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Binding of Basic Peptides to Acidic Lipids in Membranes: Effects of Inserting 
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ABSTRACT: We studied the binding of peptides containing five basic residues to membranes containing acidic 
lipids. The peptides have five arginine or lysine residues and zero, one, or two alanines between the basic 
groups. The vesicles were formed from mixtures of a zwitterionic lipid, phosphatidylcholine, and an acidic 
lipid, either phosphatidylserine or phosphatidylglycerol. Measuring the binding using equilibrium dialysis, 
ultrafiltration, and electrophoretic mobility techniques, we found that all peptides bind to the membranes 
with a sigmoidal dependence on the mole fraction of acidic lipid. The sigmoidal dependence (Hill coefficient 
>1 or apparent cooperativity) is due to both electrostatics and reduction of dimensionality and can be described 
by a simple model that combines Gouy-Chapman-Stern theory with mass action formalism. The adjustable 
parameter in this model is the microscopic association constant k between a basic residue and an acidic 
lipid (1 < k < 10 M-l). The addition of alanine residues decreases the affinity of the peptides for the 
membranes; two alanines inserted between the basic residues reduces k 2-fold. Equivalently, the affinity 
of the peptide for the membrane decreases 10-fold, probably due to a combination of local electrostatic effects 
and the increased loss of entropy that may occur when the more massive alanine-containing peptides bind 
to the membrane. The arginine peptides bind more strongly than the lysine peptides: k for an arginine 
residue is 2-fold higher than for a lysine residue. Our results imply that a cluster of arginine and lysine 
residues with interspersed electrically neutral amino acids can bind a significant fraction of a cytoplasmic 
protein to the plasma membrane if the cluster contains more than five basic residues. 

s e v e r a l  classes of proteins contain clusters of positively 
charged amino acids that may bind to negatively charged 

phospholipids, which are located preferentially on the cyto- 
plasmic surface of a plasma membrane (Op den Kamp, 1979; 
Bishop & Bell, 1988). The intrinsic or membrane-spanning 

proteins often contains clusters of basic residues, which may 
help determine the orientation of these proteins in the mem- 

t This work was supported by NSF Grant DMB-9044656 and NIH proteins comprise One The cfioplasmic domain of these 
Grant GM-24971. 

* To whom correspondence should be addressed. 

0006-2960/92/043 1- 1767%03.00/0 0 1992 American Chemical Society 



1768 

brane (Hartman et al., 1989; Nilsson & von Heijne, 1990), 
possibly by binding to acidic phospholipids (Hartman et al., 
1989). 

The protein kinase C (PKC)’ substrates neuromodulin (aka 
GAP-43, P-57, B-50, F-1), neurogranin, and the MARCKS 
(myristoylated alanine-rich C kinase substrate) protein com- 
prise another class. Genetic arguments (Houbre et al., 1991) 
and the binding measurements we discuss below suggest that 
the clusters of basic residues on these proteins may interact 
transiently with acidic lipids; this would allow membrane- 
bound PKC to phosphorylate the Ser residues contained within 
these clusters (Graff et al., 1989a; Ape1 et al., 1990; Baudier 
et al., 1991). Calmodulin binds strongly to the un- 
phosphorylated form of these proteins, probably by interacting 
with these basic clusters (Andreasen et al., 1983; Cimler et 
al., 1985; Alexander et al., 1987; Graff et al., 1989b; Baudier 
et al., 1991; McIlroy et al., 1991) but binds only weakly to 
the phosphorylated form of the proteins (Alexander et al., 
1987; Graff et al., 1989b). Thus, as suggested by Storm and 
co-workers (Alexander et al., 1987) and discussed by other 
groups (Graff et al., 1989b; McIlroy et al., 1991; Houbre et 
al., 1991), these proteins may act as “molecular switches” that 
release calmodulin upon activation of the calcium-phospholipid 
second messenger system. Most clusters of basic residues in 
proteins, including the clusters in these three PKC substrates, 
have interspersed electrically neutral amino acids. This study 
examines how inserting the electrically neutral amino acid 
alanine into simple basic peptides modifies their adsorption 
to membranes. 

Both polylysines of high molecular weight (Kimelberg & 
Papahadjopoulos, 1971; Montal, 1972; Hartmann et al., 1977; 
Hartmann & Galla, 1978; de Kruijff et al., 1985; Walter et 
al., 1986; Carrier & Pezolet, 1986; Fukushima et al., 1988; 
Laroche et al., 1988; Mittler-Neher & Knoll, 1989; Sankaram 
et al., 1989; Carrier et al., 1990) and shorter peptides con- 
taining basic residues (de Kruijff et al., 1985; Dufourq et al., 
1981; Roux et al., 1988; de Kroon et al., 1990, 1991; Kim et 
al., 1991) bind to membranes containing acidic lipids. Studies 
on Lys, (n = 2-5) demonstrated that each basic residue in 
these peptides binds independently to an acidic lipid in a 
membrane with a free energy of 1-2 kcal/mol (Kim et al., 
1991). A simple theoretical model that combines the Gouy- 
Chapman-Stem theory of the electrostatic potential adjacent 
to a charged membrane, the Boltzmann relation, and se- 
quential mass action equations account qualitatively for the 
binding data (Kim et al., 1991). This model is highly over- 
simplified: it ignores both the local electrostatic effects of 
adjacent basic residues (Edsall & Wyman, 1958; Cantor & 
Schimmel, 1980) and any mass-dependent entropy loss that 
might occur when the peptide binds to a membrane and loses 
translational and rotational degrees of freedom (Janin & 
Chothia, 1978; Dwyer & Bloomfield, 1981; Finkelstein & 
Janin, 1989). 

