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Abstract The free energy of transfer of nonpolar solutes

from water to lipid bilayers is often dominated by a large

negative enthalpy rather than the large positive entropy

expected from the hydrophobic effect. This common

observation has led to the idea that membrane partitioning is

driven by the ‘‘nonclassical’’ hydrophobic effect. We

examined this phenomenon by characterizing the parti-

tioning of the well-studied peptide melittin using isothermal

titration calorimetry (ITC) and circular dichroism (CD). We

studied the temperature dependence of the entropic (-TDS)

and enthalpic (DH) components of free energy (DG) of

partitioning of melittin into lipid membranes made of vari-

ous mixtures of zwitterionic and anionic lipids. We found

significant variations of the entropic and enthalpic compo-

nents with temperature, lipid composition and vesicle size

but only small changes in DG (entropy–enthalpy compen-

sation). The heat capacity associated with partitioning had a

large negative value of about -0.5 kcal mol-1 K-1. This

hallmark of the hydrophobic effect was found to be inde-

pendent of lipid composition. The measured heat capacity

values were used to calculate the hydrophobic-effect free

energy DGhU, which we found to dominate melittin parti-

tioning regardless of lipid composition. In the case of

anionic membranes, additional free energy comes from

coulombic attraction, which is characterized by a small

effective peptide charge due to the lack of additivity of

hydrophobic and electrostatic interactions in membrane

interfaces [Ladokhin and White J Mol Biol 309:543–552,

2001]. Our results suggest that there is no need for a special

effect—the nonclassical hydrophobic effect—to describe

partitioning into lipid bilayers.

Keywords Heat capacity � Hydrophobic effect �
‘‘Nonclassical’’ hydrophobic effect

Introduction

Understanding biochemical processes such as membrane

protein folding, protein-mediated membrane fusion, trans-

membrane signal transduction and protein translocation

across membranes requires an understanding of the ener-

getics of protein insertion into and stability within lipid

bilayers. The major driving force for partitioning solutes

into nonpolar phases is universally assumed to be the

hydrophobic effect, which arises from the tendency of

nonpolar molecules to avoid contact with water. This

makes the hydrocarbon core of lipid bilayers a favorable

environment for nonpolar solutes (Tanford 1980). The

hydrophobic effect is generally considered to arise from the

release of ordered water molecules around the solute’s

nonpolar surface. Partitioning into lipid bilayers is much

more complicated than bulk-phase partitioning, owing

primarily to the anisotropic and heterogeneous nature of

bilayers (Huang and Charlton 1972; Schwarz and Bes-

chiaschvili 1989; Seelig and Ganz 1991; Simon et al. 1977;
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White 1976; Wiener and White 1992; Wimley and White

1993). This becomes apparent from the relative contribu-

tions of enthalpy and entropy to transfer free energies. For

bulk phases at room temperature, entropy arising from the

hydrophobic effect is dominant, whereas for bilayers

enthalpy is often dominant (Huang and Charlton 1972;

Seelig and Ganz 1991; Tanford 1980). This enthalpy-dri-

ven partitioning, referred to as the ‘‘nonclassical’’ hydro-

phobic effect (Huang and Charlton 1972; Seelig and Ganz

1991), appears to be a unique feature of solute–bilayer

interactions. The suggestion has even been made that

‘‘classical’’ hydrophobic partitioning may not be operative

in some, if not all, bilayers (Seelig and Ganz 1991).

However, the characterization of complex partitioning

processes in lipid bilayers in terms of entropy and enthalpy

alone can be misleading (Dill 1990; Murphy et al. 1990;

Wimley and White 1993). In considering hydrophobic

partitioning, it is important to realize that the true hallmark

of the hydrophobic effect is the large negative heat

capacity associated with the dehydration of nonpolar sur-

faces (Baldwin 1986). Following the approach of Wimley

and White (1993) for a series of indole compounds, we

show here that consideration of the heat capacity of mel-

ittin partitioning into bilayers eliminates the need to invoke

the nonclassical hydrophobic-effect idea.

Using isothermal titration calorimetry and circular

dichroism (CD) spectroscopy, we reexamined the bilayer

partitioning of the well-studied peptide melittin, which is

included in the group of peptides whose partitioning is

supposedly driven by the nonclassical hydrophobic effect

(Seelig 1997). We determined the temperature dependence

of the entropic (-TDS) and enthalpic (DH) components of

the partitioning free energy (DG) of melittin into lipid

membranes made of various mixtures of zwitterionic and

anionic lipids. Our results show that the hydrophobic effect

is the main driving force for partitioning, regardless of the

relative contributions of entropy and enthalpy.

