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Abstract. Throughout the life span of a lipoprotein particle, 
the type and number of exchangeable apolipoproteins on its 
surface varies with particle size, suggesting a role of surface 
curvature on the lipid-binding properties of these proteins. 
Peptides 18A, Ac-18A-NH2, Ac-18R-NH2, 37pA, and 37aA 
have been designed to investigate the lipid-binding properties 
of the amphipathic a-helix structural motif that appears to 
modulate the lipid-binding properties of the exchangeable 
plasma apolipoproteins. We report here the results of a quan- 
titative thermodynamic characterization of the effects of mod- 
ifying helix length and ofvarying both the location of charged 
residues about the polar face of the peptides and vesicle size 
on the lipid affinity and depth of bilayer penetration for 
model amphipathic a-helices. Partition coefficients, K,, were 
determined by fluorescence spectroscopy, and binding en- 
thalpies, AH, by titration calorimetry. The results indicate that 
K, values are on the order of lo', with similar AGO values for 
the interactions of the peptides with vesicles of various sizes. 
It appears that a class A motif and increased a-helical content 
optimize binding for 18-residue peptides. The interactions of 
the model peptides with 20 nm S U V  are enthalpically driven 
with small, negative entropy changes; however, interactions 
for larger vesicles are entropically driven, likely due to disor- 
dering of bilayer hydrocarbon chains. Thermodynamic data 
indicate that 37pA and 37aA induce greater disordering of 
bilayer hydrocarbon chains than Ac-18A-NH2.iI The results 
of this study suggest that the type of interaction, i.e., enthalpi- 
cally or entropically driven, may be modulated by the lateral 
compressibility of the bilayer membrane.-Gazzara, J. A., 
M. C. Phillips, S. Lund-Katz, M. N. Palgunachari, J. P. Se- 
grest, G. M. Anantharamaiah, w. V. Rodrigueza, and J. w. 
Snow. Effect of vesicle size on their interaction with class A 
amphipathic helical peptides. .j. Lipid RES. 1997. 38: 2147- 
2154. 

Supplementary key words amphipathic helix phospholipid vesicles 
fluorescence calorimetly circular dichroism internal bilayer 

tension area compressibility 

We have reported the results of a quantitative ther- 
modynamic characterization of the interaction of five 

amphipathic model peptides with 20 nm small unila- 
mellar vesicles ( S U V )  (1). These peptides were chosen 
such that the effects of varying the location of charged 
residues about the polar face of the helix and of modi- 
fying helix length o n  the lipid affinity and depth of bi- 
layer penetration could be determined. The  results in- 
dicated that the interactions constitute an enthalpically 
driven event which is consistent with results observed 
by others for interaction between highly curved phos- 
pholipid bilayers and amphipathic ligands (2, 3) .  The 
peptides 18A, Ac-l8A-NH2, Ac-18R-NH2, 37pA, and 
37aA have been designed to investigate the lipid-bind- 
ing properties of the amphipathic a-helix structural 
motif which appears to modulate the lipid-binding 
properties of the exchangeable plasma apolipoproteins 
(4-6). Throughout the life span of a lipoprotein parti- 
cle the type and number of exchangeable apolipoprot- 
eins o n  its surface vanes with particle size, suggesting a 
role of particle surface curvature o n  the lipid-binding 
properties of exchangeable apolipoproteins. The  size, 
thus degree of curvature, of a lipid particle is known to 
affect the lateral compressibility of the bilayer, which is 
inversely related to the internal tension of the bilayer 
(3) ,  which is related to intermolecular potential energy 
between phospholipid molecules. Binding of an  amphi- 
phile to a bilayer is very likely confined to the surface 
in order to prevent unfavorable interactions between 
the hydrophobic interior of the bilayer and the hydro- 
philic portion of the ligand. Some penetration is ex- 

Abbreviations: CD, circular dichroism; DMPC, 1,2-dimyristoyl- 
sn-glycero-3-phosphocholine: EDTA, ethylenediamine-tetraacetate: 
ea., entropy unity; K,, partition coefficient; LLJV, large unilamellar 
vesicle: MLV, multilamellar vesicles; POPC, 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine; S W ,  small unilamellar vesicle. 
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pected, however, of the hydrophobic portion of the li- 
gand with resulting increases in the surface area and 
internal energy. An increase in lateral compressibility 
should minimize the increase in internal enerky and 
therefore facilitate penetration of peptides or proteins 
into the bilayer (7). Also, particle size is known to affect 
the conformation of the apolipoprotein molecules (8). 
For example, apolipoprotein A- 1 changes confornia- 
tion as high density lipoproteins evolve from a disc into 
a spherical particle. However, wry little is known about 
structural changes involved in this conformational 
change. Therefore the size of a lipid particle may be an 
important regulatory parameter in the distribution and 
conformation of apolipoproteins among the various 
classes of lipoproteins (9). 

