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We measured the binding of the peptide acetyl-Trp-Lys7-amide to membranes formed from mixtures of the zwitterionic lipid 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC) and the acidic lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol 
(PG). Direct filtration and equilibrium dialysis measurements demonstrate that binding increases sigrnoidally with the mole 
fraction of PG as predicted from a simple Gouy-Chapman/mass action theoretical model. We used these measurements to 
calibrate two binding assays, one based on the increase in Trp fluorescence that occurs when the peptide binds to the membrane, 
the other on the quenching of Trp fluorescence that occurs when the peptide binds to membranes containing fluorescent lipids. 
Both fluorescence assays demonstrate that binding does not depend strongly on temperature, which suggests the enthalpy 
change, AH,  is small. Calorimetric measurements demonstrate this directly for the analogous basic peptide Lyss: A H =  +1 
kcal/mol for the binding of Lys 5 to sonicated phospholipid vesicles and A H  -- 0 kcal/mol for its binding to large unilamellar 
vesicles. Thus, the decrease in the free energy that occurs when these peptides bind to the membrane is due to a positive change 
in the entropy of the system. Fluorescence measurements demonstrate the binding of the Trp-containing peptide to 4:1 PC/PG 
membranes is independent of pressure up to 2 kbar, which suggests that binding occurs without a significant change in volume. 

Introduction 

Acidic phospholipids located on the cytoplasmic sur- 
face of plasma membranes  [1,2] may associate with 
basic residues in several different types of  proteins [3]. 
Intrinsic or membrane-spanning proteins, for example, 
often have dus ters  of basic residues on their cytoplas- 
mic domains [4]. These clusters are important  in deter- 
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mining the t ransmembrane orientation of proteins [5] 
and Har tmann  et al. [6] suggested the basic residues 
may associate with acidic lipids. The MARCKS protein 
[7-11] and neuromodulin [12-14] are not intrinsic pro- 
teins, but their acyl chains attach them to the plasma 
membrane.  Both proteins have a cluster of basic 
residues that binds calmodulin and contains the serines 
that are phosphorylated by protein kinase C. Houbre  
et al. [14] suggested the basic residues in these 
phosphorylation domains could also bind to acidic lipids 
in the plasma membrane,  which would facilitate the 
phosphorylation by membrane-bound PKC. Peptides 
that mimic the phosphorylation domains of these pro- 
teins do bind strongly to membranes  that contain acidic 
lipids, and the binding decreases when the peptides are 
phosphorylated by protein kinase C (Kim, Blackshear, 
Johnson and McLaughlin, unpublished observation). 
Finally, several membrane-act ive cytoplasmic proteins 
contain clusters of basic residues that could bind to 
acidic lipids. For example, the basic residues in the 
pseudosubstrate region of protein kinase C [15,16] may 
bind transiently to acidic phospholipids [17], which act 
in concert with diacylglycerol to activate this enzyme. 
Activation probably involves removal of the pseudosub- 
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strate region in the regulatory domain from the sub- 
strate binding region in the catalytic domain [18]. Sev- 
eral lines of evidence suggest the large cluster of basic 
residues in the tail region of Myosin I attaches the 
protein to acidic lipids in the plasma membrane, allow- 
ing it to serve as a membrane-associated 'motor 
molecule' [19-24]. 

These examples illustrate the importance of under- 
standing how basic residues in proteins bind to acidic 
lipids in membranes. Studies with well defined model 
systems consisting of phospholipid vesicles and simple 
basic peptides have helped characterize the binding 
[25-30]. Studies with Lys n, (n = 2-5) showed each Lys 
added to dilysine increased 10-fold the affinity of the 
peptide for membranes formed from acidic lipids [28]. 
This result is consistent with a simple Gouy- 
Chapman/mass action model in which each added 
lysine binds independently to an acidic lipid such as 
phosphatidylserine, PS, with a standard Gibbs free 
energy AG o= 1 kcal/mol. NMR measurements on 
vesicles [27] and surface potential measurements on 
monolayers [28] suggest that basic peptides such as 
Lys 5 bind outside the envelope of the polar head- 
groups. The binding appears to be electrostatic in 
nature because the basic peptides do not bind to 
membranes formed from zwitterionic lipids such as 
phosphatidylcholine, there is little selectivity between 
monovalent acidic lipids such as phosphatidylserine 
and phosphatidylglycerol for these peptides, and only a 
2-fold selectivity of Arg over Lys residues for these 
lipids [28,29]. 