Materials and Methods

Materials

Lipids were obtained from Avanti Polar Lipids (Alabaster,

AL), and melittin (sequencing grade) was from Sigma (St.

Louis, MO). The buffer, a 10 mM potassium phosphate

solution (pH 7.0), was used to reduce UV absorbance in

CD experiments.

Preparation of Vesicles

A defined amount of lipid in chloroform was first dried

under nitrogen and then overnight under high vacuum.

Typically, 1–2 ml of buffer (10 mM potassium phosphate

solution, pH 7.0) was added to the lipid and the dispersion

extensively vortexed. For preparation of small unilamellar

vesicles (SUVs), the lipid dispersion was sonicated in an

ice-water bath using a titanium tip ultrasonicator until

the solution became transparent. Metal debris from the

titanium tip was removed by centrifugation (Eppendorf

table-top centrifuge, 25 min at 10,000 rev/min). Large

unilamellar vesicles (LUVs) of the lipids with an approx-

imate diameter of 0.1 lM were formed by extrusion under

nitrogen through Nucleopore (Pleasanton, CA) polycar-

bonate membranes (10 times through two stacked 0.1-lm

filters), using the method of Mayer et al. (1986).

High-Sensitivity Titration Calorimetry

Isothermal titration calorimetry (ITC) was performed using

a MicroCal (Norhampton, MA) MC-2 high-sensitivity

titration calorimeter. Solutions were degassed under vac-

uum prior to use. The calorimeter was calibrated electri-

cally. In ITC experiments, the calorimeter cell (1.3 ml) was

filled with the suspension of lipid vesicles (*5 mM), and

injections of melittin (10 lL) were made every 4.5 min

with a 250-ll Hamilton (Reno, NV) syringe. The concen-

tration of melittin was around 100 lM. Under these con-

ditions, concentrations of lipid greatly exceed those of the

peptide during the whole titration experiment, and the

injected peptide is completely bound to the membrane

surface. Thus, each injection experiment produces the same

heat of reaction. Control experiments with injection of

buffer into buffer, buffer into lipid and melittin into buffer

were performed. Experiments were performed between 25

and 60�C. The heat of dilution was subtracted from the heat

determined in the corresponding peptide/lipid binding

experiments. Data were acquired using software developed

by Microcal.

CD and Absorbance Spectroscopy

CD measurements were performed using a Jasco-720

spectropolarimeter (Japan Spectroscopic, Tokyo, Japan).

Normally, 10–30 scans were recorded between 190 and

260 nm, using a 1-mm optical path. Spectra were corrected

for background scattering by subtracting a vesicle-only

spectrum measured with an appropriate concentration of

vesicles in buffer, without the peptide. Temperature was

controlled by a Peltier unit. Experiments were performed

between 5 and 60�C. UV absorbance was measured with a

Cary 3E spectrophotometer (Varian Analytical Instru-

ments, Sugar Land, TX). Molar concentrations were

determined using a molar extinction coefficient of

e280 = 5,600 M-1 cm-1 for tryptophan. Measured values

of ellipticity were converted into ellipticity per amino acid
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residue by dividing by the length of the optical path, molar

peptide concentration and number of amino acid residues

in the peptide. CD and absorbance were measured in the

same cuvette in order to minimize errors in determination

of molar ellipticity.

The fractional helical content (fa) of melittin can be

estimated using the formula

fa ¼ H�HRC=HH �HRC ð1Þ

where H is observed ellipticity and HRC and HH are the

limiting values for a completely random coil and a

completely helical conformation, respectively. Although

this formula is simple and well accepted, there is a certain

ambiguity in the result due to the uncertainty in prediction

of what the actual values for HRC and HH should be. Here,

we used the formula derived by Luo and Baldwin (1997):

HRC ¼ 640� 40T ð2Þ
HH ¼ �42; 500þ 125T ð3Þ

where T is the experimental temperature. Quantitatively, a

melittin molecule, bound to a lipid membrane at 25�C,

shows a conformation with *70% a-helical content cor-

responding to 18–19 amino acids, which is in good

agreement with previous results (Ladokhin and White

1999; Vogel 1981).

Changes of the CD signal depending on the lipid con-

centration can therefore be used to determine quantitatively

the relevant association isotherm, i.e., the amount of

associated peptide for lipid as a function of the free

aqueous peptide concentration.