This study was performed with the synthetic phospho- 
lipid, l-palmitoyl-2-oleoyl-.,r2-glycero-3-ph~~sphocholiii~~ 
(POPC), which was used to prepare 50, 100, and 200 
nrn large unilamellar vesicles (LUV). Fluorescence 
spectroscopy was used to monitor the binding process. 
Ultrasensitive titration calorimetry was utilized to detei- 
mine the enthalpy of interaction for the peptides at 
25°C. We report here the results of a quantitative ther- 
modynamic characterization of the effects o f  mod 
the above-mentioned structural properties of these 
model peptides on their lipid affinity and depth of bi- 
layer penetration for vesicles of different, well-defined, 
sizes. The results of this study suggest that the type of 
interaction can be either eiithalpically or entropically 
driven, depending on vesicle size, and may be modw 
lated by the lateral compressibility of the bilayer. 

MATERIALS AND METHODS 

Materials 

Peptides 18A, Ac-18A-NH2, Ac-lSK-NH,, 37pA, and 
37aA were synthesized and purified by solid-phase 
methods as described previously (10-12). 1-Palmitoyl- 
2-oleoyl-sn-glycero-3-phosphocholine was purchased 
from Avanti Polar Lipids, Inc. (Alabaster, AI,) and used 
without further purification. Sodium chloride, diso- 
dium ethylenediamine-tetraacetate (EDTA), sodium di- 
hydrogen phosphate monohydrate, and anhydrous so- 
dium hydrogen phosphate were purchased from Fisher 
Scientific Conipany (Fair Lawn, NJ) . Acrylamide (purity 
> 99.9%1) and guanidine hydrochloride (purity 2 99%) 
were ohtailled from Bio-Rad (Richmond, (:A) and 
Gibco BRL (Gaithersburg, MD) , respectively. Indole 
and (1s)-( +)-10-camphorsulfonic acid were purchased 
from Sigma Chemical C h .  (St. Louis, MO). 

Preparation of peptide solutions and phospholipid 
vesicles 

All experiments were conducted using phosphatc- 
buffered saline (pH 7.4). Preparation of peptide solri- 
tions was performed as described previously (1). Vcsi- 
cles were prepared as follows. Several aliquots of ;I solu- 
tion of POPC in chloroform (20 mg/ml) were placed 
in a 15-mL Corex test tube. After each addition, the 
chloroform was removed under a stream of NL'. leaving 
a thin film of lipid on the walls of the tube. Any re- 
inaining solvent was removed by drying under v ; ~ ~ i u i n  
at 4OoC for 2 h. The dried lipid was hydrated with a 150 
IIIM NaC1, 1 mM EDTA solution and the suspension was 
vortexed to generate multilamellar vesicles (MLS) . Uni- 
lamellar vesicles were prepared from MI N by  extru- 
sion to produce L,UV. Extrusion was carried oul using 
a 1 0-mI, Lipex Bioinembranes Extruder equipped with 
a 5vater:jacketed thermobarrel ( 13). ML,V were sized 
through two stacked polycarbonate filters o f  tiefined 
pore size to produce 50, 100, and 200 nin vesicles ( 13, 
14). It is important to note here that vesicles prepared 
by extrusion are named according to  the filter pore size 
usrd i n  their preparation. However, typical Gau 
analyses of quasi-elastic light scattering for 50,  100, ant1 
200 nm vesicles indicate mean diameters of 76  t 20, 
134 t 33, and 209 5 69 rim, respectively. 