To explore the limitations of the model, we investigated a 
series of peptides with five arginine or lysine residues separated 
by zero, one, or two alanines. Alanine was chosen because 
the work of Jacobs and White (1986, 1987, 1989; White, 
personal communication) suggests that little free energy is 

Abbreviations: L, acidic lipid; LUVs, large unilamellar vesicles; 
Lyss, pentalysine; MARCKS, myristoylated alanine-rich C kinase sub- 
strate; MOPS, 4-morpholinepropanesulfonic acid; P, peptide; PC, 1 - 
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; PG, 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphoglycerol; PKC, protein kinase C; PS, 1-palm- 
itoyl-2-oleoyl-sn-glycero-3-phosphoserine; k, microscopic association 
constant as defined in eq 2; K, effective binding constant as defined in 
eq 1; zcfl, effective valence; 1; zeta potential. 
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required to move alanines on small peptides from the aqueous 
phase to the surface of a phospholipid bilayer. We also 
measured the binding of peptides with five adjacent lysine 
residues and either two or four alanine residues at each end. 
We studied the binding of these peptides to large unilamellar 
vesicles by making ultrafiltration and equilibrium dialysis 
measurements and to multilamellar liposomes by making 
electrophoretic mobility measurements. We used two types 
of association constants to describe the binding data. The 
effective binding constant K (eq 1) relates the surface con- 

centration of the peptide, the number of adsorbed peptides per 
unit area of membrane (PI, to its concentration in bulk solution 
[PI. K, expressed in units of length, corresponds to the distance 
one must move from a unit area of membrane to obtain a 
volume of solution that contains the same number of peptides 
that are bound to the membrane. Although K can be deter- 
mined directly from the experimental measurement of (P), it 
is not a true constant. Its value depends on the free surface 
concentration of acidic lipid and the surface potential of the 
membrane. The microscopic association constant k charac- 
terizes the binding of a single basic residue on a peptide to 
an acidic lipid in a membrane. In contrast to K, k should 
depend on neither the surface concentration of acidic lipid nor 
the surface potential. As with pentalysine, we assumed that 
each peptide contains four identical binding sites; eq 2 gives 

an example from Kim et al. (1991; see their eqs 8 and 8a). 
(P-LJ and (L) are the surface concentrations of the peptide- 
single acidic lipid complex and free acidic lipid, respectively, 
whereas [PI, is the free peptide concentration in the aqueous 
phase immediately adjacent to the membrane. This concen- 
tration is related to the concentration in the bulk aqueous phase 
by the Boltzmann relation. The factor 4 arises because of 
statistical reasons (Cantor & Schimmel, 1980). 

PI = KIP1 (1) 

(P-L) = 4k(L)[P], (2) 

MATERIALS AND METHODS 
Large unilamellar vesicles (LUVs) and multilamellar lipo- 

somes were formed from mixtures of 1 -palmitoyl-2-oleoyl- 
sn-glycero-3-phosphocholine (PC) with either 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphoserine (PS) or 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphoglycerol (PG). The lipids were 
obtained from Avanti Polar Lipids (Birmingham, AL). The 
0.1-pm diameter LUVs (Hope et al., 1985) were produced by 
taking multilamellar vesicles through five cycles of freezing 
(liquid nitrogen) and thawing (40 OC water bath) followed 
by extrusion (10 cycles) through two stacked 0.1-pm poly- 
carbonate filters in an Extruder (Lipex Biomembranes, Inc., 
Vancouver, BC). The lipid concentrations in the final sample 
were determined by phosphate analysis (Kim et al., 1991). 

The peptides acetyl-Arg,-amide, acetyl-(Arg-Ala),-Arg- 
amide, acetyl-(Arg-Ala,),-Arg-amide, acetyl-Lys5-amide, 
acetyl-(Lys-Ala),-Lys-amide, acetyl-(Lys-Ala2),-Lys-amide, 
acetyl-Ala2-Lys5-Ala2-amide, and acetyl-Ala4-Lys5-Ala4-amide 
were synthesized by Multiple Peptide Systems (San Diego, 
CA). Purity of the first six peptides was checked by amino 
acid analysis and analytical HPLC. If required, the peptides 
were additionally purified by reverse-phase HPLC to 95%. 
The remaining two peptides were 95% pure from analytical 
HPLC and mass spectroscopic measurements and were used 
without further purification. 

4Morpholinepropanesulfonic acid (MOPS) was purchased 
from Pharmacia (Piscataway, NJ). Aqueous solutions were 
prepared with 18 M 9  water (Super-Q, Millipore Corp., 
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Table I: Effective Binding and Microscopic Association Constants for Arginine and Lysine Peptidesa 
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K (PM) k (M-l) 

peptide 2:l PC/PG 4:l PC/PG Figure 1 Figure 2 Figure 3 
acetyl-Arg,-amide ND 2 f 0.4 6 10 8 
a~etyl-(Arg-Ala)~-Arg-amide 9 f 3  0.6 f 0.2 4 I 6 
acetyl-(Arg-A1a2),-Arg-amide 5 f 2  0.2 f 0.07 3 5.5 6 

acetyl-(Lys-Ala),-Lys-amide 0.8 f 0.04 0.1 f 0.02 2 4 2.5 
acetvl-(Lvs-Ala,)a-Lvs-amide 0.6 f 0.03 0.1 f 0.02 1.7 3 1.4 

acetyl-Lys5-amide 3 f 0.2 0.3 f 0.04 3 6.5 4 

-"The effective binding constant K (eq 1) for the peptides was calculated from the binding data presented in Figure 1 for the two indicatedlisd 
mixtures. Each number represents an average f SD (n = 4). ND, not determined; the fraction of bound peptide was about 100%. The microscopic 
association constant of a basic residue with an acidic lipid, k, (eq 2) was obtained by fitting the experimental data shown in Figures 1-3 with the 
model described in the Appendix. 

