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ABSTRACT: Interactions between signal (leader) sequences and membranes are critical to protein insertion
and translocation across membranes. In this paper, circular dichroism, tryptophan fluorescence,
electrophoretic mobility, dipole potential, and binding measurements were used to study the interaction
of the signal sequence of thiescherichia coliLamB protein with various lipid bilayers. By modifying
specific chemicophysical properties of both the signal sequence and bilayer, we analyzed some of the key
factors underlying peptidelipid interactions. We synthesized three analogues of the LamB signal peptide
differing in their net charge2 to +4) and studied their binding to bilayers containing combinations of
neutral lipids [egg phosphatidylcholine (EPC), sphingomyelin, cholesterol, ketocholesterol, and nitroxide-
containing phospholipid] and a charged lipid (phosphatidylserine). All three peptides bound to EPC bilayers
and underwent a random coil éehelix transition upon binding. Microelectrophoresis experiments revealed
that both the N and C termini were near the outer surface of the bilayer, suggesting that the peptides
adopted a “hammock” configuration with both termini exposed to the aqueous phase and the core of the
o-helix located near the hydrocarbowater interface. The binding of these LamB peptides was not
markedly dependent on the bilayer area per molecule, compressibility modulus, or dipole potential, but
did depend on the charge of the peptide and bilayer interfacial region. Moreover, the binding of LamB
peptides was essentially eliminated in bilayers composed of phospholipids with a nitroxide moiety at the
7 position in one of their acyl chains or in EPC bilayers containing equimolar ketocholestanol. We propose
that the incorporation of nitroxide or ketone groups into the hydrocarbon region near the lipid headgroup
increases the effective width of the hydrophilic interfacial region and prevents some of the hydrophobic
amino acids in thex-helix from reaching the nonpolar hydrocarbon core, thereby diminishing the free
energy of partitioning and inhibiting peptide binding. These results point to an important role for interfacial
dipoles in peptidelipid interactions.

The free energy changes associated with the transfer of athe nonelectrostatic interactions are often more difficult to
peptide or protein from an agueous phase to a lipid membraneisolate, although investigator8,(10) have assumed hydro-
involve several contributions, including electrostatic, hydro- phobic interactions to be those that are independent of ionic
phobic, H-bonding, hydration, and van der Waals interac- strength. However, even some peptides with large percent-
tions, and conformational changes in both the peptide andages of hydrophobic amino acids, and hence large hydro-
the lipid bilayer (—9). Studying peptidebilayer interac- phobic free energies, do not bind to neutral bilayer3—
tions can, in principle, yield fundamental thermodynamic 15).
information about the different components of the transfer  Although electrostatic and hydrophobic interactions are
process, especially when specific chemicophysical aspectsof demonstrated importance, other factors, such as the
of the lipid bilayer and the peptide can be selectively pilayer's compressibility modulus, area per lipid molecule,
modified. In most previous peptiddilayer studies, re-  dielectric constant, and dipole potential, could, in principle,
searchers have selectively modified the peptide and choseriso influence the binding of peptides to bilayefsi(6, 17).

a particular type of lipid bilayer (or systematically changed To address the means by which such interactions may alter
its charge density). For example, the electrostatic componentpeptide binding to bilayers, we have investigated how these
of peptide binding has been nicely demonstrated in a variety factors modulate the binding to lipid bilayers of a well-
of cases by changing the charge density of the lipids and/or studied peptide, the signal sequence of the bacterial protein
increasing the ionic strength3,( 6, 9—12). Attractive LamB.

electrostatic interactions appear to be the dominant interac- |, poth pacteria and eukaryotes, proteins that are destined
tions in the case where positively charged peptides bind 10, he transported out of the cytoplasm contain N-terminal
bilayers composed of negatively charged lipids. In contrast, ytension sequences called signal or leader sequences.
: - Prokaryotic and eukaryotic signal sequences share similar
' This work was supported by Grant GM-27278 from the National faatyres in that both have a net positive charge on their N
Institutes of Health. . . . .
termini, a hydrophobic portion that adopts anhelical
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6 - Ketocholestanol screened by the polar headgroups. Fluorescence quenching
methods 25, 28) showed that a tryptophan residue replacing
valine in position 18 (Figure 1) penetratee 80 A into the
bilayer, and two-dimensional (2D) NMR experiments re-
vealed that Vaf and Ala® in the LamB signal peptide
penetrated into PC/PG (99:1) bilayers to a depth of 11 and
12 A, respectivelyZ9). From these and other experiments,
Jones and Gierasc%) proposed schematic models of the