The molecular weight of the vesicles was calculatrtl 
using the following formula (15) 

where is the external radius in cm, d is the bilayer 
thickness (2.94 X lo-' cm), N is Avogadros number, V, 
is the partial specific volume of egg phosphatidylcho- 
line (0.9986 cm'/g), and p is the specific volume ofwa- 
ter (1 cm"/g). The phospholipid concentration was de- 
termined spectrophotometrically by measuring the 
absorbance at 254 nm ( ~ ~ ~ ~ ( 5 0  nm = 519 M - '  cni I ;  100 
nm = 1380 M - '  cm' ' ;  200 nm = 2200 M - '  c m - ' ) )  with 
a Perkin-Elmer Lambda-6 spectrophotometer. This 
spectrophotometric assay was compared to a phospho- 
rus assay (15) and was f'ound to agree with it. The con- 
centration of vesicles was calculated by dividing the coli- 
centration of lipid by the- number of moles of POP(: per 
yesick (50 nrn = 6.8 x 10'; 100 nm = 2.9 x IO'; 200 
rim = 1.2 X 10"). 

Spectroscopy and calorimetry 
Fluorescence spectroscopy, circular dichroism (<:I)), 

and titration calorimetry methods were performed as  
described previously ( 1 ) . 
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Treatment of data 

Experimental parameters determined by either non- 
linear curve fitting or initial slope method were ob- 
tained using the Marquardt-Levenberg algorithm, with 
the SigmaPlot software package by Jandel Scientific 
(San Rafael, CA) . The corresponding standard devia- 
tions, 0, were calculated from the standard error of the 
fit and the number of data points, n, from 0 = standard 
error dn. Precision of parameters was confirmed by re- 
peating experiments three times. Standard deviations 
of parameters calculated from experimental parame- 
ters were determined by calculating the propagated 
errors. 

RESULTS 

The binding isotherms in Fig. 1 demonstrate that the 
normalized parameter, F1/FB, where FI is the fluores- 
cence intensity of the peptide in the presence of lipid 
and FK the fluorescence intensity of the peptide in 
buffer, is typically saturable. However, although parti- 
tioning for the 37-residue peptides was observed with 
all vesicles, there is no evidence of peptide-bilayer inter- 
actions for 18A and Ac-18R-NH2 for vesicles of any size, 
nor for Ac-18A-NH2 with 200 nm vesicles. To ensure 
that major structural rearrangements such as disc for- 
mation were not occurring during the experiments con- 
ducted in this study, we performed gel filtration con- 
trols during which we observed no differences in 
migration patterns between tritiated 100-nm vesicles 
and peptide-vesicle complexes on a calibrated, Sepha- 
rose CL-6B column, indicating that disc formation was 
not occurring for representative 18-residue (Ac-18A- 
NH2) or 37-residue (37pA) peptides under conditions 
used in these studies (peptide concentrations less than 
5 p ~ ;  data not shown). 

A partition model has been developed that expresses 
the peptide-vesicle interaction in terms of a (unitless) 
partition coefficient, Kp = X:,/X$, the ratio of peptide 
mole fractions in the lipid and aqueous phases. This 
model has also been used to obtain stoichiometric pa- 
rameters that characterize the peptide-vesicle interac- 
tions (Table 1 ) .  The Ki. values were converted to stan- 
dard free energies of partitioning, AGO, according to 
AGO = -RTlnK,. The Kr values obtained by fitting the 
data of Fig. 1 to this model (Table 1) are large, on the 
order of 1 O', with corresponding standard free energies 
of partitioning ranging from -7.5 to -8.4 kcal/mol 
(Table 2) .  

Stern-Volmer plots for Ac-18A-NH2, 37pA, and 37aA 
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Fig. 1. Equilibrium binding isotherms for model peptides titrated 
with 50 nm (A), 100 nm (B), and 200 nm (C) vesicles at 25°C. The 
normalized fluorescence intensities, F, /FH, for 18A (a), Ac-18A-NHI 
(A), Ac-lXR-NH, (A), 37pA (O), and 37aA (0) were plotted as a 
function of lipid concentration. Partition coefficients, R,,, for each 
peptide were determined by curve fitting the respective binding iso- 
therms (see ref. 1). 

coniplexed with 50, 100, and 200 nm POPC vesicles, in 
the presence of the aqueous quencher, acrylamide, are 
shown in Fig. 2. Initial slopes of these plots yield the 
corresponding Stern-Volmer constants for the colli- 
sional-quenching process, Ksv, and are given in Table 3. 
The K,, values for each peptide complexed with POPC 
vesicles, Ks,,(;, were normalized with respect to their KS, 
in the presence of buffer, KsviB, and are given in Table 
4. Comparison of the normalized data reveals a smaller 
Ksv(;/Ksv,, ratio for the 37-residue peptides indicating 
less protection against quenching for the 37-residue 
peptides. Also shown in Fig. 2C is the fluorescence 
quenching of indole, which was incorporated in the bi- 
layer- of 200 nm POPC LUV. 

