume-weighted average over its value
in the water and in the membrane. We changed the average
by changing the value of the dielectric constant of both the
inner and the outer regions in the ranges 1-8 and 50-100,
respectively. We observed deviations of =<0.5 kcal/mol
from the energy curve obtained for the conventional setting
(circles, Fig. 11). The one exception is where the interior
dielectric is set to 8 (diamonds, Fig. 11): the energy well is
wider, which would produce a stronger binding constant.
Adding an intermediate dielectric region does not alter the
electrostatic free energy curve significantly (plus signs,
Fig. 11).

DISCUSSION

Both electrostatic models we consider describe the experi-
mental data well. Each model predicts reasonably accu-
rately how the binding energy depends on the number of
basic residues on the peptide (Fig. 5), the ionic strength of
the solution (Fig. 6), and the fraction of acidic lipids in the
membrane (Fig. 7). Because the primitive model neglects
both the finite size of the peptide and the Born (image
charge) effect that repels the peptide from the low dielectric
membrane, it must overestimate the concentration of the
peptide in the aqueous phase adjacent to the membrane. For
a surface equivalent to a 2:1 PC:PS membrane in a 100 mM
salt solution, for example, this model predicts that 80% of

T T T t
+ o £=2-80
3 o €880 ]
; + €=2-20-80
2 asf A
=
g
5 " ]
2
w
45 .
-5 L L i L L

4
R (A)

FIGURE 11 Sensitivity to the value of the dielectric constant. The elec-
trostatic free energy of interaction of acetyl-pentalysine-amide with 2:1
PC:PS lipid bilayer in 100 mM monovalent salt as a function of the
distance R. The peptide is oriented parallel to the membrane surface as in
Fig. 2. The circles connected by the solid line were calculated using the
traditional setting: inner and outer dielectric constants of 2 and 80, respec-
tively. These values are the ones used throughout the paper. The diamonds
connected by the dashed line were calculated using inner and outer dielec-
tric constants of 8 and 80, respectively. The plus signs connected by the
dotted line were calculated for three dielectric regions: the inner dielectric
was 2, the outer dielectric was 80, and the ion exclusion layer (the stippled
regions of Fig. 3) was assigned a dielectric of 20. Atomic radii and charges
derived from CHARMM (Brooks et al., 1983) with ionic and probe radii of
2.0 and 1.4 A, respectively, were used throughout the figure.
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the pentavalent peptides constituting the Gibbs surface ex-
cess (stippled region in Fig. 1 B) are located within 1 A of
the surface (see Eq. 8). This is physically unreasonable,
given the size of the peptide (Fig. 2). Nevertheless, the
model correctly predicts not only the relative but also the
absolute values of all of the binding energies we measured
(Figs. 5, 6, 7), which implies other attractive nonpolar (e.g.,
hydrophobic) interactions between the peptide and the
membrane may compensate for the Born repulsion. The
predictions of the atomic model, which considers the Born
repulsion effects and the finite size of the peptide, under-
estimate the binding energy of pentalysine to a 2:1 PC:PG
membrane by about 1.5 kcal/mol (Fig. 5, filled square).
This also implies that the model ignores some attractive
interactions.

The attractive nonpolar interactions can be estimated by
assuming that they are proportional to the water-accessible
surface area (Nozaki and Tanford, 1971; Hermann, 1972;
Chothia, 1976; Sitkoff et al., 1994). This area decreases
when the distance between the peptide and the membrane, R
in Fig. 3, becomes less than the diameter of a water mole-
cule. We estimated these nonpolar interactions at each con-
figuration from the reduction in the water-accessible surface
area using a surface tension coefficient of 28 cal/mol/A®
(Sitkoff et al., 1996). These calculations suggest that non-
polar contributions could add about 1 kcal/mol to the cal-
culated free energy of binding. Thus they could account for
the small (1.5 kcal/mol) discrepancy between the predic-
tions of the atomic model and the experimental results.

In addition to ignoring nonelectrostatic contributions to
the binding energy, our atomic model ignores or oversim-
plifies other important factors. For example, we consider
only a static model of a peptide and a membrane and ignore
any structural changes that may occur as they approach each
other. Specifically, the orientation of both the lipid head-
groups and the side chains of the amino acids, particularly
the charged ones, may change. (Recall that we did sample a
number of orientations of the peptide with respect to the
membrane in the atomic model calculations, which may
approximate a complete Monte Carlo sampling over differ-
ent structures.) We further investigated the importance of
peptide flexibility by studying the membrane binding of
charybdotoxin and its analogs, small basic peptides with a
rigid structure due to three disulfide bonds (Bontems et al.,
1992). The radioactively labeled charybdotoxin we used
(valence = 4) binds to phospholipid vesicles (formed at
different salt concentrations with different mole fractions of
acidic lipids) with about the same association constant as
the comparably charged flexible peptides studied here
({pentalysine), trilysine), which suggests that peptide flexi-
bility does not play a large role in determining the mem-
brane binding energy of a hydrophilic basic peptide (Ben-
Tal et al., manuscript in, preparation). Our model also
ignores both membrane undulations and the bobbing mo-
tions of lipids (McIntoch and Simon, 1994) discussed in
recent dynamical studies (Zhou and Schulten, 1995; Chiu et
al., 1995). One experiment suggests that these motions do
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not significantly affect the binding of basic peptides: pen-
talysine binds with the same energy to membranes in the
liquid-crystalline and in the gel states (Kim et al., 1991).