I-Pamitogl-2-Stearoyit? DOXYL) s Glyeeso-3-Phosphocholine orientation of the LamB signal peptide in PE/PG bilayers.
o %—\ In these mt_)dels, the positively charggd N-terminal group was
0N O electrostatically bound to the negatively charged PG head-

\N+/\/o—|r|—o group, but depending on the model, the C terminus penetrated

H 9
I 0 Om/\/\/\/\/\/\/\/ to various depths into the acyl chain region.
o

In this paper, we extend the pioneering studies of Gierasch
and colleague26—29) in several ways. First, we determine

Peptide Sequences . . K . T
whether the signal peptides bind to zwitterionic lipids such

LamB . - NetCharge as phosphatidylcholine (PC), because studie$g, 30) have

NH3-MMITLRKLPLAVAVAAGVMSAQAMA-C00 (+2) indicated that positively charged peptides do not associate
with zwitterionic lipids. Second, we determine by micro-

M .t electrophoresis whether the N and C termini are located on

NH3 MMITLRKLPLAVAVAAGWMSAQAMA.C00 (+2) the same side or opposite sides of the bilayer. Third, we
investigate the roles of bilayer properties (area per molecule,

LamB - EE . . Lo . .

+ - _ dipole potential, and compressibility modulus) in modulating
NH3-MMITLEELPLAVAVAAGWMSAQAMA-C00 -2) the binding of signal peptides to neutral phospholipid
LamB - K bilayers. For these experiments, we have altered the LamB
+ ++ + peptides by changing the charges near the N and C termini

NHyMMITLRKLPLAVAVAAGHMSAQAMENHy - (+4) (Figure 1) and modified liquid-crystalline PC bilayers by

Ficure 1. Structures of ketocholestanol and 1-palmitoyl-2-stearoyl- changing the charge density (by including negatively charged

(7-doxyl)-sn-glycerol-3-phosphocholine and amino acid sequences . - o : .
of the leader sequence of the protein LamB and its analogues LamB-“p'dS)’ area compressibility moduli and thermally induced

W, LamB-K, and LamB-EE. The net charges for these peptides bilayer fluctuations (by adding cholesterol or keto-
are given assuming that both the C and N termini are fully charged cholestanol), area per molecule (by using PCs with multiple
atpH 7. double bonds), dipole potential, and arrangement of dipoles
in and near the interfacial region (by using bilayers contain-
ing cholesterol, ketocholestanol, sphingomyelin, and phos-
pholipids with nitroxide groups in their acyl chains).

cleavage regionl@, 19). A central issue in protein traf-
ficking is understanding how signal sequences interact with
biological membranes to facilitate protein transport across
them. In most cases, there is a requirement of specific \ATERIALS AND METHODS
proteinaceous components for proper exp@8-22), al-
though recent evidenc@3) indicates that during membrane Materials Egg phosphatidylcholine (EPC), brain phos-
translocation the signal sequence is in direct contact with phatidylserine (PS) (sodium salt), diarachidonoylphosphati-
lipids. These data, together with the fact that the conforma- dylcholine (DAPC), sphingomyelin (SM), and the nitroxide-
tion of signal peptides is sensitive to the lipid environment containing lipid 1-palmitoyl-2-stearoyl(7-doxy$r-glycerol-
(17, 24, 25), suggest a possible role of membrane lipids in 3-phosphocholine (7-Doxyl PC) were purchased from Avanti
the translocation process. Polar Lipids (Alabaster, AL). &-Cholestan-3-ol-6-one
Gierasch and colleagues, (24—29) have extensively  (ketocholestanol), cholesterol, and sodium dodecyl sulfate
investigated the interaction of the signal peptide of the (SDS) were purchased from Sigma Chemical Co. (St. Louis,
Escherichia coliLamB protein (Figure 1) with negatively MO). All chemicals were used without further purification.
charged lipid bilayers composed of 65% phosphatidyletha- Structures of ketocholestanol and 7-Doxyl PC are shown in
nolamine (PE) and 35% phosphatidylglycerol (PG), a Figure 1. Buffers were made using Hepes (sodium salt),
mixture that mimics the lipid composition of the cytoplasmic reagent grade salts, and doubly distilled water. Unless
membrane oE. coli. Jones and Gierasci25) found that otherwise noted, our standard buffer was 2 mM Hepes (pH
upon binding to PG/PE bilayers the LamB signal peptide 7.4).