Calorimetric studies were conducted in order to com- 
plete the thermodynamic analysis, in which peptides 
were injected into excess phospholipid. Under these 
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TABLE 1 .  Partition coefficients and lipid to peptide ratios for the partitioning 
of model peptides to POP<: vesicles, 25°C 

Ac.- I XA-KH, J7pA 37aA 
-. - 

50 nrn 100 nm 50 tiin 100 n n i  200 nm 50 nni 100 r i i n  200 nrn 

rq, x l o - ' "  3 2 1  6 2 3  ( i t 3  I 5 2 5  5 2 1  4 + - l  1 1 2 4  6 2 2  
Peptides per vesicle 

Outer leaflet POPC per 

- 

(mol/mol)" I90 930 220 2,730 25,570 200 2,660 25,420 

peptide (mol/mol)' 180 If50 160 50 20 170 50 20 

"Mean t SD, number of experiments = 3.  
"This ratio, obtained under saturating conditions, is numerically equal to [PI ] (POPC/vesicle) / [POP<:], 

where [P,]  is the difference between the total and free peptide concentrations, [PI - [PA]. 
'The numerator. is taken to be 50% of thc total [POPC]. This percentage is the ratio of the area of the 

outer leaflet o f a  sphere o fa  given diameter to the total area of the outer and inner leaflets. The denominator 
is [P,] at saturation. 

conditions, peptide binding is essentially complete, 
allowing the observed enthalpies of interaction per 
mole of peptide to be determined directly. Peptides 
were self-associated in the syringe prior to injection, so 
enthalpies of peptide dissociation were determined in 
separate control experiments in which peptides were 
injected into the cell containing only buffer. As pep- 
tides were determined to be monomeric in the buffer- 
containing cell for reasons discussed in the previous pa- 
per ( I ) ,  enthalpies of peptide-vesicle interaction were 
determined by subtracting the enthalpies of dissocia- 
tion (control) from the observed enthalpies of inter- 
action. We found no evidence of disc formation for pep- 
tide concentrations existing in the calorimeter cell (less 
than 5 p ~ )  when we performed gel chromatography, 
as described above and in the previous paper (1). The 
standard entropies, AS", of partitioning were obtained 
according to ASo = -(AGO - AHo)/T, where it is as- 
sumed that AHo is approximately equal to AH. The 
thermodynamic parameters AH and ASo are summa- 
rized in Table 2. 

In order to determine the a-helical content of the 
peptides, their far-W CD spectra were recorded in 
buffer and when complexed with POPC vesicles. The 
results for peptides in buffer and complexed with 50, 
100, and 200 nm POPC vesicles are summarized in Ta- 
ble 5. Control experiments were performed with vesi- 

cles only to determine their contribution to light scat- 
tering. These experiments indicated that scattering 
effects were minimal (data not shown). 

DISCUSSION 

In this study, a combination of isothermal titration 
calorimetry and fluorescence spectroscopy has pro- 
vided a comprehensive set of thermodynamic parame- 
ters that characterize the interaction of Ac-18A-NHy, 
37pA, and 37aA with POPC vesicles of various size. 
These parameters, together with results from circular 
dichroism and fluorescence quenching studies, offer 
considerable insight regarding the molecular nature of 
the interaction. 

As we observed previously with 20 nm S U V  ( I )  fluo- 
rescence studies show that lipid affinities are high (K,> 
- IOi, Table 1). No changes in fluorescence were ob- 
served when vesicles with diameters ranging from 50 to 
200 nm were added to solutions of either 18A or Ac- 
18R-NHy, suggesting a much lower affinity of these pep- 
tides for the larger vesicles. We found K,, for Ac-18A- 
NH2 to be about 2 times larger for 100 nm I,UV than 
that for 50 nm LUV, but greatest for highly curved, 20 
nm S U V  (1). The interactions of Ac-IBA-NH? with vesi- 