Calculated CD Spectra

Calculated CD spectra for melittin bound 100% to LUVs

and SUVs were obtained from the spectra for 0 and 5 mM

lipid concentrations. The fraction of melittin bound at

5 mM was estimated to be 70% for LUVs and 95% for

SUVs, based upon the measured partitioning free energy,

DG. The contribution of the free peptide was subtracted

(30% for LUVs, 5% for SUVs) from the spectra measured

in the presence of 5 mM lipid in order to estimate the

spectra for 100% binding.

Data Analysis

The free energies of transfer DG of melittin were deter-

mined from the mole fraction partition coefficient KX using

DG = -RTlnKX. KX is the mole fraction partition given by

KX ¼
½P�bil=½L�
½P�water=½W �

ð4Þ

where [P]bil and [P]water are the bulk molar concentrations

of peptide attributable to peptide in the bilayer and water

phases, respectively; [L] and [W] are the molar

concentrations of lipid and water (55.3 M). Given that

[P]total = [P]bil ? [P]water, one can easily show that

fp ¼
KX½L�

½W � þ KX½L�
ð5Þ

where fp is the fraction of peptide bound. KX was deter-

mined by least-squares fitting of Eq. 5 to plots of fp against

[L] using the Origin 7.0 software package (OriginLab,

Northampton, MA).

The fraction of peptide bound was determined by titra-

tion measurements using CD measurements, described in

detail by White et al. (1998):

Hnorm ¼ 1þ Hm � 1ð Þ KX½L�
½W � þ KX½L�

ð6Þ

where Hnorm is the normalized molar ellipticity of the

peptide and Hm is the increase in the normalized molar

ellipticity of the peptide upon binding to in the membrane.

The partition coefficient at 25�C, the van’t Hoff

enthalpy and the heat capacity change were evaluated

according to the van’t Hoff relationship (Naghibi et al.

1995):

ln Ka;T ¼ ln Ka;ref �
DHref

R
ð1
T
� 1

Tref

Þ þ DCp

R
½ðTref � T

T
Þ

þ ln
T

Tref

�

ð7Þ

in which Ka,T is the association constant at temperature T,

Ka,ref and Tref refer to an arbitrary reference temperature

near the middle of the range of the data (298 K), DHref is

the enthalpy change at Tref and DCp is the change in heat

capacity (assumed to be constant over the experimental

range of temperature).

All fits of experimental data to equations were per-

formed with Origin 7.0. ITC data were acquired by com-

puter using software developed by Microcal.

Results

CD Experiments

The secondary structure and the free energies of melittin

partitioning into LUVs formed from mixtures of 1-palmi-

toyl-2-oleoyl-sn-glycero-3phosphatidylcholine (POPC) and

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

(POPG) (0%, 10%, 25% and 50%) at different tempera-

tures (5, 15, 25, 40, 50 and 60�C) were determined using

CD spectroscopy. Typical titration data obtained by CD are

shown in Fig. 1 for melittin partitioning into POPC mem-

branes. Melittin in solution has a random coil structure,
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whereas upon partitioning into lipid membranes it adopts a

characteristic a-helix ellipticity at 222 nm that progres-

sively increases with increasing lipid concentration. Molar

ellipticity at 222 nm was used to determine quantitatively

partitioning isotherms, which were fit by least-squares

minimization to obtain the maximum ellipticity (Hm),

mole-fraction partition coefficients (KX) and consequently

DG, as described in Materials and Methods. Care was taken

to assure that KX was measured at very low peptide con-

centrations, typically no higher than one bound peptide

molecule per 100 lipid molecules, in order to avoid non-

ideal behavior and especially anticooperative binding in the

case of charged peptides (Ladokhin et al. 1997; White et al.

1998).

Titration of melittin with vesicles of different diameters

(LUVs and SUVs) resulted in clearly different POPC par-

titioning (data not shown): DG = -7.2 kcal mol-1 for

SUVs and DG = -6.2 kcal mol-1 for LUVs. This differ-

ence cannot be attributed to differences in melittin structure

because CD spectra calculated for melittin completely

bound to SUVs and LUVs are identical (Ladokhin et al.

2010). Higher partitioning into SUVs has been observed for

a number of peptides, including melittin, using other

methods of detection (Ladokhin et al. 2000) and is likely

related to relief of asymmetric bilayer tension arising from

high curvature (see also the discussion of ITC results

below).