Bedford, MA) that was subsequently bidistilled in an all-quartz 
still. They were buffered to pH 7.0 with 1 mM MOPS or 
bicarbonate. 

Multilamellar vesicles for the microelectrophoresis mea- 
surements were prepared as described by Bangham et al. 
(1974). We measured the mobilities of these vesicles in a Rank 
Brothers Mark I instrument (Bottisham, Cambridge, U.K.) 
as described previously (Cafiso et al., 1990; Kim et al., 1991). 
Equilibrium dialysis and ultrafiltration experiments were 
performed as described previously; peptide concentrations were 
determined from a fluorscamine assay (Kim et al., 1991). For 
experiments with the arginine peptides, Centricon-1 0 ultraf- 
iltration units (Amicon, Beverly, MA) were first centrifuged 
with 0.1 M KCl buffered with 1 mM bicarbonate, pH 7.0, to 
wash out traces of substances that, after hydrolysis, reacted 
with fluorescamine. (The bicarbonate buffer solution was used 
in all ultrafiltration and equilibrium dialysis experiments with 
peptides containing arginine residues because MOPS yielded 
a significant quantity of primary amines after hydrolysis.) The 
peptides containing arginine residues were hydrolyzed in the 
vapors of 6 M HCl at 105 OC under vacuum overnight 
(Atherton & Sheppard, 1989) to allow measurement with the 
fluorescamine assay. The results obtained with the peptides 
were corrected for the 2-9% free peptide that binds to the 
ultrafiltration membrane. 

RESULTS 
Figure 1 illustrates how the percent of bound peptide de- 

pends on the mol % acidic lipid, PG, in a phospholipid bilayer 
membrane. Three features of the results are immediately 
apparent. First, the percent of bound peptide depends in a 
sigmoidal manner on the mol % acidic lipid. Second, the 
arginine peptides (Figure 1A) bind more strongly than the 
lysine peptides (Figure 1 B). Third, insertion of alanine(s) 
between the basic residues decreases the binding. 

The sigmoidal dependence arises for two reasons. The 
electrostatic potential produced by the acidic lipids 
(McLaughlin, 1989) increases the concentration of the peptides 
in the aqueous diffuse double layer. The reduction of di- 
mensionality or translocation of the peptide to the surface 
region that occurs when the first basic residue binds to an 
acidic lipid increases the effective concentration of acidic lipid 
sensed by the other residues and promotes their association 
(Mosior & McLaughlin, 1991, 1992). The curves in Figure 
1 illustrate the prediction of a simple theoretical model that 
takes both these phenomena into account (Appendix). Al- 
though this Gouy-Chapman/mass action model is highly 
oversimplified, it provides a qualitative description of this 
sigmoidal dependence. 

The peptides containing arginine residues (Figure 1A) bind 
10-fold more strongly than their lysine analogues (Figure 1 B) 
to the negatively charged membranes. If four basic residues 

0 20 40 
MOLE '10 PG 

FIGURE 1: Binding of peptides with either five arginine (A) or five 
lysine (B) residues to large unilamellar vesicles formed from mixtures 
of the zwitterionic lipid PC and the negatively charged lipid PG. 
Peptides with adjacent basic residues are denoted by circles, those 
with one alanine spacer by squares, and those with two alanine spacers 
by triangles. The results were obtained using an ultrafiltration 
technique (Kim et al., 1991). The theoretical binding curves were 
calculated assuming the microscopic association constant between a 
basic residue and an acidic lipid k = 6, 4, 3 (A) or 3, 2, 1.7 M-' (B) 
and the effective charge of the peptide z,ff = 2.5. The theoretical 
model is discussed in the Appendix. Aqueous solutions containing 
0.1 M KCl, 8 mM total lipid, and 30 pM peptide were buffered to 
pH 7.0 at  25 'C with 1 mM bicarbonate (A) or MOPS (B). Each 
point represents an average of four measurements; the bars indicate 
SD if larger than the symbol size. 

on the peptides provide independent binding sites for acidic 
lipids (Kim et al., 1991), this 10-fold difference in K (eq 1) 
is due to a 2-fold difference in the microscopic association 
constant k (eq 2). Thus each individual arginine residue in 
these peptides has a 2-fold greater affinity than a lysine residue 
for a monovalent acidic lipid such as PG (see Table I). The 
reason for this small difference in affinity is not understood. 