TABLE 2. Thermodynamic parameters for the partitioning of  model peptides t o  POPC vesirlrs, 25°C 

37;IA 
___..____ 

~ 

Ac-IXA-NH, 37pA 

50 Ill11 100 l l l l l  50 lllll IO0 nil1 'LOO nni :io i l l11 100 l i l l l  'LOO nm - 
AGO (kcal/mol) -7.5 t 0.2 -7.9 +- 0.3 -7.9 ? 0.3 -8.4 2 0.2 -7.8 2 0.1 -7.6 t 0 .1  -8.2 +- 0.2 -7.9 f 0.2 
H (kcal/mol) -7.1 t 0.3 -4.6 +- 0.6 -1.8 ? 0 3  1.0 2 0.1 -2.2 +- 0.6 - t i3  +- 0.3 1.4 2 0.3 2.0 t- 0.5 
AS" (cal/mol K) 1 2 1  11 2 2  20 t 2 "5 ? 1 19 -t 2 4 t I  2 3  2 1 :PI f 2 

~ ..___.___ -~ 
Result$ given as mean +- SD. 
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Fig. 2. Stern-Volmer plots of fluorescence quenching of the model 
peptides by acrylamide at 25OC complexed with 50 nm (A), 100 nm 
(B), and 200 nm (C) vesicles. Peptide concentration was 6 FM. The 
excitation wavelength was 295 nm and fluorescence intensities were 
measured at the emission maxima (332 nm 5 k.,,,, 5 360 nm). POPC/ 
peptide molar ratios are given in Table 1. Ac-18A-NH2 (A), 37pA 
( O ) ,  37aA (0), and Indole (+). 

cles of all sizes are found to be enthalpically and entrop 
ically favored, although the magnitude of AH decreases, 
while AS increases, with increasing vesicle size (Table 
2). Noting also that Kp values for both 18A and Ac-18R- 
NH? for S W  are on the order of lo5 (l),  the lipid affin- 
ities of the 18-residue peptides are seen to be functions 
of vesicle size. That Ac-18A-NH, has greater lipid affin- 
ity than either 18A or Ac-18R-NH2 for all sizes, particu- 
larly for the larger vesicles, may be due to a number of 
reasons. Ac-18A-NH2 forms a class A amphipathic helix, 
whereas Ac-18R-NH2 has basic and acid residues inter- 
changed such that Lys residues are at the center and 
Asp and Glu residues at the edge of the polar face. The 
four methylene groups of the interfacial Lys residues 
of Ac-18A-NH2 may provide increased van der Waals 
surface area (5) relative to the interfacial Asp or Glu of 
Ac-18R-NH2 (one or two methylene groups, respec- 

TABLE 3. Acrylamide Stern-Volmer quenching constants 
of the model peptides in buffer and the model 

peptide-POPC complexes 

Ks (M-I)" 

POPC Complexes 

Buffer 50 nm 100 nm 200 nm Peptide" 

Ac-18A-NH2 12.6 t 0.3 4.8 t 0.2 5.0 t 0.4 ND 
37pA 7.9 t 0.3 5.8 t 0.8 5.1 -C 0.6 4.8 t 0.2 
37aA 5.9 -C 0.2 4.7 t 0.2 3.8 ? 0.4 4.2 2 0.3 
Indole ND ND ND 3.9 -C 0.6 

"Peptide concentration was 6 pi. 
"Mean t SD, number of experiments = 3; ND, not determined. 

tively) , and/or there may be a more favorable interac- 
tion of the positive charges with the phosphocholine 
moiety of the lipid head groups of Ac-18A-NH2 relative 
to negative charges (17). That Ac-18A-NH2 has greater 
lipid affinity than 18A is likely due to its increased heli- 
cal content, which increases the helical hydrophobic 
moment of the peptide (18), resulting in greater pro- 
tection of its hydrophobic groups upon interaction with 
the bilayer. 

The data for the 37-residue peptides provide evi- 
dence that lipid affinities are a function of vesicle size 
and also of peptide length. Although the lipid affinities 
of 37pA and 37aA are not as sensitive to vesicle size as 
the 18-residue peptides for vesicles between 20 and 200 
nm, interaction with 100-nm LUV is apparently opti- 
mal, where K, approximately doubles. The trend in en- 
thalpies and entropies observed for Ac-18A-NHz with 
increasing vesicle size is similar for the 37-residue p e p  
tides. Peptide-vesicle interactions are enthalpically 
driven for S U V  with negative AS values; for the larger 
vesicles, however, the magnitude of AH decreases, and 
AS increases such that it is positive in all cases (Table 
2). Interactions of both 37pA and 37aA with 100-nm 
vesicles are endothermic. 