The thermodynamic parameters that characterize 
the association of basic residues and acidic lipids had 
not yet been determined. In this study we measured 
the dependence of binding on temperature, which al- 
lowed us to infer the enthalpy change from a van 't 
Hoff plot. We confirmed the conclusions drawn from 
the van 't Hoff plot [31] by measuring directly the 
enthalpy change on binding using calorimetry. Finally, 
we measured the dependence of binding on pressure, 
which allowed us to infer if a volume change occurs 
when the peptide binds to a phospholipid vesicle. 

We first measured the binding of the peptide acetyl- 
Trp-LysT-amine to large unilamellar vesicles (LUVs) by 
making equilibrium dialysis and filtration measure- 
ments at 25°C and atmospheric pressure, then used 
these direct measurements to calibrate our two fluores- 
cence assays. One assay exploits the increase in fluo- 
rescence that occurs when a peptide with Trp residues 
binds to a membrane; this approach has been used by 
several investigators to study the association of pep- 
tides with membranes [25,32-34]. The other assay ex- 
ploits the decrease in fluorescence that occurs when a 
peptide containing Trp residues binds to a membrane 
containing the fluorescent lipid dansyl-PE, which 
quenches the Trp fluorescence; this technique has been 

used to study lipid-protein interactions [35]. We used 
both of these fluorescence approaches to study the 
dependence of binding on temperature and pressure. 

High pressure fluorescence measurements provide 
information about the change in volume that occurs on 
binding. The dissociation of oppositely charged ions 
results in a decrease in volume due to the electrostric- 
tion of water around a free charge; Le Chatelier's law 
demonstrates that the application of pressure will thus 
disrupt salt bridges [36,37]. The change in volume will 
be less for 'loose' or solvent-separated ion pairs, which 
have one or more water molecules in the space be- 
tween the ions, than for 'tight' or contact ion-pairs, 
which lack the intermediate solvation. This interpreta- 
tion has been used to explain the difference between 
the volumes of dissociation for the RbNO 3 ( - 5  
ml/mol) and the TINO 3 ( - 1 2  ml/mol) ion-pairs [37]. 
Thus, if most of the lysines in the peptide form 'tight' 
ion pairs with anionic lipid headgroups, pressure should 
dissociate the complex with a volume change of order 
-20  to -50  ml/mol. In this case a pressure of 1 kbar 
will produce a > 2-fold reduction in the association 
constant, a change that can be detected readily from 
fluorescence measurements. Alternately, if the associa- 
tion between a lysine side chain and an acidic phospho- 
lipid does not involve the loss of electrostricted water, 
pressure should not perturb the equilibrium signifi- 
cantly. Information about thermodynamic properties 
can thus provide some clues about the nature of of the 
peptide-lipid complexes. 

Materials and Methods 

The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phos- 
phocholine (PC) and 1-palmitoyl-2-oleoyl-sn-phos- 
phoglycerol (PG) were obtained from Avanti Polar 
Lipids (Alabaster, AL). N-(5-Dimethylaminonaphtha- 
lene- 1-sulfonyl)-L-a-phosphatidylethanolamine from 
egg PE (dansyl PE) was from Molecular Probes 
(Eugene, OR). Acetyl-Trp-Lys7-amide was obtained 
from Multiple Peptide Systems (San Diego, CA); pep- 
tide purity was > 99% as determined from reverse 
phase HPLC. Lys5 was obtained from Research Plus 
(Bayone, NJ); purity was > 95%. 4-Morpholinepro- 
panesulfonic acid (Mops) was from Pharmacia (Piscata- 
way, N J). We studied a fluorescent peptide with seven 
rather than five Lys residues [28-30] because this pep- 
tide binds more strongly to vesicles, allowing us to use 
lower concentrations of vesicles and minimize scatter- 
ing in the fluorescence experiments. 