The free energy of partitioning of positively charged

melittin into negatively charged POPC:POPG vesicles

increases with POPG concentration, due to electrostatic

contributions. The free energy of partitioning of unfolded

melittin into the bilayer interface of POPC vesicles has

been estimated by various methods to be -6 to -7 kcal -

mol-1 using mole-fraction partition coefficients

(Beschiaschvili and Baeuerle 1991; Kuchinka and Seelig

1989; Ladokhin et al. 2000; Ladokhin and White 1999;

Schwarz and Beschiaschvili 1989; Vogel 1981). Consistent

with these data, we found DG = -6.2 (±0.1) kcal mol-1

for POPC and DG = -7.50 (±0.05) kcal mol-1 for

POPC50:POPG50, both measured at 25�C. The complete

results of free energy measurements using several lipid

compositions and for temperatures ranging from 25 to

60�C are presented in Table 1.

The molar ellipticity at 25�C for POPC corresponds to a

peptide helical fraction fa of 0.71, in agreement with pre-

vious results (Ladokhin and White 1999; Vogel 1981). For

POPC90:POPG10, POPC75:POPG25 and POPC50:POPG50,

the values of fa obtained at 25�C were 0.71, 0.73 and 0.71,

respectively. The overall folding of melittin into different

lipid mixtures over a range of temperatures is very similar

(see Fig. 2); the helicities are maximal near room tem-

perature (*25�C) and decrease in both directions away

from room temperature. For instance, when melittin is

titrated with pure POPC at 5�C, the helical fraction of

peptide (or the fraction of peptide bound) decreases to

&0.57. In the other direction, the fraction of peptide bound

to pure POPC at 60�C is &0.63. This behavior was very

similar for all of the mixtures studied, showing that the

peptide binds in similar ways to the different mixtures of

lipids. The fraction of peptide bound for POPC50:POPG50

at 5�C was &0.57 and that at 60�C was &0.58. It is also

important to note the existence of an isodichroic point at

204 nm for the whole range of temperatures studied (e.g.,

Fig. 1), indicating that the peptide exists in two states

(helical and coiled).

ITC Measurements

The enthalpies of melittin partitioning into SUVs and

LUVs composed of various fractions of POPC and POPG

were determined with high-sensitivity titration calorimetry

by injecting small amounts of peptide solution into lipid

suspensions of defined lipid concentration. Figure 3 shows

the result of injecting 10-ll aliquots of a 100-lM melittin

solution into a suspension of 5 mM POPC and POPC50:-

POPG50 LUVs and SUVs at 25�C. Because of the large

lipid-to-peptide ratio, the injected peptide was completely

bound to the membranes, as indicated by virtually identical

heats for consecutive injections. Injections of peptide into

buffer and buffer into lipid were done as control, but in

these cases the heats of dilution were very small and, thus,

neglected.

For POPC LUVs, a positive endothermic enthalpy

change was obtained, whereas for POPC SUVs a negative

exothermic enthalpy change was found. Before corrections,

a value of &11 kcal mol-1 for POPC LUVs was obtained,

while for POPC SUVs the value was &-10 kcal mol-1.

190 200 210 220 230 240 250 260
-30

-20

-10

0

10

20

30

40

wavelength (nm)

Θ
 [

d
eg
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m

2  
d

m
o

l-1
] 

× 
10

-3 28 µM melittin
25° C

+1 mM POPC

+5 mM POPC

Fig. 1 CD measurements of partitioning-folding coupling of mem-

brane interactions of melittin. Titration with POPC LUVs results in

progressive formation of a-helical conformation. The existence of an

isodichroic point at 204 nm indicates the existence of only two

conformations: unfolded peptide in solution and folded peptide in the

membrane. Binding isotherms based on measurements of ellipticity at

222 nm during titration of melittin with vesicles are used to determine

helical content (Fig. 2) and the free energy of partitioning (Table 1)
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Also, for the mixture POPC50:POPG50, a more exothermic

enthalpy value was found when SUVs were used. For

POPC:POPG mixtures, it has been shown that free energies

of transfer depend strongly on vesicle curvature so that

partition coefficients can be anomalous for the smallest

vesicles (Greenhut et al. 1986; Plager and Nelsestuen 1994;

Seelig and Ganz 1991). This is an indicator that SUVs are

metastable and therefore unsuitable for thermodynamic

measurements.