The affinity of peptides for the membranes decreases when 
basic residues are spaced by alanine (Figure 1). The insertion 
of alanine residues has a similar effect on both arginine and 
lysine peptides. The binding data illustrated in Figure 1 allow 
us to calculate the effective binding constant (Kin eq 1) of 
the peptides to membranes with different mol % PG (Table 
I). Placing an Ala-Ala pair between the basic residues de- 
creases K about 5-fold (Table I). Conversely, if we interpret 
the results in terms of microscopic association constants (curves 
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I I I  
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FIGURE 2: Effect of peptides with either five arginine (A) or five lysine 
(B) residues on the zeta potential of PS vesicles. Curves illustrate 
the theoretical predictions assuming microscopic association constants 
k = 10, 5.5 (A) and 6.5, 3 M-' (B) and zeff = 2.5. Symbols are 
explained in the legend to Figure 1. The aqueous solution contained 
0.1 M KCl buffered with 1 m M  MOPS to pH 7.0 a t  25 "C. The 
symbols to the far left indicate the zeta potential of vesicles in the 
absence of the peptide. 

in Figure l), the Ala-Ala pair decreases k about 2-fold (Table 

The results shown in Figure 1 were obtained by ultrafil- 
tration. Equilibrium dialysis measurements were also made 
for all peptides with 2:l PC/PG vesicles, and the results were 
identical within experimental error. 

We made electrophoretic mobility measurements to confm 
the results illustrated in Figure 1 with an independent tech- 
nique and to obtain information about the effect of the peptides 
on the electrostatic potential. The electrophoretic mobility, 
the velocity of a vesicle in a unit electric field, is proportional 
to the zeta potential, 5; the potential in the aqueous phase 
adjacent to the membrane as predicted by the Helmholtz- 
Smoluchowski equation (Aveyard & Haydon, 1973; 
McLaughlin, 1977, 1989; Hunter, 1981; Cafiso et al., 1989). 
The zeta potential is proportional to the surface charge density 
of lipid vesicles ({ <25 mV) and is thus linearly related to 
number of bound peptides per unit area (Kim et al., 1991). 
Figure 2 shows that arginine peptides (Figure 2A) bind more 
strongly than lysine peptides (Figure 2B) to PS membranes 
and that peptides with two alanine residues separating the 
charges (triangles) bind 10-fold less strongly than peptides with 
adjacent basic residues (circles). Results obtained with pep- 
tides having one alanine spacer fall between the two curves 
in Figure 2 (data not shown). We obtained essentially the 
same results with PS (Figure 2) and PG vesicles (data not 
shown) .* 

We used the same theoretical model to describe the data 
in Figure 2 and Figure 1 (Appendix). The curves in Figure 
2 were drawn assuming that the effective valence of the 
peptides is half the real valence. Theoretical curves with a 
valence of 5 instead of 2.5 have slopes half those shown in 

1). 

The concentrations of a given peptide required to neutralize the 
surface charge of PS (Figure 2) or PG vesicles (not shown) are identical, 
indicating the peptides bind these two acidic lipids equally well. The 
slope of zeta potential vs peptide concentration curves, however, was 20% 
larger for FS than for PG vesicles, for reasons that we do not understand. 

L 
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FIGURE 3: Effect of peptides with five arginine (A) or five lysine (B) 
residues on the zeta potential of 2:l PC/PG vesicles. The curves 
represent a fit of the model with k = 8,6,6 (A) and 4,2.5, 1.4 M-' 
(B) and zeff = 2.5. Other experimental conditions are as given in the 
legend to Figure 2; the symbols are explained in the legend to Figure 
1. 

OC"' 
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FIGURE 4: Effect of peptides with five lysine residues on the zeta 
potential of 2:l PC/PS vesicles. The solutions contained 0.01 M KC1 
buffered with 1 mM MOPS to pH 7.0 at 25 "C. The curves represent 
predictions of the model for zeff = 5 and k = 17,11,8 M-l; the symbols 
are the same as given in the legend to Figure 1. 

Figure 2 and do not describe the experimental data.3 (An 
effective valence of 2.5 was also used for the theoretical curves 
shown in Figure 1.) Inserting two alanines between basic 
residues decreases the microscopic association constant k 2-fold 
(Table I). The arginine residues bind 2-fold more strongly 
to the acidic lipids than do the lysine residues (Table I). Thus, 
the results obtained with electrophoretic mobility measure- 
ments agree qualitatively with the results obtained from fil- 
tration  measurement^.^ 

We and others discuss elsewhere how the finite size of the peptide, 
discreteness of charge effects, and the binding of anions to the peptides 
could all reduce the effective valence of a charged peptide that adsorbs 
to a membrane (Carnie & McLaughlin, 1983; Kuchinka & Seelig, 1989; 
Schwarz & Beschiaschvili, 1989; Langner et al., 1990; Stankowski & 
Schwarz, 1990; Mosior & McLaughlin, 1991; Stankowski, 1991). 

The k values presented in Table I from Figure 2 are about a factor 
of 2 larger than those deduced from Figure 1. The results from Figure 
2 were obtained with PS (and PG) vesicles, whereas the results from 
Figure 1 were obtained from vesicles formed from PG/PC mixtures. One 
of the limitations of our simple theoretical model is that it does not 
describe the increase in k that occurs as the mole fraction of acidic lipid 
in the membrane increases, a phenomenon discussed in more detail in 
Mosior and McLaughlin (1991). The dependence of k on mol % acidic 
lipid also manifests itself in Figure 1 as a disagreement between the 
experimental points and the theoretical curve. The dependence of k on 
mol I acidic lipid is possibly due to the use of the mean-field Gouy- 
Chapman theory, which ignores all local electrostatic interactions be- 
tween lipids and peptides. 
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We also made zeta potential measurements using 2:l 
PC/PG (and PC/PS) vesicles. The results shown in Figure 
3 agree qualitatively with those in Figure 1. Specifically, the 
arginine peptides bind more strongly than the lysine peptides, 
and placing alanines between the basic residues decreases the 
affinity of the peptide for the vesicle. The microscopic asso- 
ciation constants deduced from the zeta potential measure- 
ments of Figure 3 agree within a factor of 2 with those ob- 
tained from the ultrafiltration measurements of Figure 1, as 
shown in Table I. 