Aqueous solutions for the fluorescence and elec- 
trophoretic mobility experiments were prepared with 
18 MO water (Super-Q, Milipore, Bedford MA) that 
was subsequently bidistilled in an all-quartz still. They 
were buffered to pH 7.0 with 1 mM Mops. The large 
unilamellar vesicles (LUVs) for the fluorescence and 
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direct binding measurements were prepared by extru- 
sion through 0.1 tzm polycarbonate filters [38]. Direct 
binding measurements were performed by determining 
the concentration of free peptide by means of a fluo- 
rescamine assay following dialysis or ultrafiltration 
[17,28-30]. The preparation of multilamellar vesicles 
for the electrophoretic mobility measurements and the 
techniques for making these measurements are de- 
scribed in detail elsewhere [39,40]. 

Fluorescence was measured as a function of temper- 
ature with a Spex Fluorocomp (Edison, N J) and as a 
function of pressure with a ISS Greg-PC spectro- 
fluorometer (ISS, Champaign, IL). Hydrostatic presure 
was applied using a cell based on the design of Paladini 
and Weber [41]. The fluorescence intensity from the 
Trp residue increases in a manner similar to other 
systems when the peptide binds to phospholipid vesi- 
cles [25,33]. The observed fluorescence intensity from 
the peptide in the presence of vesicles, fv, is 

fv = CFmam + CFw(1-  am) (1) 

where ot m is the molar fraction of peptide bound to the 
surface of the membrane, F m and F w are the Trp 
molar fluorescence intensities from the bound and free 
peptide, and C is a proportionality factor. The fluores- 
cence from the peptide in buffer without vesicles, fw, is 

fw = CFw (2) 

By rearranging Eqns. 1 and 2 we obtain: 

am = ( ( f v  -- f w ) / f w ) / ( F m / F w  - 1) (3) 

We determined F m / F  w for vesicles with different mole 
fractions of the anionic lipid PG as follows: for each 
vesicle sample we measured the fractional increase in 
fluorescence intensity, ( f v - f , , , ) / f w ,  and determined 
the fraction of bound peptide, a m, directly from filtra- 
tion measurements. The value of F m / F  w was indepen- 
dent of the fraction of acidic lipid (5-20%) in the 
membrane; its value appeared to depend slightly on 
the total lipid concentration, however, increasing from 
1.7 for samples containing 0.3 mM lipid to 2.1 for 
samples containing 1 mM lipid. Once the ratio F m / F  W 
is known, fluorescence measurements can be used to 
calculate the fraction of bound peptide, Otm, as a func- 
tion of temperature and pressure. This is the classical 
approach discussed by Bashford and Smith [42] for 
measuring the binding constant of ligands that change 
their spectroscopic properties upon binding, except 
that we calibrated the system by measuring directly the 
amount of bound peptide rather than by estimating the 
molar fluorescence intensity of the bound peptide from 
a saturation plot. 

The fluorescence from the Trp residue of the pep- 
tide is quenched when the peptide binds to vesicles 

containing 10% dansyl PE, a fluorescent lipid that 
bears a charge of -1 .  We used Eqn. 3 and the proce- 
dure described above to calibrate this approach to 
measuring the fraction of bound peptide. Our fluores- 
cence quenching measurements were less satisfactory 
than fluorescence enhancement measurements for two 
reasons. First, the F m / F  w ratio for quenching de- 
creased as the mol fraction of acidic lipid in the mem- 
brane increased. Second, the error from scattering was 
large in the quenching experiments due to the lower 
signal/noise ratio. Moreover, scattering is a bigger 
problem in the high pressure cell than in a normal 
cuvette. 

We measured the fluorescence intensity of the pep- 
tide in buffer and in the presence of vesicles made 
from PC/PG or PC/PG/dansyl  PE over the tempera- 
ture range 16-34°C at atmospheric pressure. In agree- 
ment with the results obtained by Dufourcq et al. [25] 
using the tripeptide Lys-Trp-Lys, we observed a blue 
shift in the peak of the emission spectrum when our 
peptide bound to vesicles. Specifically, the peak shifted 
from 350 to 343 nm (28.57 to 29.15 kk) in the presence 
of 4:1 PC/PG LUVs at 20°C. In the experiments to 
determine F m / F  w and the temperature experiments, 
samples were excited at 280 nm and the fluorescence 
intensity was measured at 345 nm. We corrected for 
the background due to scattering (maximum 5% for 
the quenching experiments). For the pressure experi- 
ments, samples were excited at 280 nm and the re- 
ported intensities refer either to the integrated emis- 
sion peak scanned from 300 to 420 nm or to a 2 min 
average of the intensity at 350 nm; both gave identical 
results. To obtain an adequate signal in the pressure 
experiments, slits were opened to 16 nm, resulting in a 
low but significant contribution of scattered light. All 
data were background corrected (maximum 7%). 