When the lipid headgroup in LUVs is changed from

zwitterionic to a mixture of zwitterionic and negatively

charged, the membrane association of the peptide became

enthalpy-driven (Fig. 3a, c), suggesting that the partition-

ing mechanisms for charged and uncharged lipids are dif-

ferent. However, as seen in Fig. 2, the helical content of all

mixtures was similar over the range of temperatures stud-

ied. This suggests that the overall partitioning of melittin

into the different mixtures is similar for all the cases.

Thermodynamic Analysis

The temperature dependence of melittin binding to bilayers

is presented in Fig. 4a. Partition coefficients increase with

temperature up to 25�C and then decrease with further

temperature increases to 60�C. Each of the points repre-

sents a separate titration of melittin into the lipid mem-

brane at a given temperature. van’t Hoff analysis of the

partitioning data (Fig. 4a) yields concave-downward

curves, as expected for negative changes in heat capacity.

At 25�C, lnKX increases with the concentration of POPG

because the binding is enhanced by increasing concentra-

tions of the negatively charged lipid. The important point is

the heat capacity change is negative and very large, which

is characteristic of the hydrophobic effect. Moreover, it

was very similar for all the mixtures. We obtained a value

of approximately -0.5 kcal mol-1 K-1 for all lipid

mixtures.

Table 1 Thermodynamic parameters for melittin binding to different mixtures of POPC and POPG, ranging 0–50%

POPC (%) POPG (%) T (�C) DG (kcal mol-1) DHcal (kcal mol-1) -TDS (kcal mol-1) DCp (kcal mol-1 K-1)a DCp (kcal mol-1 K-1)b

100 0 25 -6.2 (±0.1) 20 (±2) -26 (±2)

40 -6.1 (±0.1) 6.2 (±1.6) -12.3 (±1.6) -0.61 (±0.06) -0.60 (±0.06)

50 -5.9 (±0.1) 0.3 (±1.4) -6.2 (±1.4)

60 -6.0 (±0.1) -2.8 (±1.3) -3.2 (±1.3)

90 10 25 -6.8 (±0.1) -0.9 (±1.5) -5.9 (±1.5)

40 -6.95 (±0.06) -4.7 (±0.9) -2.25 (±0.9) -0.34 (±0.03) -0.47 (±0.05)

50 -6.7 (±0.1) -10 (±1) 3.3 (±1)

60 -6.77 (±0.05) -12.5 (±1.1) 5.73 (±1.1)

75 25 25 -7.12 (±0.03) -2.7 (±0.6) -4.42 (±0.6)

40 -7.16 (±0.04) -10.4 (±0.8) 3.24 (±0.8) -0.56 (±0.04) -0.35 (±0.05)

50 -7.28 (±0.08) -15.6 (±0.4) 8.32 (±0.4)

60 -7.34 (±0.08) -22.4 (±1.1) 15.06 (±1.1)

50 50 25 -7.50 (±0.05) -4.7 (±1) -2.8 (±1)

40 -7.82 (±0.04) -10.9 (±1) 3.08 (±1) -0.58 (±0.03) -0.33 (±0.04)

50 -7.97 (±0.03) -16.7 (±1.1) 8.73 (±1.1)

60 -8.01 (±0.06) -25 (±1.5) 16.99 (±1.5)

Data were obtained from ITC experiments and CD experiments. DG is the free energy of the partitioning obtained by means of CD spectroscopy;

DHcal is the calorimetric enthalpy obtained from titration of LUVs with melittin; DCp is the heat capacity change obtained by the slope of the

temperature dependence of the enthalpy; -TDS corresponds to the value obtained from the formula DG = DH - TDS. Values in parentheses are

joint confidence limits
a DCp obtained by measurements of enthalpy at different temperatures
b DCp obtained by van’t Hoff analysis

temperature (°C)
0 10 20 30 40 50 60

h
el

ic
it

y 
(f α

)

0.78

0.72

0.66

0.60

0.54

0.48

POPC:POPG (90:10)

POPC:POPG (75:25)

POPC:POPG (50:50)

POPC

Fig. 2 Temperature dependence of helical content of melittin upon

binding to different lipid mixtures. The overall binding of melittin

into different lipid mixtures is similar for all temperature ranges

M. Fernández-Vidal et al.: Hydrophobic Partitioning of Peptides 9

123



Another way to obtain the heat capacity change is by

analyzing the temperature dependence of the calorimetric

enthalpy, as presented in Fig. 4b. Enthalpy decreases lin-

early with temperature in all cases and can be fitted to the

following equation:

DH Tð Þ ¼ DHðTmÞ þ CpðT � TmÞ ð8Þ

The slopes of the curves represent the heat capacity

change. In the case of POPC, around 70% of the injected

peptide was membrane-bound (deduced from the binding

curve obtained by CD measurements). Therefore, the

enthalpy of binding to pure POPC has to be scaled to

100% peptide binding; this yields an endothermic value of

20 (±2) kcal mol-1. This correction is not necessary in the

case of the mixtures of POPC and POPG because in the

presence of the negatively charged lipid complete binding is

confirmed by the CD titration data. For every experiment,

control titrations of peptide into buffer and lipid into buffer

were performed and subtracted when necessary. Table 1

shows the thermodynamic results obtained from ITC

experiments. At 25�C, the enthalpy changes DH were 20

(±2) kcal mol-1 for POPC, -0.9 (±1.5) kcal mol-1 for

POPC90:POPG10, -2.7 (±0.6) kcal mol-1 for POPC75:

POPG25 and -4.7 (±1) kcal mol-1 for POPC50:POPG50.

This shows that increasing the concentration of negatively

charged lipid decreases the enthalpy, going from an

endothermic enthalpy for POPC to an exothermic value

for POPC50:POPG50. We obtained a very large negative heat

capacity change for all lipid mixtures, which is in agreement

with the values obtained from the van’t Hoff analysis,

around -0.5 kcal mol-1 K-1 (see Table 1).

Figure 5 shows the dependence of the observed free

energy, DGobs, on surface potential, u, of melittin, which

has an electrical valence of 5–6. DGobs varies linearly with

u, computed from Gouy-Chapman theory (see, e.g., Ben-

Tal et al. 1996; Ladokhin and White 2001). The slope gives

the effective charge of melittin, using the definition

DGES = zeffFu, where zeff is the effective charge of the

peptide and F is the Faraday constant. In this case, a very

small effective charge of approximately 1 was obtained (a

value of &2 is found in the literature [Beschiaschvili and

Baeuerle 1991]). Therefore, the lipid ‘‘senses’’ a much

lower charge than the formal valence of 5–6. The elec-

trostatic attraction is not as high as expected from the net

C

A B

D

Fig. 3 Titration calorimetry of LUVs (left panels) and SUVs (right
panels) of 5 mM POPC or 3 mM POPC:POPG (50:50) mixture with a

0.1 mM solution of melittin. Titration calorimetry of a LUVs and

b SUVs of POPC and POPC50:POPG50 with melittin at 25�C. These

panels display the heat flow measured after injection of 10-ll aliquots

of peptide solution into the calorimeter cell (1.3469 ml) containing a

lipid dispersion at a concentration of about 5 mM. Graph shows the

calorimetry tracing; upward peaks denote endothermic reactions and

downward peaks, exothermic reactions. These graphs yield the heats

of reaction as evaluated from the areas underneath the calorimeter

tracings (c and d for LUVs and SUVs, respectively). In these

experiments, the lipid concentration greatly exceeds that of the

peptide, causing the heat of reaction to be practically identical for all

injections. Variations in vesicle size and composition result in

dramatic changes in the heat of reaction
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charge of melittin. This may explain why Beschiaschvili

and Seelig (1990) obtained lower binding constants than

we report here. They corrected the free energy of binding

to account for the electrostatic component, using the full

formal peptide charge in order to arrive at the hydrophobic

component. The net effect of this approach is to overcor-

rect for the electrostatic effect and, consequently, to

underestimate the hydrophobic effect. It has been shown

that other peptides, e.g., indolicidin variants (Ladokhin and

White 2001), ion-channel blockers of the inhibitor cys-

teine-knot structural family (Posokhov et al. 2007) or

polylysine peptides (Ben-Tal et al. 1996), do not obey the

electrostatic ideal. Therefore, as Ladokhin and White

(2001) found, electrostatic and hydrophobic interactions

are not additive in most cases. Indeed, they found a sys-

tematic inverse coupling between hydrophobic and elec-

trostatic interactions: Increases in hydrophobicity are

accompanied by decreases in the effective charge.

Discussion

The free energy of transfer of nonpolar solutes from water

to lipid bilayers is often dominated by a large negative

enthalpy rather than the large positive entropy expected

from the hydrophobic effect. This common observation has

led to the idea that bilayer partitioning requires invocation

of the ‘‘nonclassical’’ hydrophobic effect (Seelig and Ganz

1991), which we examined here through measurements of

the thermodynamics of melittin partitioning using ITC and

CD spectroscopy.