underwent a random coil te-helix transition, that electro- Peptide Synthesis and PurificatiorPeptides were syn-
statics were important in the binding (since the binding was thesjzed by the Micro Protein Chemistry Facility at the
reduced by increasing the ionic strength), and that hydro- ynjyersity of North Carolina (Chapel Hill, NC) using FMOC
phobic interactions also contributed to the binding, although chemistry in a Symphony (Rainin) peptide synthesizer. The
they suggested that the full hydrophobic interaction was peptides were purified by HPLC and analyzed by time-of-
flight MALDI 11l (Shimadzu/Kratos) mass spectrometry. An
! Abbreviations: PC, phosphatidylcholine; EPC, egg phosphatidyl- analogue (LamB-W) to the signal sequence peptid& of

choline; DAPC, diarachidonoylphosphatidylcholine; PS, phosphati- ; ; ; ;
dylserine; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; coli LamB was Synthe3|zed with & tryptophan substituted

SM, sphingomyelin; 7-Doxyl PC, 1-palmitoyl-2-stearoyl(7-doxgt)- for the valine at posi_tion 1_8 (Figure 1). Two other a_ma!OQUGS
glycerol-3-phosphocholine; SDS, sodium dodecyl sulfate. were synthesized with this same tryptophan substitution, but
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with different charges near the N and C termini. LamB-EE  The molar partition coefficier, was calculated from the
had negatively charged glutamic acids substituted for the binding measurements according to the procedure described
positively charged residues at positions 6 and 7, and LamB-K by Ladokhin et al. 89). Under our conditions where the
had the C terminus amidated and also had a lysine at positionmolar concentration of peptide in the bilayer is much smaller
25. At neutral pH, LamB-W and LamB-K had three positive than the molar concentration of lipid, the mole fraction
charges near their N termini, whereas LamB-EE contained partition coefficient Kp) can be written

one positive charge and two negative charges near its N

terminus (Figure 1). K, = (PotW)/(Pyal) (1)
Preparation of LiposomesMultilamellar lipsomes (MLVS)
were made by standard method) Lipids were codis-  \yhere Py, and P, are the bulk molar concentrations of

solved in chloroform/methanol (2:1 viv), and the solvent was peptide in the bilayer and water phases, respectivelyLand
removed by rotary evaporation. The lipids were then andw are the molar concentrations of lipid and water,
hydrated in 2 mM Hepes buffer and extensively vortexed. regpectively89). LamB peptides were presumed to partition
Small unilamellar vesicles (SUVs) were prepared by probe only into the outer leaflet of the bilayer (see Discussion).
sonication of MLVs 81). MLVs were sonicated at 40 W For SUVs, the outer leaflet comprises about 66% of the
with an Excell 2005 sonifier cell disruptor (Heat Systems) |ipids, and thereforel. was taken to be 66% of the total

with a 19 mm flat tip under continuous;Nlow for five lipid concentration. The free energies of transfer from buffer
cycles of 2 min of sonication and 2 min of standing by. to the bilayer were calculated fromG = —RT In K,
Before it was used, the suspension was spun at 1000 Circular Dichroism (CD) CD measurements were taken