TABLE 4. Stern-Volmer quenching constans of peptide-POPC 
complexes relative to Stern-Volmer quenching constants 

of peptides in buffer 

Ksw "/K,,! 

Peptide 50 nm 100 nm 200 nm 

Ac-18A-NH7 0.38 2 0.02 0.40 t 0.03 ND 
37pA 0.7 2 0.1 0.64 t 0.08 0.61 t 0.03 
37aA 0.80 -C 0.04 0.64 2 0.07 0.71 t 0.06 

'Ksvc: is the Stern-Volmer quenching constant of peptide-POPC 

"Khw is the Stern-Volmer quenching constant of peptide in 

Values calculated from data in Table 3, mean ? SD; ND, not 

complex. 

buffer. 

determined. 
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TABLE 5. a-Helix content of niotlel peptides in hufter and coniplcxcd witti POP(: vesicles. X"( : 
~p - __ .~ - -_____ ~ 

.XI 11111 100 11111 i o  11111  100 11111 "00 11111 50 11111 100 l l l l l  L'oo 11111 

'% Helicity hriffci. :1x 38 2fi 2; 26 28 "H 2s 
%, Helicity I'OPC: complcx 57 71 :3(; 41 !I 59 (ili ti5 
A in $5 ticlicit? I 9  :<:3 I O  I .i I .5 3 I :iX 3 i 
lnrrcasc in numhcr of 

helical r-csidue\ 3. 1 5.1) . I _  i ).6 I 1 ..i 1-1. I L, - 
(cal/niol K ) "  .- 13.C) - 24.2 1.5.2 - 3 . 0  -23.0 -4i.2 -5 i .X  - -  " l  AH,,,,, ,,\ (kcal/niol) - 4 . 4  p i . /  - - . l .X p i . . {  -7.3 -15.0 -18.3 -1i.H 

___ . -  .. ~~ 

"AS",,,,,,, = -4.1 r.ii./residue (increase iu nunibt.r of helical rcsitiues), b e c  1)iscussion. 
"AH,l,,,,, = - 1.3 kcal/ (mol of residue) (inci.tasc in nuinher ot hcliral residue\), w e  Disriis4on. 

The circular dichroism studies indicate that an in- 
crease in a-helical content occurs for all peptides upon 
interaction with the bilayers, with a trend for larger iii- 
creases with increasing vesicle size up to 100 nin (Table 
5 ) .  Increases are greatest for Ac-18A-NHy and 37aA 
(19% to 38% increases), smallest for 37pA (10% to 15% 
increases). Comparison of these values with their corre- 
sponding KFB values indicates that affinity is not directly 
related to percent helicity, which should be expected, 
based on reasons discussed in the previous paper ( 1 ) . 
Increases in helicity are accompanied by  decreases in 
both enthalpy and entropy, with the estimated inagni- 
tudes of AH and TAS being approximately equal. Thus, 
enthalpic aiid entropic contributions to AG due t o  
changes in helicity essentially cancel. 

The fluorescence quenching data in Tables 3 and 4 
for the water-soluble quencher, acrylainide, offer usefiil 
information about depths of penetration of the pep- 
tides. As in the previous paper ( I ) ,  the Stern-Volmer 
constant for peptide-vesicle complexes, KsVc:, normal- 
ized to that for peptide in buffer, Ksvl,, is taken as  the 
most useful measure for gauging depth of bilayer pene- 
tration (Table 4). katios less than one indicate some 
measure of protection against quenching and thus 
against accessibility of water to the indole group of the 
Trp probe. The data indicate that greatest protection 
occurs for Ac-18A-NH2(K~,(:/Ks,-l, = 0.38),  hut also that 
Ks,.{: is decreased in this case by only about 60% relativc: 
to free peptide, whereas where complete burial of Trp 
in proteins has been shown to retlucc the Ks, by 2 or- 
ders of magnitude (19). I t  is interesting to note that the 
KS,, values for indole, which should be located at the 
hydrocarbon-water interface (20),  are similar to those 
for the lipid-associated peptides in this study. Protec- 
tion against quenching, hence depth of'bilayer pcnctra- 
tion, appears to be greater for Ac-l 8A-NH2 than for 
37pA or 37aA, with little variation a s  ;i function of \e- 
cle size from 50 t o  200 nin. However, a l l  peptides iirc 
seen t o  be capable of greater bilayer penetration with 