Our thermodynamic analysis of the interaction of mel-

ittin with lipid membranes is summarized in Fig. 6. The

temperature dependence of the enthalpic (DH) and entropic

(-TDS) contributions to the free energy of the partitioning

of melittin into zwitterionic (POPC) and anionic

POPC50:POPG50 mixtures are shown in Fig. 6a. There are

significant changes in the entropic and enthalpic compo-

nents with both temperature and lipid composition. How-

ever, some trends can be clearly identified. For example,

the slopes of temperature dependence for either enthalpic

(solid lines) or entropic (dashed lines) components are

essentially the same for the two lipid compositions. The

latter similarity, and not the difference in the values at any

given temperature, characterizes the essential features of

thermodynamic behavior of the system, as revealed though

the following analysis of heat capacity.

The contribution of the hydrophobic effect can be dis-

tinguished from thermodynamic contributions of the

bilayer (bilayer effect) by means of the measured values of

heat capacity using the equations (Baldwin 1986; Murphy

et al. 1990; Wimley and White 1993)
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Fig. 4 a van’t Hoff analysis of the binding of melittin to the lipid

membrane obtained by CD titration. van’t Hoff plot of lnKa vs. 1/T for

melittin binding different lipid mixtures: POPC, POPC:POPG (90:10)

POPC:POPG (75:25) and POPC:POPG (50:50). Each point plotted is

from a separate fit to individual binding titration experiments. van’t

Hoff curves are concave-downward for both directions, indicating a

negative change in heat capacity. b Temperature dependence of the

enthalpy of melittin partitioning into LUVs at different lipid content.

In all cases, enthalpy decreases with temperature. The slope of the

curves gives the change of heat capacity, which is negative and

similar for all cases, about -0.5 kcal/molK
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Fig. 5 Experimentally determined free energies of partitioning (DG)

of melittin into LUVs formed from mixtures of POPC and POPG,

ranging 0–50% POPG. Data are plotted against surface potential (u)

computed from Gouy-Chapman theory. The slopes of the curves

indicate a small value for the effective charge, consistent with a lack of

complete additivity of hydrophobic and electrostatic interactions on

membrane interfaces (Ladokhin and White 2001; Posokhov et al. 2007)
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DHh/ ¼ ðT � ThÞDCp ð9Þ

DSh/ ¼ lnðT=TsÞDCp ð10Þ

where Th and Ts are the values of temperature at which

DHh/ and DSh/, respectively, have a bulk-phase transfer

value of 0. For POPC, Th and Ts are 326 K and 336 K,

respectively; for POPC90:POPG10, 296 and 316 K; for

POPC75:POPG25, 294 and 306 K; and for POPC50:

POPG50, 292 and 305 K. The contribution of the

hydrophobic effect to the free energy of partitioning can

be calculated using the formula

DG ¼ DCpðT � ThÞ � TDCplnðT=TsÞ ð11Þ

Using this approach, we calculated a hydrophobic free

energy for POPC at 25�C of -4.88 (±2.83) kcal mol-1.

The total free energy for the partitioning of melittin into

POPC at that temperature is -6.2 (±0.1) kcal mol-1,

meaning that the contribution of the hydrophobic effect

is approximately 79% of the total free energy. DGh/ =

-6.68 (±0.22) kcal mol-1 for POPC90:POPG10 at 25�C.

For POPC75:POPG25 and POPC50:POPG50 at 25�C, the

values are -6.87 (±0.30) and -7.50 (±0.52) kcal mol-1,

respectively.

Despite the significant variation in the entropic and en-

thalpic components with both temperature and lipid com-

position observed (Fig. 6a), the total changes in free energy

(Fig. 6b) are much smaller, due to entropy–enthalpy com-

pensation. When the lipid headgroup is changed from

zwitterionic to a mixture of zwitterionic and anionic, the

membrane association of the peptide became enthalpy-dri-

ven. This is a very different result from that of Seelig and

Ganz (1991), who concluded that binding enthalpy appeared

to be independent of the charge. In their case, however, they

performed all the experiments with SUVs. Also, as we show

in Fig. 3, the enthalpy changes sign in the experiments

performed with POPC LUVs and SUVs. However, the large

negative heat capacity is independent of lipid composition

(we found a value of approximately -0.5 kcal mol-1 K-1

for all mixtures), as expected for the hydrophobic effect.