We define a partition constant: 

Kp = [P]m/[P]w (4) 

where [P]w is the free concentration of peptide in the 
aqueous phase and [P]m is the concentration of the 
peptide in the surface phase. Following Guggenheim's 
approach, we define the surface phase as a slab of 
finite thickness ~5 adjacent to the membrane: 8 = 1 nm. 
The partition coefficient calculated in this manner 
agrees within a factor of two with the value calculated 
by dividing the mol peptide/g lipid by the mol pep- 
t ide/g water [33]. 

Heats of reaction were measured with a Microcal 
MC-2 high-sensitivity titration calorimeter (Microcal, 
Northampton, MA) as described elsewhere [43]. In all 
experiments, unilamellar vesicles were formed from a 
1:3 PC/PG mixture (13-14 mM), then placed in a 
calorimeter cell of volume 1.27 ml. Both sonicated (35 
nm diameter) and extruded (50 nm pore size) vesicles 
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Fig. 1. Binding of acetyl-Trp-Lys7-amide (filled circles) and Lys 5 
(open circles) to large unilamellar vesicles (LUVs) formed from 
mixtures of the zwitterionic lipid PC and the monovalent negatively 
charged lipid PG, as measured by a filtration assay. The aqueous 
solutions contained 0.1 M KCI buffered to pH 7.0 with 1 mM Mops, 
T = 25°C; 0.8 mM lipid (PC+PG) ;  and either 2 /.~M peptide (filled 
circles) or 3 /~M peptide (open circles, data from Ref. 30). The 
curves represent the predictions of a simple Gouy-Chapman/mass  
action model described in detail elsewhere [30] that assumes a Lys 
residue on the peptide binds to a PG lipid with standard Gibbs free 

energy change of 1 kcal/mol.  

were used. 10 ~1 aliquots of 3 mM pentalysine in the  
same buffer solution (100 mM NaC1, 30 mM Tris (pH 
7.4)) were added at 5 min intervals with continuous 
stirring. About 10 additions were carried out at a 
temperature of approx. 27°C; the final l ipid/pept ide 
ratio was about 50:1. As a control the same pentaly- 
sine solution was titrated into the buffer solution with- 
out vesicles. The resulting small dilution enthalpy, 9 
~cal, was subtracted from the lipid titration. 

Results 

Fig. 1 illustrates how the peptides acetyl-Trp-Lys 7- 
amide (filled circles) and Lys 5 (open circles) bind to 
P C / P G  vesicles. The peptides do not bind significantly 
to electrically neutral PC LUVs. These peptides, how- 
ever, do bind to P C / P G  vesicles and the binding 
increases in a sigmoidal manner with the percentage of 
anionic lipid in the vesicles. The apparent cooperativity 
of the binding with respect to the anionic lipid arises 
for two reasons: electrostatics and reduction of dimen- 
s~onality. First, addition of acidic lipid to the mem- 
brane produces a negative electrostatic potential in the 
aqueous diffuse double layer immediately adjacent to 
the surface; this potential can be described adequately 
by the Gouy-Chapman theory of the diffuse double 
layer [44]. For example, the surface or ~" potential of a 
P C / P G  membrane containing 20% PG is about - 3 0  
mV in a 0.1 M monovalent salt solution. This potential 
attracts the positively charged peptide to the aqueous 
phase adjacent to the membrane, increasing its concen- 
tration. If we assume the peptide is a point charge with 
an effective valence zeff, we can use the Boltzmann 

equation to describe this accumulation. Second, when 
the first residue on a peptide binds to an acidic lipid in 
the membrane, the other residues are translocated to 
the surface phase where they encounter a much higher 
effective concentration of acidic lipids. We treat the 
surface phase as a region of finite thickness (6 = 1 rim), 
ignore the size of the peptide and lipids, and describe 
their interaction with a simple mass action formalism. 
This Gouy-Chapman/mass  action model is described 
in detail elsewhere [30]. 