10 min to sediment metal particles, undispersed lipid, and yn an Aviv 62DS spectropolarimeter equipped with a
MLVs. Lipid concentrations were determined by inorganic cqolFiow CFT-33 (Neslab) temperature controller. CD
phosphorus measuremengy. spectra of the peptides were obtained at°25using a 1
Large unilamellar vesicles (LUVs) were formed from path length quartz cuvette, a 0.5 nm step size, and a 1
MLVs using the freezethaw high-pressure extrusion method ¢ per step acquisition time. Spectra were averaged over 20
(33. MLVs, at concentrations of-515 mg/mL, were frozen gcans. For peptides in buffer or SDS, spectra were recorded
and thawed three times and extruded 20 times through & 0.1f,6 185 to 260 nm. For experiments with neutral bilayers,
um po_lycarbonate filter with a LiposoFast lipid extruder i, \which the peptide binding is relatively smaB)(and thus
(Avestin, Ottawa, Canada). o . has a lower signal-to-noise ratio, peptielpid spectra were
X-ray Diffraction Previous X-ray diffraction studie84— obtained from 200 to 260 nm and SUVs were used to
36) have characterized all of the lipid systems used in this yinimize light scattering. All spectra were baseline-cor-
paper except for 7-Doxyl PC. To determine that 7-Doxyl rected. For peptidelipid samples, background CD spectra
PC formed lipid bilayers, hydrated 7-Doxyl PC was sonicated \yere recorded from buffer with the same lipid concentrations
as described above, frozen and thawed, and pelleted in §,5ed in the samples. To avoid possible problems with
bench centrifuge. The pellets were sealed in quartz glasspeptide aggregation, &M peptide was used() and lipid
capillary tubes and mounted in a point-collimation X-ray ¢oncentrations were varied from 0 to 4 mM. Each lipid
camera. Diffraction patterns were recorded at“Z0on peptide sample was prepared independently. Ellipticity
Kodak DEF X-ray film as described previousi$4 37). ~ measurements at 222 nm, reported as the mean molar residue
Binding MeasurementsThe binding of peptides to lipid  g|lipticity (19,,,), were measured over an average of 60 points.
vesicles was measured with an ultrafiltration asss8) that Standard deviations were less than 10%.
separated lipid and lipidpeptide complexes from free Partition coefficients were also estimated from the CD data

pept_ide with antrifree (Ami_con) filters. In all bin_di_ng by a procedure detailed by White et &0}, The values of
studies, the peptide concentration wag\, the phospholipid 5 ) a5 4 function of lipid concentratiot.) are related ta,
concentration was 1.5 mM, and the buffer was 5 mM Hepes by the relation

(pH 7.4). This phospholipid concentration was chosen to

ensure that the filters did not become clogged. For the _

binding assay, peptide/SUV or peptide/LUV samples were P22AL) = [KGLIOW + KobI(P 2220000

incubated for 10 min before a 15 min centrifugation at 100 [1 = KL/(W+ K LDI(P 220169 (2)
through the Amicon filter. Control experiments showed that

the ratio of the peptide in the filtrate to the peptide in the Wheredzonound@ndd2zzmee refer to thedz,, values of bound
initial solution was independent of the fraction of volume and free peptide, respectively. The valuéghrecwas taken
that was filtered. Peptide recovery in the absence of lipid as the measured value of peptide in buffer, agdand
was greater than 95%, and phosphate anal@@srévealed  P2zznoundWere used as parameters for fitting to the experi-
that no lipid was in the eluate. The free peptide concentration mental data40).

was measured in the eluate by tryptophan fluorescence at Fluorescence MeasurementBluorescence emission spec-
352 nm. For each peptide/lipid specimen, six ultrafiltrations tra of the peptide’s tryptophan were measured with a
were performed and six readings taken. The amount of Fluoromax DM3000 (Spex Industries, Edison, NJ) photon
peptide bound to the lipid was determined by subtracting counting fluorometer operating in the signal/reference mode
the free peptide concentration from the total peptide con- with a water bath circulator to maintain the temperature at
centration. For LamB-W and LamB-EE, experiments were 25 °C. Spectra were collected with a step size of 0.5 nm
carried out using both LUV and SUVs of EPC and EPC/ with an averaging time of 4 s/nm in quartz cuvettes (1.0 or
ketocholestanol. The differences in binding between these0.25 cm) over the range of 32@100 nm using an excitation
two types of bilayers were small (see Results). wavelength of 280 nm. SUVs were used to minimize light
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scattering. Where appropriate, measurements were corrected

for blank suspensions of buffer or lipid in buffer. Blue shifts
were calculated as the difference in wavelength of the
maxima in the emission spectra of lipigpeptide and peptide

samples. For all these experiments, the standard deviation

in blue shift was less than 0.5 nm.