The heat capacity values were used to calculate the hydro-

phobic free energy, which is largely invariable and domi-

nates the total free energy of melittin–bilayer interactions.

Additional free energy in the case of anionic membranes

comes from coulombic attraction and is characterized by a

small effective charge of the peptide, as expected from the

lack of additivity of hydrophobic and electrostatic interac-

tions in membrane interfaces (Ladokhin and White 2001;

Posokhov et al. 2007). A likely explanation for the nonad-

ditivity is thermodynamic contributions arising from the

bilayer’s contribution to partitioning (Wimley and White

1993).

We show that the thermodynamics of melittin parti-

tioning depends upon bilayer composition; it is entropy-

driven for partitioning into POPC but enthalpy-driven for

partitioning into POPC50:POPG50. Therefore, one might

assume that only the binding of melittin to POPC is due to

the hydrophobic effect, whereas binding to POPC:POPG is

mostly due to electrostatic interactions. However, that

assumption would not be correct because the heat capacity

change, which is a measure of the hydrophobic effect, is

the same for all mixtures, within experimental uncertain-

ties. Therefore, the contribution of the hydrophobic effect

is similar for all mixtures, even those containing POPG.
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Fig. 6 Summary of the thermodynamic analysis of interaction of

melittin with lipid membranes. a Temperature dependence of the

enthalpic (DH) and entropic (-TDS) contributions to the free energy

of partitioning of melittin into zwitterionic (POPC) and anionic

(POPC50:POPG50) membranes. b Temperature dependence of the

total free energy (DG) and the hydrophobic component of the free

energy (DGh/) for partitioning of melittin into zwitterionic and

anionic LUVs. Errors of the free energy DG are approximately of the

size of the symbols. Errors in the DGh/ (shown as bars) are larger due

to the errors in determination of heat capacity (Eq. 7). Despite the

significant variation of the entropic and enthalpic components with

both temperature and lipid composition (a), the total changes in free

energy (b) are much smaller, due to entropy–enthalpy compensation

[note that the scale in (b) is almost four times that of (a)]. The large

negative heat capacity, which corresponds to the slope of the solid

lines in (a), is independent of lipid composition and a good hallmark

of the hydrophobic effect. It can be converted into hydrophobic free

energy, DGh/, which is largely invariable and dominates the total free

energy (b)
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Consequently, the hydrophobic effect must be the main

driving force for partitioning melittin into zwitterionic and

mixtures of zwitterionic and negatively charged lipids,

despite the domination of the enthalpy or entropy compo-

nents of partitioning free energy in particular cases.

Seelig and Ganz (1991) also found a large value for the

heat capacity, characteristic of the hydrophobic effect; but

they suggested that the classic hydrophobic effect and the

nonclassic hydrophobic membrane partitioning equilibria

differ with respect to the temperature dependence of the

heat capacity. They did not, however, measure or calculate

this temperature dependence. Heat capacity is normally

assumed to be constant over the temperature. They also

suggested that the observed negative enthalpy values

mainly reflect the van der Waals interaction energy

between the hydrophobic residues of the solute and the

hydrophobic core of the membrane. Wieprecht et al. (2000)

calculated the contribution of the nonclassical hydrophobic

effect estimated by DHtotal - DHhelix and found a value

between -5 and -10 kcal mol-1. They concluded that

there are three forces driving amphipathic peptides into

lipid vesicles: the hydrophobic effect, the coil–helix tran-

sition and the nonclassical hydrophobic effect, relating this

last to the negative value of the enthalpy. However, is this

relationship between enthalpy and the nonclassical hydro-

phobic effect real? Is the nonclassical effect really a spe-

cific effect, or is it the sum of different effects? Wimley

and White (1993) showed that the hydrophobic effect is

central to bilayer partitioning, but one must consider the

relative contribution of bilayer energetics to partitioning

(bilayer effect). We suggest that the nonclassical hydro-

phobic effect is in reality the bilayer effect. The bilayer is

not equivalent to a bulk phase. Structurally, it sits in a free

energy minimum resulting from the balance of diverse

molecular interactions. Because even very low concentra-

tions of bound peptides cause significant changes in bilayer

thickness (Hristova et al. 2001; Ludtke et al. 1995), it is

reasonable to assume that the presence of bound peptides

disturbs this balance, with thermodynamic consequences.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.
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