Although it is apparent from Fig. 1 that a peptide 
with seven Lys residues binds more strongly than a 
peptide with five Lys residues, we can describe both 
sets of data with the same Gouy-Chapman/mass  ac- 
tion model using the same value for the intrinsic micro- 
scopic association constant between a basic Lys residue 
and an acidic PG lipid, k = 3 M-1. A value of k = 3 
M -1 also describes the binding of pentalysine with 
blocked termini to P C / P G  vesicles [29]. Thus, a Lys 
residue in any of these peptides binds to a PG lipid 
with a standard Gibbs free energy change AG O= 
RTlnk  = 1 kcal/mol.  (Two monovalent point charges 
located 0.4 nm apart in a medium of dielectric 78 have 
a coulombic energy of 1 kcal /mol .)  In our Gouy-Chap- 
man/mass  action model we assume the effective va- 
lences (the valences used in the Boltzmann relation) of 
the Lys 5 and fluorescent peptides are zef f = 2.5 and 
3.0, respectively; the effective valence of many small 
basic peptides is about half their actual value in 0.1 M 
salt solutions [17,29,30,45-47]. We also took into ac- 
count the tendency of the hydrophobic Trp residue to 
partition into the membrane * 

Although the Gouy-Chapman/mass  action model 
provides a surprisingly accurate description of how the 
binding of a small basic peptide depends on the mole 
fraction of acidic lipid (Fig. 1), the ionic strength of the 
solution [30], and the number of basic residues in the 
peptide [28], it is highly oversimplified. It ignores the 
discrete nature of the charges on both the membrane 
and peptide, as well as the structure and size of the 
peptide. In view of these limitations,' we also describe 
the binding in terms of a partition coefficient defined 
by Eqn. 4: Kp = 5 • 104 for membranes containing 20% 

* In the calculation of the theoretical curve illustrated in Fig. 1 for 
the Trp-containing peptide we assumed that each of the 7 Lys can 
combine with a PG with an intrinsic microscopic association con- 
stant of k = 3  M - I ,  that K ÷ ions combine with PG with an 
association constant of 1 M -1, and that Trp combines with both 
PG and PC with an association constant of 2 M - t .  An equally 
good fit is obtained if we ignore the hydrophobic interaction of 
Trp with the membrane and assume that each Lys combines with a 
binding constant of 5 M-1.  The first interpretation is probably 
more correct because the Lys residues in Lys s bind to PG with a 
k = 3 M -  1 (Fig. 1), and other  work suggests Trp residues in simple 
peptides enhances the binding of the peptide to membranes [25,33]. 
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Fig. 2. The fluorescence of the Trp residue in the acetyl-Trp-Lys 7- 
amide peptide plotted as a function of temperature. The aqueous 
solutions contained 0.1 M KCI buffered to pH 7.0 with 1 mM Mops 
and 2 ~ M  peptide. They also contained no vesicles (squares), 4:1 
P C / P G  vesicles (0.3 mM total lipid concentration, open circles) or 
8:1:1 P C / P G / d a n y s l - P E  (0.3 mM total lipid concentration, filled 

circles). 

anionic lipid from the data in Fig. 1 for the Trp-con- 
taining peptide. This partition constant corresponds to 
a unitary free energy change of 0 A G  u = R T I n K r ,  = 6 

kcal mol- 1. 
We used two fluorescence techniques to study how 

the binding of the Trp-containing peptide to bilayer 
membranes depends on temperature. The squares in 
Fig. 2 indicate the fluorescence of the peptide in a 
solution with no vesicles. The fluorescence increases 
(open circles) when 4 : 1 PC/PG vesicles are added to 
the solution; the fractional increase in fluoresence, 
( f v - f w ) / f w  is proportional to the fraction of bound 
peptide, a m (Eqn. 3). Direct filtration measurements at 
25°C demonstrate that about 50% of the peptide is 
bound to the vesicles under these conditions (0.3 mM 
total lipid). The fluorescence decreases (filled circles) 
when 8 : 1 : 1 PC/PG/dansyI-PE vesicles are added to 
the solution; in this case the fractional decrease in 
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Fig. 3. Binding of Acetyl-Trp-Lys7-amide to large unilamellar vesi- 
cles as a function of the temperature. The value of am, the fraction 
of  bound peptide, was calculated from the data shown in Fig. 2 using 
Eqn. 3: open circles represent fluorescence enhancement data, filled 

circles represent fluorescence quenching data. 
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Fig. 4. (A) Calorimeter traces when a Lys 5 solution is injected into a 
solution containing 1:3 P C / P G  sonificated vesicles. Upward devia- 
tions from baseline indicate absorption of heat. (B) Heat 
absorbed/injection, Ah (/.~cal), is evaluated from the area of the 

calorimeter traces in Fig. 4A. See text for details. 

fluorescence should be a measure of the fraction of 
bound peptide. 