Finally, our model assumes a sharp, discontinuous
boundary between the membrane and the aqueous phase.
The membrane surface, however, is “soft,” and the polar
headgroups may rearrange themselves to minimize the
“Born repulsion” by exposing a portion of their charge to
the aqueous phase, even when the peptide is close to the
surface. Although the continuum model used in this work is
extremely accurate in its treatment of solvation phenomena
in the bulk aqueous phase (Sitkoff et al., 1994, 1996; Honig
and Nicholls, 1995), the ambiguity in defining the mem-
brane/water interface adds a degree of uncertainty to our
results. To test their sensitivity to our treatment of solvation,
we reduced the radius of the water probe from its standard
value of 1.4 A to 0.5 A, which has the effect of reducing the
Born repulsion. The resulting energy curve was deeper and
wider and the free energy of binding calculated using the
smaller probe is about 1 kcal/mol more negative. The Born
repulsion also depends on the value of the dielectric con-
stant assigned to the polar headgroups. Although direct
experimental measurements show the dielectric constant of
the membrane interior is 2, both experimental (Ashcroft et
al., 1981) and theoretical (Zhou and Schulten, 1995) studies
suggest the dielectric is >2 in the headgroup. Assigning a
more appropriate dielectric constant to the polar headgroup
reduces the Born repulsion, producing a wider free energy
well. We can estimate the magnitude of the effect by com-
paring the free energy curves calculated using inner dielec-
tric constants of 2 and 8 (Fig. 11): indeed, a wider energy
well (which implies stronger binding) was predicted using
the higher dielectric.

The electrostatic free energies of peptide-membrane in-
teraction calculated here are significantly less negative than
those calculated by Roush et al. (1994) in their study of
protein-surface interactions. One difference between the
two models is that they used the linearized, rather than the
nonlinearized, Poisson-Boltzmann equation, but that cannot
account fully for the large energy gap between their calcu-
lations and ours. Our results are in better agreement with
those of Lenhoff and co-workers, who studied the interac-
tions of enzymes with a negatively charged surface (Yoon
and Lenhoff, 1992; Roth and Lenhoff, 1993).

Our observation that each basic residue contributes about
1 kcal/mol to the membrane binding energy under physio-
logical conditions (Fig. 5) is directly relevant to understand-
ing how a number of important proteins bind to membranes.
Binding of the myristoylated proteins Src (Resh, 1993,
1994) and MARCKS (Aderem, 1992; Blackshear, 1993) to
the plasma membrane, for example, requires both the hy-
drophobic insertion of the myristate chain into the hydro-
carbon interior of the membrane and the electrostatic inter-
action of a cluster of basic residues with acidic lipids
(McLaughlin and Aderem, 1995). A (nonmyristoylated)
peptide corresponding to the cluster of basic residues on Src
(residues 2—-16) has a valence of about +5 and binds to
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membranes containing acidic lipids with the same affinity
as pentalysine (Buser et al., 1995). The cluster of basic
residues on MARCKS begins with five lysine residues, and
the basic membrane binding region of the farnesylated
protein K-ras (Hancock et al., 1990; Cadwallader et al.,
1994) contains six contiguous lysine residues.

Thus, the work we describe here is directly relevant to the
membrane binding of these myristoylated and farnesylated
proteins and should help us understand, from first princi-
ples, two biologically significant phenomena. First, PKC
phosphorylation of serine residues within the cluster of
basic residues on MARCKS causes the intact protein (or
peptides that correspond to this cluster) to translocate from
the membrane to the cytoplasm (or solution), presumably by
a simple electrostatic mechanism (McLaughlin and
Aderem, 1995). Second, MARCKS exists in a punctuate
distribution in the plasma membrane of macrophages and
other cells (Rosen et al., 1990). Yang and Glaser (1995)
showed that a peptide corresponding to the basic region,
MARCKS(151-175) spontaneously forms lateral domains
enriched in the acidic lipid PS in phospholipid vesicles.
Pentalysine also forms lateral domains enriched in the
acidic lipid PS (Denisov et al., 1996). The domains formed
in phospholipid vesicles by basic peptides must represent a
minimum free energy state that can be examined theoreti-
cally with the atomic model described here. Furthermore,
these domains may be important for a number of signal
transduction events. For example, the acidic lipid PIP, is
sequestered with PS in these domains. Thus the
MARCKS(151-175) peptide and pentalysine inhibit the ac-
tion of phosphoinositide-specific phospholipases (PLCs)
that hydrolyze PIP, and produce the two second messengers
inositol trisphosphate and diacylglycerol (unpublished
data).

Many other proteins use electrostatic interactions to bind
to biological membranes. As the structures of these proteins
are revealed (e.g., the HIV matrix protein (Zhou et al., 1994;
Massiah et al., 1994), cytochrome ¢ (Heimburg and Marsh,
1995) or the C2 membrane binding region of proteins such
as PKC (Siitton et al., 1995; Newton, 1995)), it should be
possible to examine theoretically the interaction of these
proteins with acidic phospholipids in membranes.
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