All the data suggest that placing a pair of alanines between 
the basic residues decreases k about 2-fold (Table I). We 
repeated the measurements in 0.01 M KCl, where the Debye 
length is 3 rather than 1 nm, for both theoretical and exper- 
imental  reason^.^ (The slope of the zeta potential curves in 
0.01 M KCl is consistent with an effective valence equal to 
the real valence. This observation suggests that the deviation 
seen in 0.1 M salt is related to the size of the peptide relative 
to the Debye length.) The results shown in Figure 4 are 
qualitatively consistent with those illustrated above: placing 
two alanines between the lysine residues decreased the mi- 
croscopic association constant about 2-fold, from k = 17 to 
8 M-l. [For the arginine peptides, k decreased from 25 to 19 
M-’ (data not shown).] 

Our filtration and zeta potential measurements (not shown) 
demonstrate that adding alanine residues to the ends of a 
peptide with five adjacent lysine residues decreases the binding 
to vesicles containing negatively charged lipids, but not as 
much as interspersing the same number of alanine residues 
between the lysines. For example, the zeta potential results 
we obtained with acetyl-Ala4-Lys5-Ala4-amide lie approxi- 
mately midway between the results illustrated in Figure 2B 
for acetyl-Lys5-amide and acetyl-(Lys-Ala2),-Lys-amide. The 
addition of Ala residues to the ends of the peptide should not 
change the local electrostatic interactions between the basic 
residues, and these interactions cannot, therefore, fully account 
for the effect of adding alanine residues to the basic peptides 
we studied. 

In summary, when eight Ala residues are either interspersed 
between the basic residues or added to the ends of the peptide, 
the binding of the peptide to negatively charged membranes 
decreases I 1  order of magnitude. A similar order of mag- 
nitude decrease in the binding can be produced by deleting 
one basic residue (Kim et al., 1991). 

DISCUSSION 
Our experimental results lead us to four conclusions: sep- 

arating charged residues with two alanines decreases 2-fold 
the affinity of basic residues in peptides for acidic lipids in 
membranes; arginine residues bind 2-fold more strongly than 
lysine residues to the monovalent acidic lipids PS and PG, basic 
residues bind PS and PG equally well; and peptides with basic 
residues exhibit an apparent oooperativity with respect to acidic 
lipids when binding to membranes. 

The assumption in our theoretical model that the peptides are point 
charges is more valid in 0.01 M KC1 (where the electrostatic potential 
decays less rapidly with distance from the membrane) than in 0.1 M KCI 
(the Debye lengths are 3 and 1 nm). Using electrophoretic mobility 
measurements and the Helmholtz-Smoluchowski equation to deduce the 
zeta potential (Kim et al., 1991) is more valid in 0.01 than in 0.1 M salt 
solutions because the finite size of the adsorbed peptides affects the 
electrophoretic mobility of vesicles in two ways. First, the peptide may 
protrude from the vesicle surface, exert hydrodynamic drag, and decrease 
the mobility. Second, if the charges on the peptide extend some distance 
from the surface they will change the mobility more than predicted from 
the Helmholtz-Smoluchowski equation for the reason illustrated in 
Figure 1 in Pasquale et al. (1986). 
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The 2-fold decrease in the microscopic association constant 
k of a basic residue for an acidic lipid produced by the insertion 
of two alanine residues corresponds to a decrease in the 
standard free energy change upon association (AG O = -RT 
In k )  of 0.4 kcal/mol. Electrostatic interactions between 
charged groups on the peptide are one likely candidate for 
producing this change. Three experimental results suggest that 
the binding of a basic residue to an acidic lipid is due mainly 
to an electrostatic attraction of opposite charges: basic residues 
do not bind significantly to zwitterionic lipids (Figure l), there 
is little specificity between acidic lipids (footnote 2), and, at 
least for the case of pentalysine, the bound peptides appear 
to be located outside the envelope of the polar head group 
(Roux et al., 1988; Kim et al., 1991). If the charged groups 
on the peptide are separated by electrically neutral alanine 
residues, the electrostatic potential at a basic residue due to 
the other charged residues will decrease, reducing the affinity 
of the basic group for an acidic lipid. A change of 20 mV in 
the local electrostatic potential at a basic residue would pro- 
duce the 2-fold change in k. Such effects are well documented 
for peptides: for example, Edsall and Wyman (1958) devote 
an entire section of their text to electrostatic effects on the pK, 
values of peptides. Recent measurements demonstrate that 
interactions between charged groups in proteins generally 
produce electrostatic energy change! of 0.3-0.5 kcal/mol 
(Sharp & Honig, 1990; Warshel & Aqvist, 1991), which is 
the correct range to account for the effects of alanine spacers 
between basic residues. 

The insertion of alanines also increases the mass of the 
peptide, thus increasing the loss of free energy that occurs when 
the peptide binds to the membrane; in principle the peptide 
loses one translational and two rotational degrees of freedom. 
If the peptide is regarded as a rigid molecule, the theoretically 
calculated (Janin & Chothia, 1978; Dwyer & Bloomfield, 
1981) extra free energy loss or “entropy price” that is paid 
when the more massive peptides bind is also sufficient to 
account for the experimental results illustrated in Figure 1, 
The experimental observation that adding alanine residues to 
the ends of the basic peptide also decreases the binding appears 
to support this interpretation. However, Finkelstein and Janin 
(1989) acknowledge that “translation-rotation degrees of 
freedom lost in a bimolecular complex do not really vanish” 
and that their previous calculations led to ”overestimates of 
the entropy change”. Thus we suspect that alanine residues 
decrease the binding of basic peptides to membranes by means 
of a combination of local electrostatic and other effects (e.g., 
steric hindrance) but admit the matter remains unresolved. 