Fig. 3 illustrates the dependence of the fraction of 
bound peptide on temperature, as calculated from the 
data in Fig. 2 using Eqn. 3. (We assume that F m / F  w 

does not depend on temperature.) Both techniques 
indicate the fraction of bound peptide does not depend 
significantly on temperature, which suggests that little 
enthalpy change occurs on binding. 

We also used an independent technique to investi- 
gate the dependence of the binding on temperature. 
We measured electrophoretic mobility (zeta potential) 
of PG and 1 : 1 PC/PG vesicles at 10, 25 and 40°C in 
0.1 M KCI, 1 mM Mops (pH 7.0), in the absence and 
presence of peptide (10 /zM Lys 5 or acetyl-Trp-Lys 7- 
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Fig. 5. The fluorescence intensity of the Trp residue in the acetyl- 
Trp-Lys7-amide peptide as a function of the pressure. The aqueous 
solutions contained 0.1 M KCI buffered to pH 7.0 with 1 mM Mops, 
T = 22°C; 2 /zM aeetyl-Trp-LysT-amide peptide; and 0.3 mM lipid 
(4:1 PC/PG) .  About 50% of the peptide was bound to the vesicles 
under these conditions (see Fig. 3). Symbols indicate results from two 

separate runs with different samples of vesicles. 
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TABLE I 

Heat absorbed per injection (Ah) and change in enthalpy (A H) when 
pentalysine binds to 1:3 PC / PG unilamellar vesicles 

Data on the first line were taken from the experiment illustrated in 
Fig. 4. Other data from similar experiments. See Materials and 
Methods and Results sections for details. 

Vesicle size Ah (~cal) AH (kcal/mol) 
(nm) 

35 29 + 1 1.3 + 0.05 
35 23_+2 1.1+0.1 

50 12+ 1 -0.1 _+0.05 
50 12-+ 1 -0.1 +0.05 

amide). The decrease in the magnitude of the elec- 
trophoretic mobility of the negatively charged vesicle 
produced by the positively charged peptide is a meas- 
ure of the binding of the peptide to the membrane [28]. 
Although the mobility depends slightly on the tempera- 
ture in the absence of peptide (e.g., Ref. 39, see Fig. 2), 
the ratio of the mobilities in the presence and absence 
of the peptides is independent of temperature, sup- 
porting our inference from fluorescence measurements 
that binding does not depend significantly on tempera- 
ture over this range. 

These observations suggest the binding is driven by 
an entropy change, a suggestion that is confirmed by 
direct calorimetry measurements. Fig. 4A illustrates a 
typical calorimeter trace obtained when a 3 mM Lys 5 
solution was titrated (nine injections of 10 ~1 each 
added at 5 min intervals) into a solution containing 14 
mM 1 : 3 PC/PG sonicated vesicles (d = 35 nm); essen- 
tially all the peptide should bind to the vesicles under 
these conditions. As shown in Fig. 4B and Table I, the 
average heat absorbed is 29 /xcal per injection. We 
corrected this number for the enthalpy of dilution 
before calculating the enthalpy of the binding reaction. 
The corrected value then yields an enthalpy change of 
+ 1.3 kcal/mol for the binding reaction (Table I); this 
endothermic change indicates that the association is 
driven by entropy. Table I also illustrates that the 
reaction enthalpy depends on the size of the vesicles 
used in the experiments: as the vesicle size increases, 
the reaction enthalpy changes sign and an exothermic 
reaction is observed. A similar size-dependence was 
observed for the binding of Ca 2÷ and La 3÷ ions to 
phospholipid vesicles (Lehrmann and Seelig, unpub- 
lished results). Thus, the fluorescence, electrophoretic 
mobility, and direct calorimetry measurements all indi- 
cate that entropy drives the association of these basic 
peptides with acidic lipids in membranes. 