Electrophoretic Mobility The electrophoretic mobility of
MLVs was measured at 28 using a Rank Brothers Mark
| unit (Cambridge, England). Measurements of the electro-
phoretic mobility were obtained at the plane of shetl),(

and the apparatus was calibrated using EPC or PS MLVs in

0.1 M NaCl and 5 mM HEPES adjusted to pH 7.0. The

EPC vesicles were essentially immobile, whereas the PS

vesicles had a mobility of-4.66um s™/V cm™, consistent
with previous measurementgd). For experiments with
peptides, each peptide at 20 was added to preformed
MLVs in a buffer containing 20 mM NaCl, 1 mM Hepes,
and 15 mg/mL sucrose (pH 7.4). Atleast 10 readings were
obtained for each experiment.

Dipole Potential For measurements of the dipole potential
(V) of 7-Doxyl PC, monolayers were formed by spreading
20 uL of 20 mg/mL lipid in chloroform on an aqueous
subphase in a trough having a surface area of about 20 cm
The subphase was stirred using a small Teflon-coated
magnet. Under these conditions, liposomes are in equilib-
rium with the surface monolaye48). The dipole potential

was measured between a Ag/AgCl electrode in the subphase

and an Americium electrode in air connected to a Keithley
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in potential in the presence an absence of the monolayer.
RESULTS

Structure of LamB-W, LamB-K, and LamB-EE in Buffer
and SDS Micelles

To determine the secondary structure of LamB-W, LamB-
K, and LamB-EE (Figure 1) in aqueous and nonpolar
environments, CD spectra were obtained for the peptides in
buffer and in SDS micelles. In buffethe three peptides
exhibited almost identical spectra (Figure 2A), each with a
broad minimum centered at about 200 nm, indicative of
random coils 44). A similar spectrum was recorded by
McKnight et al. 7) for the wild type LamB signal peptide
in buffer. In 10% w:v (346 mM) SDS, the spectra (Figure
2B) of all three peptides were similar and had minima at
208 and 222 nm and a maximum at 195 nm, providing
evidence for the presence@fhelices 44). The mean molar
ellipticities at 222 nm{,,,) were—12.7,—11.2, and—11.8
x 1072 deg cni dmol* for LamB-W, LamB-EE, and LamB-

K, respectively. For LamB-W, CD spectra similar to that
shown in Figure 2B were obtained in 1 mM SDS (data not
shown). McKnight et al. Z7) previously found similar
spectra for LamB-W in 40 mM SDS and calculated the
a-helix content to be 70% in those micelles.

Figure 2C shows the fluorescence emission spectra of
LamB-W, LamB-K, and LamB-EE in buffer (dotted lines)
and in the presence of 10% SDS (solid lines). In buffer,
each peptide had a spectrum with a maximum at 356 nm,
which is similar to the value reported by Jones and Gierasch
(25) for LamB-W in 5 mM Tris at pH 7.3. In the presence
of 10% SDS, the spectrum for each of the three peptides

Fluorescence Intensity [x10 6 CPS]

300

325 350 375
Wavelength [nm]

400

FiGure 2: Far-UV circular dichroism spectra of 143/ LamB-

W, LamB-K, and LamB-EE in (A) 2 mM Hepes buffer (pH 7.4)
and (B) 10% (0.346 M) SDS in 2 mM Hepes (pH 7.8 € 2.39

x 10* SDS/peptide). (C) Tryptophan fluorescence spectra of the
three peptides in buffer (solid lines) and SDS micelles (dashed
lines).

was reduced in intensity and the maximum was displaced
to a shorter wavelength of 345 nm, giving a blue shift of 11

nm for all three peptides. This indicates that for each peptide
the tryptophan was in an environment with a lower dielectric

constant in SDS than in buffed?).