We are confident we understand why peptides with basic 
residues exhibit an apparent wperativity with respect to acidic 
lipids when they bind to membranes. Both the electrostatic 
potential produced by the acidic lipids and the decrease in 
dimensionality that occurs when the first basic residue on the 
peptide binds to the membrane give rise to apparent cooper- 
ativity (Mosior & McLaughlin, 1991, 1992). We have studied 
several peptides with five basic residues, including ones that 
mimic the pseudosubstrate region of protein kinase C (Mosior 
& McLaughlin, 199 1) or a conserved region of phospholipase 
C (Peterson et al., 1991) and contain neutral amino acids other 
than alanine. All these peptides display apparent wperativity 
and binding affinity similar to those of the peptides illustrated 
in Figure 1. 

What is the biological significance of our results? Although 
interspersing the electrically neutral amino acid alanine be- 
tween the charged residues reduces the affinity of basic pep- 
tides for membranes and there are slight differences between 
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electrostatic energy from the association of a cluster of basic 
residues with acidic phospholipids are required for the 
MARCKS protein to associate significantly with a membrane. 
If so, addition of negative charges to the serine residues located 
within this cluster provides a simple electrostatic mechanism 
for the observation that phosphorylation causes the MARCKS 
protein to move off the plasma membrane of neutrophils 
(Thelen et al., 1991). 
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APPENDIX 
The details of the model used to fit both the binding (Figure 

1) and the zeta potential data (Figures 2-4) are given in Kim 
et al. (1991), and the equation numbers below refer to this 
paper. The electrostatic potential produced by acidic lipids 
(McLaughlin, 1989) is described by the Gouy-Chapman 
theory (eq 4). We assumed the peptides are point charges that 
accumulate in the electrostatic diffuse double layer produced 
by the acidic lipids and described this accumulation with the 
Boltzmann relation (eq 6). Of course, the peptides are not 
point charges; they are comparable in size to the thickness of 
the aqueous diffuse double layer (1 / K  = 1 nm in 0.1 M salt). 
Thus not all charges experience the potential at the surface 
of the membrane [e.g., Carnie and McLaughlii (1983)]. We 
compensated empirically for this limitation of the model by 
using an effective valence of the peptides in the Boltzmann 
relation3 The effective valence was obtained from the slope 
of the zeta potential vs peptide concentration curves. Se- 
quential mass action equations were used to describe the 
binding of basic residues to acidic lipids (eqs 8-1 1, 8a-1 la). 
We assume all the pentavalent peptides have four independent 
and identical binding sites, as we did previously with penta- 
lysine (Kim et al., 1991). The zeta potential was calculated 
from the measured value of the electrophoretic mobility using 
the Helmholtz-Smoluchowski equation (eq 1) and assumed 
to be equal to the electrostatic potential at the surface of the 
membrane. To describe the zeta potential of phospholipid 
vesicles in the absence of peptides, we assume that potassium 
ions bind to acidic lipids (Eisenberg et al., 1979). The cal- 
culations for the PC/PG vesicles in Figure 3 require a value 
of the intrinsic association constant of 1.7 M-’ (eq 7), which 
was also used to draw the theoretical curves in Figure 1. The 
values for the PS vesicles were 2 (0.1 M KCl) and 3.5 M-’ 
(0.01 M KCl). The choice of the intrinsic association constant 
for potassium ions with acidic lipids does not affect to any 
significant degree the values we calculated for the microscopic 
association constants k of basic residues with acidic lipids. 

REFERENCES 
Alexander, K. A., Cimler, B. M., Meier, K. E., & Storm, D. 

Andreasen, T. J., Luetje, C. W., Heideman, W., & Storm, D. 

Apel, E. D., Byford, M. F., Au, D., Walsh, K. A., & Storm, 

Atherton, E., & Sheppard, R. C. (1989) Solid Phase Peptide 

Aveyard, R., & Haydon, D. A. (1973) Introduction to the 

R. (1987) J .  Biol. Chem. 262, 6108-6113. 

R. (1983) Biochemistry 22, 4615-4618. 

D. R. (1990) Biochemistry 29, 2330-2335. 

Synthesis Vol. 110, IRL Press, Oxford. 

the affinities of arginine and lysine residues for acidic lipids, 
the biologically important result illustrated in Figure 1 is that 
all of these peptides bind significantly to membranes containing 
20-30 mol 7% acidic lipids. This corresponds to the mole 
fraction of acidic phospholipids on the cytoplasmic surface of 
a typical plasma membrane (Op den Kamp, 1979; Bishop & 
Bell, 1988). The total concentration of lipid used in the ex- 
periments illustrated in Figure 1 was 8 mM, which corresponds 
to the membrane-surface/solution-volume ratio encountered 
by a protein in a spherical cell with a radius of 2 Mm. Thus 
an exposed cluster of more than five basic amino acids on a 
cytoplasmic protein could bind a significant fraction of protein 
to the plasma membrane. 