We also used the fluoresence enhancement tech- 
nique to study the effect of pressure on the binding of 
the fluorescent basic peptide to membranes. The pres- 
sure experiments were conducted under conditions 

identical to those illustrated by the open circles in Figs. 
2 and 3, where about 50% of the peptide was bound to 
4:1 PC/PG LUVs. The fluorescence measurements 
illustrated in Fig. 5 indicate the binding does not 
depend significantly on the pressure, at least up to a 
pressure of 2 kbar. The volume change, /IV, in the 
system is related to K v by d ( - R T  In K p ) / d P  = ~IV 
[49]; the spread of the data in Fig. 5 suggests the 
volume change is small, of order 1 ml/mol or less. 

Discussion 

We draw two main conclusions from our data: the 
binding of small hydrophilic basic peptides to mem- 
branes containing acidic lipids is accompanied by little 
change in either the enthalpy or the volume of the 
system. 

All the available evidence suggests electrostatic in- 
teractions dominate the binding of small basic peptides 
such as Lys 5 to acidic lipids in membranes: the pep- 
tides do not bind to vesicles formed from zwitterionic 
lipids such as PC (Fig. 1), they exhibit little selectivity 
between different monovalent acidic lipids [28,29], and 
they do not penetrate the polar headgroup region 
[27,28]. We were somewhat surprised to discover that 
the electrostatic association of these small basic pep- 
tides with membranes occurred with little change in 
enthalpy: entropy-driven binding reactions are charac- 
teristic of interactions driven by a classical hydrophobic 
effect [50]. It should be noted, however, that there are 
many exceptions to this rule. For example, some small 
amphipathic molecules adsorb hydrophobically to 
membranes by means of 'nonclassical' enthalpy-driven 
processes [51-53]. Furthermore, the binding of inor- 
ganic alkaline earth cations such as calcium to acidic 
lipids in membranes does not depend on temperature 
[39] and occurs with little change in enthalpy (Lehr- 
mann and Seelig, unpublished data). 

We have not attempted to describe theoretically the 
entropy-driven binding of basic peptides to membranes 
because many complicating factors affect the reaction. 
For example, when a peptide binds to a membrane it 
moves from a three dimensional solution to a two 
dimensional surface and it must pay an entropy price; 
one can overestimate this entropy price by treating the 
peptide as a rigid rotator and calculating the loss of 
one translational and two rotational degrees of free- 
dom [54]. Other factors must contribute to the 
entropy-driven binding and overwhelm this term. For 
example, the binding of one pentavalent Lys 5 peptide 
to a membrane releases up to five monovalent counte- 
rions that were previously confined to the diffuse dou- 
ble layer. Another factor is 'residual entropy', which 
arises because only some of the basic residues on the 
peptide will be bound to an acidic lipid at any time. G. 
Weber (personal communication) calculates that this 



residual entropy should be important when the number 
of binding sites is large (e.g., 50), but not when the 
number is small (e.g., 5). Finally, the binding of the 
peptide could cause a decrease in the structure of 
water adjacent to the peptide and/or  membrane for 
three reasons. First, when two ions of opposite sign 
approach each other in an aqueous solution, the en- 
tropy of the solvent increases; the magnitude of this 
'long-range electrostatic entropy effect' is equal to the 
product of the Coulomb energy and dlner/dT where 
~'r is the dielectric constant of water and T is the 
temperature [55-57]. Second, when two simple inor- 
ganic ions such as Mg 2+ and SO42- form an ion pair, 
the number of free particles in the system increases 
because of the release of water molecules from the 
overlapping hydration shells [56]. Our pressure meas- 
urements suggest that this effect is not important for 
the binding of basic peptides to acidic lipids because 
the association appears to be of the 'loose' type (rather 
than the tight or contact ion or inner sphere type), with 
little change in the electrostriction of water molecules 
adjacent to the charges on the phosphate moiety of PG 
or the amino groups on the peptides *. Third, water 
molecules may be released from other portions of the 
peptide or the membrane if the association due to 
multiple electrostatic interactions produces a concomi- 
tant decrease in the solvent-accessible surface area. 
For example, Parsegian and coworkers report that 
about 60 water molecules are released from the oxy- 
genated form of hemoglobin when it changes its con- 
formation and decreases its accessible surface area 
upon release of oxygen [58]. In summary, we have 
shown that entropy drives the association of basic 
peptides and acidic lipids, but we cannot untangle the 
relative contributions of the above factors to this en- 
tropy-driven reaction. 
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