I t  is instructive t o  consider the molecular sourccs of' 
20 n m  suv ( 1 ) .  

the enthalpies and entropies of interaction listed in Ta- 
bles 2 and 5 .  Exothermic components of enthalpy due 
t o  increases in helicity (AHAklclih) have estimated magrii- 
tudes (1) ranging from 4.4 kcal/inol (Ac-18A-NH2, 50- 
nm vesicles) to 18.3 kcal/ mol ( 3 7 ~ ~ 4 ,  1 00-nm vesicles). 
Similarly, increases in helicity lead to decreases i n  en- 
tropy (ASAlic.,,,), with predicted magnitudes (1) ranging 
from 13.9 e.u. (Ac-l8A-NH,, 50-rim vesicles) to .57.8 
c .11 .  (37aA, 100-nm vesicles). An additional exothermic 
component of enthalpy would be expected due to favor- 
able van der Waals interactions between the bilayer inte- 
rior arid the nonpolar faces of the peptides ( 2 )  arid to 

net changes in electrostatic interactions (AH,,,,,.,,,,,,,,,, ) . 
Although magnitudes for AH l,l,(.,llt are difficult to de- 
ternline, Seelig aiid Ganz ( 2 )  have pointed out that ;I 

AH of' vaporization for benzene of -- +6 k(.al/ inol is 
indicative of substantial van der Waals interactions 
in nonpolar molecules. Peptide-phosphocholirle head 
group (eleclrostatic) interactions have been shown t o  
vary from one peptide to another (1 7) .  Peptide-lipid 
interaction should lead to a negative component 01' en- 
tropy due to a statistical effect AS,,,,,. ,,,, 

The experimental AH and AS values i n  'Table 2 iiitli- 
cate the existence of additional positive components for 
both. Thus, experimental AS values are positive in all 
cases; experimental AH values are either positive (37pA, 
100 nm-vesicles, 37A, 100- ant1 200-nni vesicles) o r  
negative but with magnitudes less than expected b;wd 
on AHAl,cI,x and AHl ,,,,.,., (,,( ,,,. It is likely that positive cn- 
thalpic and entropic components arise froin surface eL 
fects AH,,,,, and AS,,,,,), an idea that is supported b y  the 
fluorescence quenching results. 

< 0).  

AH = ( - ) A H A I I ~ I , ~  + (-)AH,,,,,.,,,,,,,,,, 
+ (+ )AIl\,,,i:,,, b,'lf. 2) 

+ (+)As,, , , , , , , ,  Elf. 3 )  
A s  = (-)As,,i,i,, + (-)As~,t,,:,,,w 

with the expected contribution from each component, 
+ or -, included in parentheses. 

A positive component of the enthalpy, AkI\,t,~,,<c, 11121)' 
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arise from the peptide-induced area increase of the bi- 
layer (AA) as the peptides partition into it (2). The ori- 
gin of this positive enthalpy contribution is attributed 
to the internal tension of the bilayer which is defined 
as the variation of the internal energy, U, with surface 
area, A, at constant temperature. The variation of U and 
entropy, S, with surface area can be derived from stan- 
dard thermodynamic reasoning as 

where a = (l/A)(dA/dT), is defined as the area 
expansivity at constant membrane tension, TC, and 
x = -(I/A)(dA/h),  is defined as the isothermal 
area compressibility or lateral compressibility. As the 
change in volume is usually negligible for condensed 
phase systems (Le., AH = AU + A(PV) = AU), Eq. 4 
becomes 

where AA is likely proportional to the area of the hy- 
drophobic face of the peptides, and where we equate 
AH I with 

The expansion of the bilayer surface, upon parti- 
tioning of the peptide, also results in an increase in en- 
tropy, perhaps due to disordering of the hydrocarbon 
chains induced by the increase in surface area (2) .  As 
noted in Eq. 4, (dS/dA), = a/x ,  therefore 