This statement requires several caveats. First, negatively 
charged amino acids on the bound protein located less than 
a Debye length from the membrane surface will decrease the 
interaction. Second, the structure of the protein may preclude 
several of the basic residues in the cluster from interacting with 
acidic lipids. For example, an amphipathic helix will adsorb 
strongly to bilayer membranes by means of hydrophobic in- 
teractions (Epand et al., 1989). Melittin binds to membranes 
in this manner. The basic residues on melittin may be con- 
strained by the relatively rigid helix to point away from the 
surface, and the available evidence suggests they do not bind 
significantly to acidic lipids (Beschiaschvili & Seelig, 1990). 
Third, the “entropy price” paid upon binding to the membrane 
could be as much as 6 kcal/mol greater for a 100 kDa protein 
than for a 1 kDa peptide (Janin & Chothia, 1978; Dwyer & 
Bloomfield, 1981), although it is probably less than half this 
value (Finkelstein & Janin, 1989). An extra entropy price 
of 3 kcal/mol could be overcome by two additional basic 
residues in the cluster because each basic residue should in- 
crease the affinity of the protein for the membrane 10-fold. 
Additional basic residues added to small peptides do increase 
the affinity, as expected theoretically (Kim et al., 1991; 
Montich and McLaughlin, unpublished results). Fourth, these 
electrostatic interactions can act in concert with other binding 
interactions, such as the partitioning of hydrophobic groups 
from the protein into the bilayer. Phospholipase A2, for ex- 
ample, appears to interact with bilayers through a combination 
of hydrophobic and basic residues (Scott et al., 1990). The 
acyl groups on neuromodulin (cysteines at positions 3 and 4 
can be palmitylated) and the MARCKS protein (terminal 
glycine can be myristoylated) also appear to be important for 
membrane association (Houbre et al., 1991; Graff et al., 
198 9c) I 

Houbre et al. (1991) suggested that a conserved basic region 
of neurogranin and neuromodulin that includes 9 or 10 basic 
and 1 or 2 acidic residues binds to acidic lipids in membranes. 
Furthermore, they showed that neuromodulin and neurogranin 
exist as membrane-bound and cytosolic forms in rat brain and 
that the phosphorylated form of neuromodulin had a much 
lower affinity for vesicles containing negative lipids than the 
dephosphorylated protein. The MARCKS protein contains 
a region of 25 residues that has 13 basic and no acidic residues, 
plus 4 serines that are phosphorylated by protein kinase C 
(Graff et al., 1989a, 1991). A peptide corresponding to this 
region binds more strongly to membranes with acidic lipids 
than the peptides illustrated in Figure 1, as predicted from the 
Gouy-Chapman/mass action model discussed here; when we 
mimic the effect of phosphorylation by replacing the serines 
with aspartic acid residues, the affinity of the peptide for the 
membrane decreases (McLaughlin and Blackshear, unpub- 
lished results). Possibly both the hydrophobic energy from 
insertion of the acyl chain into the bilayer interior and the 



Binding of Basic Peptides to Membranes 

Principles of Surface Chemistry, pp 7-9, Cambridge 
University Press, Cambridge. 

Bangham, A. D., Hill, M. W., & Miller, N. G. A. (1974) 
Methods Membr. Biol. 1, 1-68. 

Baudier, J., Deloulme, J. C., Van Dorsselaer, A., Black, D., 
& Matthes, H. W. D. (1991) J .  Biol. Chem. 266,229-237. 

Beschiaschvili, G., & Seelig, J. (1990) Biochemistry 29,52-58. 
Bishop, R. W., & Bell, R. M. (1988) Annu. Reu. Cell Biol. 

Cafiso, D., McLaughlin, A., McLaughlin, S. ,  & Winiski, A. 
(1989) Methods Enzymol. 171, 342-364. 

Cantor, C. M., & Schimmel, P. R. (1980) Biophysical 
Chemistry, pp 849-886, W. H. Freeman and Co., New 
York. 

Carnie, S.,  & McLaughlin, S. (1983) Biophys. J .  44,325-332. 
Carrier, D., & Pezolet, M. (1986) Biochemistry 25, 

4167-4174. 
Carrier, D., Mantsch, H. H., & Wong, T. T. (1990) Bio- 

chemistry 29, 254-258. 
Cimler, B. M., Andreasen, T. J., Andreasen, K. I., & Storm, 

D. R. (1985) J .  Biol. Chem. 260, 10784-10788. 
de Kroon, A. I. P. M., Soekarjo, M. W., de Gier, J., & de 

Kruijff, B. (1990) Biochemistry 29, 8229-8240. 
de Kroon, A. I. P. M., Killian, J. A., de Gier, J., & de Kruijff, 

B. (1991) Biochemistry 30, 1155-1162. 
de Kruijff, B., Rietveld, A., Telders, N., & Vaandrager, B. 

(1985) Biochim. Biophys. Acta 820, 295-304. 
Dufourcq, J., Faucon, J. F., Maget-Dana, R., Pileni, M. P., 

& Helene, C. (1981) Biochim. Biophys. Acta 649,67-75. 
Dwyer, J. D., & Bloomfield, V. A. (1981) Biopolymers 20, 

2323-23 36. 
Edsall, J. T., & Wyman, J. (1958) Biophysical Chemistry, 

pp 457-471, Academic Press, New York. 
Eisenberg, M., Gresalfi, T., Riccio, T., & McLaughlin, S. 

(1979) Biochemistry 18, 5213-5223. 
Epand, R. M., Surewicz, W. K., Hughes, D. W., Mantsch, 

H., Segrest, J. P., Allen, T. M., & Anantharamaiah, G. M. 
(1990) J .  Biol. Chem. 264, 4628-4635. 