Interaction of Signal Peptides with EPC Bilayers

Binding experiments showed that there were only small
differences in binding between SUVs and LUVs; for
LamB-W with 1.5 mM lipid, we obtained a binding of 45.8
+ 5.6% (meant SEM) to SUVs and 50.2 3.3% to LUVs.
For LamB-EE, we obtained a binding of 3349 2.2% to
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A 60 Table 1: Parameters for Peptide Binding to SUVs in 5 mM Hepes
atpH 7.4
30 - % bound peptide —-AG
3 40 N peptide lipid (mean+ SEM) Kp (kcal/mol)
= \ = LamB-W EPC 45.8:56  4.65x 10 6.3
£ 0 \ = LamB-K EPC 477:56 502x 100 6.3
- B \ = LamB-EE EPC 33.922  2.82x 10 6.0
g \ = LamB-W 4:1 EPC/PS 94409  9.27x 10° 8.0
2 20F \ = LamB-EE 4:1EPC/PS 34823  294x10° 6.0
< \ = LamB-W DAPC 42.4+48  4.06x 10¢ 6.2
10 | \ = LamB-W 1:1EPC/chol  43.%3.1  4.30x 10¢ 6.2
\ = LamB-W 1:1 EPCl/keto 3%#18  7.58x 1 3.9
0 = LamB-W 7-Doxyl PC 0.8-1.0 1.61x 107 3.0
W K LamB-W 1:1 SM/chol 47.0:5.9  4.89x 10¢ 6.3
B g -10 o LamB.W for 1.5 mM EPC. If the peptide were confined to the outer
N %X LamBK monolayer of the bilayer, then there was one LamB-W
g g ©® LemBEE molecule per approximately 327 lipid molecules.
80 From these binding data, the molar partition coefficients,
g Ko, were calculated from eq 1 and are given in Table 1. From
% 6 these partition coefficient experiments, the molar free energy
) of transfer of the peptide from the aqueous phase to the EPC
o 4t bilayer (AG) was obtained usindhG = —RT In K,. For
Q8 EPC, the molar free energies of all three peptides were
© 5 between—6.0 and—6.3 kcal/mol (Table 1).
g Figure 3B shows that the ellipticity at 222 nn,§,) of
& each peptide increased in a sigmoidal manner with increasing
M0 ' ' EPC concentrations. Therefore, the amount oehelix
0 1 2

Lipid Concentration [mM]

increased with increasing lipid concentration. The complete
CD spectra obtained with increasing lipid concentrations (not
shown) displayed an isodichroic point at 205 nm, indicating

C 8E 1 x that in buffer with various concentrations of EPC there were
§§ « X % primarily two populations of these peptide46), random
& 2 % coils ando-helices. For the maximal CD respon$emay)
2% 10 o o we found that LamB-K> LamB-W > LamB-EE. Thus,
§ = o° the more positive the charge on the peptide, the greater the
g8 o o o change in CD and the percentagepeiielix. The percentage
= x of helix for LamB-K, LamB-W, and LamB-EE in EPC
EE S ©* bilayers compared with the percentage of helix found in SDS
o8 ,Xq;p micelles was 59, 38, and 28%, respectively. In this regard,
§'5 © . Iﬂiﬁgﬁ McKnight et al. 7) also found the molar ellipticity to be
o= ‘ (X LamB-K lower in PE/PG (65:35) vesicles than in SDS micelles,

0

1 2 3 4
Lipid Concentration [mM]

although their observed differences were smaller.
The solid lines in Figure 3B represent fits to the CD data
made using eq 2 witk, and ¥222n0ung@s fitting parameters