The area compressibility, x ,  which is inversely related 
to vesicle size, is seen to be important in determining 
the nature of the peptide-lipid interactions. Small vesi- 
cles with high curvature and area compressibility have 
more space between adjacent phospholipid molecules 
than larger vesicles do. Peptides are thus more likely 
able to penetrate a highly curved bilayer with less dis- 
placement of phospholipid molecules, perhaps also re- 
sulting in less increase in surface area per peptide mole- 
cule. Consequently, AHs,,rfncr and ASSurfntr are small, and 
interactions with 20-nm S W  are dominated by negative 
terms in Eqs. 2 and 3, resulting in both AH and AS be- 
ing negative ( l).  For larger vesicles, x is smaller and the 
internal tension correspondingly greater. Thus, more 
energy is required for peptide partitioning and AHsllltarc 
dominates Eq. 2. According to this idea, penetration of 
the bilayer should decrease with increasing vesicle size, 
which is consistent with the fluorescence results that in- 
dicate greater protection against quenching by acryl- 
amide, hence greater penetration for S U V  than for 
LUV (1). The binding stoichiometries (Table 1) are 

also consistent with the idea that penetration decreases 
with increasing vesicle size. The number of peptides per 
vesicle is seen to increase dramatically with vesicle size 
for all peptides, which is likely possible only if increase 
in area, AA, per peptide, hence also penetration, de- 
creases with increasing vesicle size. For example, for 
partitioning of 37pA with 200 nm LUV, the peptides 
occupy about 1.36 X 10’ A2, based on an interfacial area 
of 15 A2/residue occupied by a-helical peptides (21), 
or virtually all the 1.37 X 10’ A2 available on a sphere 
of diameter 209 nm (see Methods). This increase in bi- 
layer energy, which diminishes the importance of, or 
eliminates, enthalpy as a driving force for partitioning 
in the larger vesicles, is compensated for by a corre- 
sponding entropy increase, which dominates Eq. 3. It 
should be noted that Eq. 3 contains no contributions 
from changes in the amount of structured water in con- 
tact with hydrophobic groups. Whether water released 
from bound peptides rebinds to the bilayer surface or 
is simply not released to nearly the extent one would 
expect based on protein folding studies (22) is unclear. 
Determination of heat capacity changes could help clar- 
ify this issue. Although Wimley and White (20) observed 
relatively large decreases in heat capacity for parti- 
tioning of Trp side chain analogs into POPC bilayers, 
our initial results suggested very little temperature de- 
pendence of the heats of partitioning with 20 nm SUV. 

As was mentioned previously, Ac-I~A-NH, interacts 
optimally with 20 nm S W ,  whereas the 37-residue pep- 
tides interact optimally with 100 nm LAW. The longer 
37-residue peptides likely do not interact optimally with 
the highly curved surface of a 20-nm vesicle along the 
entire length of the peptide, despite studies that indi- 
cate that amphipathic helices may exhibit curvature due 
to differences in length of hydrogen bonds involving 
peptide backbone carbonyl oxygens, depending on 
whether the donor is solvent or not (23). 

The model of interaction described previously in this 
series (1) may now be elaborated on, based on the sur- 
face effects brought to light by the studies with vesicles 
of varying sizes. Partitioning is confined largely to the 
surface of the vesicles, with only partial penetration of 
the amphipathic helices beyond the polar phospholipid 
head groups into the interior of the bilayer. Lipid affin- 
ities for the peptides are a function of vesicle size; 18- 
residue peptides interact optimally with SUV, whereas 
the 37-residue peptides, 37pA and 37aA, interact opti- 
mally with 100-nm LUV. Bilayer penetration is greatest 
for highly curved 20-nm vesicles with greater area com- 
pressibilities, but decreases for larger vesicles with 
smaller area compressibilities and greater internal ener- 
gies. For small vesicles the interaction is enthalpically 
driven, with negative entropy changes. Relatively large 
components of both negative enthalpy and entropy 
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changes are due to increases in peptide helicity, which 
occur upon partitioning in all cases. With an increase 
in internal energy as vesicle size increases, partitioning 
of peptides leads to greater disordering of phospholipid 
acyl chains, giving rise to positive components for both 
enthalpy and entropy, such that for partitioning of 37- 
residue peptides with 100-nm vesicles, interactions are 
entropically driven with small endothermic compo- 
nents of free energies.U 
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