Finkelstein, A. V., & Janin, J. (1989) Protein Eng. 3, 1-3. 
Fukushima, K., Muraoka, Y., Inoue, T., & Shimozawa, R. 

(1988) Biophys. Chem. 30, 237-244. 
Graff, J. M., Stumpo, D. J., & Blackshear, P. J. (1989a) J .  

Biol. Chem. 264, 11912-11919. 
Graff, J. M., Young, T. N., Johnson, J. D., & Blackshear, P. 

J. (1989b) J .  Biol. Chem. 264, 21818-21823. 
Graff, J. M., Gordon, J. I., & Blackshear, P. J. (1989~) Science 

246, 503-506. 
Graff, J. M., Rajan, R. R., Randall, R. R., Nairn, A. C., & 

Blackshear, P. J. (1991) J.  Biol. Chem. 266, 14390-14398. 
Hartman, E., Rapport, T. A., & Lodish, H. F. (1989) Proc. 

Natl. Acad. Sci. U.S.A. 86, 5786-5790. 
Hartmann, W., & Galla, H.-J. (1978) Biochim. Biophys. Acta 

509, 474-490. 
Hartmann, W., Galla, H.-J., & Sackmann, E. (1977) FEBS 

Lett. 78, 169-172. 
Hope, M. J., Bally, M. B., Webb, G., & Cullis, P. R. (1985) 

Biochim. Biophys. Acta 812, 55-65. 
Houbre, D., Duportail, G., Deloulme, J.-C., & Baudier, J. 

4, 579-610. 

Biochemistry, Vol. 31, No. 6, 1992 1773 

(1991) J .  Biol. Chem. 266, 7121-7131. 
Hunter, R. J. (1981) Zeta Potential in Colloid Science. 

Principles and Applications, Academic Press, London. 
Jacobs, R. E., & White, S. H. (1986) Biochemistry 25, 

Jacobs, R. E., & White, S. H. (1987) Biochemistry 26, 

Jacobs, R. E., & White, S. H. (1989) Biochemistry 29, 

Janin, J., & Chothia, C. (1 978) Biochemistry 17,2943-2948. 
Kim, J., Mosior, M., Chung, L., & McLaughlin, S .  (1991) 

Kimelberg, H. K., & Papahadjopoulos, D. (1971) J .  Biol. 

Kuchinka, E., & Seelig, J. (1989) Biochemistry 28, 

Langner, M., Cafiso, D., Marcelja, S . ,  & McLaughlin, S .  

Laroche, G., Carrier, D., & Pezolet, M. (1988) Biochemistry 

McIlroy, B. K., Walters, J. D., Blackshear, P. J., & Johnson, 

McLaughlin, S. (1977) Curr. Top. Membr. Tramp. 9,71-144. 
McLaughlin, S. (1989) Annu. Rev. Biophys. Biophys. Chem. 

Mittler-Neher, S., & Knoll, W. (1989) Biochem. Biophys. Res. 

Montal, M. (1972) J.  Membr. Biol. 7, 245-266. 
Mosior, M., & McLaughlin, S. (1991) Biophys. J .  60, 

Mosior, M., & McLaughlin, S. (1992) in Protein Kinase C 
Current Concepts and Future Perspectives (Epand, R. M., 
& Lester, D., Eds.) Horwood, Chichester, U.K. 

Nilsson, I., & von Heijne, G. (1990) Cell 62, 1135-1141. 
Op den Kamp, J. A. F. (1979) Annu. Rev. Eiochem. 48,47-71. 
Pasquale, L., Winiski, A,, Oliva, C., Vaio, G., & McLaughlin, 

S .  (1986) J.  Gen. Physiol. 88, 697-718. 
Peterson, A. A., Rebecchi, M. J., & McLaughlin, S. (1991) 

Biophys. J .  59, 509a. 
Roux, M., Neumann, J.-M., Bloom, M., & Devaux, P. F. 

(1988) Eur. Biophys. J .  16, 267-273. 
Sankaram, M. B., de Kruijff, B., & Marsh, D. (1989) Bio- 

chim. Biophys. Acta 986, 315-320. 
Schwarz, G., & Beschiaschvili, G. (1989) Biochim. Biophys. 

Acta 979, 82-90. 
Scott, D. L., White, S .  P., Otwinowski, Z., Yuan, W., Gelb, 

M. H., & Sigler, P. B. (1990) Science 250, 1541-1546. 
Sharp, K. A., & Honig, B. (1 990) Annu. Rev. Biopys. Biophys. 

Chem. 19, 301-332. 
Stankowski, S. (1991) Biophys. J .  60, 341-351. 
Stankowski, S., & Schwarz, G. (1990) Biochim. Biophys. Acta 

Thelen, M., Rosen, A,, Nairn, A. C., & Aderem, A. (1991) 

Walter, A., Steer, C. J., & Blumenthal, R. (1986) Biochim. 

Warshel, A., & Aqvist, J. (1991) Annu. Rev. Biophys. Bio- 

2605-26 12. 

6 127-6 134. 

342 1-3437. 

Biophys. J .  60, 135-148. 

Chem. 246, 1142-1 148. 

4216-4221. 

(1990) Biophys. J .  57, 335-349. 

27,6220-6228. 

J. D. (1991) J.  Biol. Chem. 266, 4959-4964. 

18, 113-136. 

Commun. 162, 124-129. 

149-1 59. 

1025, 164-172. 

Nature 351, 320-322. 

Biophys. Acta.861, 319-330. 

phys. Chem. 20, 267-298. 