E'SERE 3. fssofiaﬂon ?LLamB-W’tLath-;i\;nd2Lamlv?-|—||EE with  (40). The values obtained fdf, were 5.8x 10%, 3.05 x
vesicies al a peptiae concentration nzZm epes
(PH 7.4): (A) percgntgge of peptide bound to EPC vesic?es at a 10, and 9.3x 10 for LamB-W, LamB-K, and LamB-EE,
lipid concentration of 1.5 mM, (B) ellipticity at 222 nm?4,,), and respectively. For LamB-W, where most CD experiments
(C) maximal change in tryptophan fluorescence maxima emission were performed, there was quite reasonable agreement with
wavelength plotted as a function of EPC concentration. The solid the value of 4.7x 10* obtained from the direct binding
lines in panel B are fits made using eq 2. experiments (Table 1). However, the values obtained for
LamB-K and LamB-EE were larger than the values obtained
SUVs and 34.6+ 1.6% @ = 2) to LUVs. These results  from pinding experiments (Table 1). In particular, due to
suggest that the binding was not critically dependent on the ihe |ow amount of binding and the resulting noisy CD data,
radius of curvature of the vesicle. Therefore, because CD he K, values obtained from CD for LamB-EE were not as
and blue shift experiments required SUVs, SUVs were used (gjigple as those obtained from the binding experiments. For
for the binding experiments reported below. this reason, and because the binding experiments are more
Figure 3A shows the data for binding of the three peptides direct, for the remaining lipids we relied on binding
(5uM)to 1.5 mM EPC. The data reveal that the percentage experiments to determing, and AG.
of peptide bound was statistically the same for LamB-W  Figure 3C shows the change in the wavelength of the
(45.8+ 5.6%) and LamB-K (47. & 5.6%), but significantly maximum of tryptophan fluorescence (blue shift) versus lipid
lower (P < 0.001 using the test) for LamB-EE (33.9: concentration for the three peptides. For all three peptides,
2.2%). Thus, for LamB-W, there were 2.28nol bound the blue shifts increased monotonically with increasing lipid
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Table 2: Electrophoretic Mobility Measurements of LamB Peptides ©f Pinding of LamB-W from 45.8 to 94.4% (Table 1), the

with Lipids? latter value corresponding to one LamB-W molecule for
electrophoretic mobility every 153 lipids The presence of P.S. produce_d.a 20-fold
lipid peptide (um s YV cm-1) increase in the LamB-W molar partition coefficieriyf,

EPC none 101+ 0083 corresponding to a 1.70 kcal/mol increase in the free energy
1:1EPC/keto  none ~1.01+ 0.091 of transfer (Table 1).
EPC LamB-W ¢-2) —0.59+0.11 Compressibility Modulus Two factors that should be
EPC LamB-K +-4) 0.97+0.22 considered in peptidebilayer interactions are the work to
EPC LamB-EE {2) —1.27+0.13

separate the acyl chains when a peptide penetrates into a
2 Experiments with peptides were performed with a concentration lipid bilayer and the bending, or curvature-elastic energy,
of 20uM peptide in the presence of 20 mM NaCl, 1 mM Hepes, and tnat results from an energy imbalance between the two
15 mg/mL sucrose at pH 7.4. monolayers as a result of asymmetric peptide binding. A
parameter that characterizes both these work terms is the
concentration in a manner similar, but not identical, to the jsothermal compressibility modulu; (49, 50). For liquid-
differences in ellipticity (Figure 3B). In particular, the order  crystalline bilayers, this modulus ranges from about 100 dyn/
LamB-K > LamB-W > LamB-EE was the same order found cm for DAPC bilayers to about 1800 dyn/cm for equimolar
for 9220max (Figure 3A). Very similar blue shift data were  sphingomyelin (SM)/cholesterol bilayer85 36). To de-
obtained for LamB-W and EPC bilayers in 2 mM Hepes termine the role of the compressibility modulus on signal
buffer in the absence of salt (Figure 3C) and with 150 mM peptide interaction, we measured the amount of binding of
NaCl (data not shown), indicating that electrostatic interac- | amB-W to zwitterionic bilayers comprised of DAP®&{
tions did not make a major contribution to the interaction = 100 dyn/cm), EPCKr = 192 dyn/cm), equimolar EPC/

between LamB-W and EPC. cholesterol K+ = 660 dyn/cm), equimolar EPC/ketoc-
, , ) holestanol K+ = 370 dyn/cm), and equimolar SM/cholesterol
Microelectrophoresis Experiments (Kt = 1800 dyn/cm). Figure 5A and Table 1 show that the

Since all three peptides bound to EPC bilayers (Figure @mount of binding of LamB-W was similar for bilayers
3A), we performed microelectrophoresis experiments to cOMPosed of EPC, EPC/cholesterol, DAPC, and SM/

obtain information regarding the position of their N and C cholesterol but was signifi(_:antly smaller for bilayers of EPC:
termini. Table 2 shows the mobility of EPC MLVs in the ~Ketocholestanol. In particular, LamB-W bound to EPC
absence and presence of peptide in 20 mM NaCl at pH - bilayers to approximately the same extent in the presence

For EPC liposomes; was negative, meaning that the EPC and absence of cholesteret45%), whereas only about 4%

liposomes were negatively charged. This behavior has beer® LamB-W was bound to 1:1 EPC/ketocholestanol bilayers

found by numerous researchers and probably arises from(3:7 * 1'80/_0 bound to SU_\/s_and 1.5 1.8% bound 1o
trace amounts of fatty acidtf). For EPC, we determined LUVs). This amount of binding to EPC/ketocholestanol

; ; SUVs is statistically significantly different than zero binding
using the Gouy-Chapman equatior#g) that there was one .
negative charge for every 59 lipid molecules. The addition (P < 0.001), but nevertheless reflects a 20-fold decrease in

of peptides increased or decreased this charge density. Wé compared to that of EPC (Table 1). The incorporation

also found that, as expected from its structure (Figure 1), of equimo_lar ketocholestanol into EPC bilayers caused a
the incorporation of equimolar ketocholestanol into EPC did decrease in free energy of about 2 kcal/mol (Table 1). Thus,
not alter the electrophoretic mobility (Table 2). the effect of ketocholestanol was very different from that of

In the presence of 22M LamB-W (2 net charge in cholesterol in that ketocholestanol, unlike cholesterol, mark-

buffer), u decreased (toward 0 mV), and in the presence of eQIy reduged the amount of binding of LamB-W to EPC
/ s bilayers (Figure 5A and Table 1).
20 uM LamB-K (+4), u changed sign to become positive. o
SO That the amount of LamB-W binding was about the same
In contrastu became more negative in the presence of the

. i . . to EPC and DAPC bilayers implies that binding was
negatively charged LamB-K~2). As described in the .insensitive to the molecular area, at least between 64 (EPC)

V%Eéuzi'?gétzzfneed;?el%‘:'fﬁée;n:;gfth the N.and C termm'and 76 R (DAPC) (51). This observation is consistent with

' our result that LamB-W and LamB-EE bound to SUVs and
LUVs in similar amounts, which, because of curvature
constraints, have different areas per molecule in the outer
monolayer of the bilayer5Q).

Surface Charge Numerous studies have shown that  To further document the effect of cholesterol and keto-
positively charged peptides bind more strongly to negatively cholestanol on peptiddipid interactions, we performed CD
charged lipids than to neutral lipidg, (L0, 12). To determine and blue shift measurements. Both ellipticity (Figure 5B)
whether this was also true for the LamB peptides, we and blue shift (Figure 5C) changes were in the order EPC
compared the binding, molar ellipticity), and blue shift > EPClcholesterol> EPC/ketocholestanck 0. Similar
of LamB-W (+2 net charge), as well as those of LamB-EE blue shift data were recorded for LamB-EE with EPC, 1:1
(—2), to those of neutral (EPC) and negatively charged (4:1 EPC/cholesterol, and 1:1 EPC/ketocholestanol (data not
EPC/PS) vesicles. Panels—& of Figure 4 show that for  shown).

LamB-W, the presence of PS produced a marked increase Figure 6A shows the free energies of transfer of LamB-W
in binding, ¥222max and blue shift, whereas for LamB-EE plotted versus the isothermal compressibility modi)(

the presence of PS had small effects on these parametersThere does not appear to be a correlation between binding
The inclusion of PS in EPC vesicles increased the amountand bilayer compressibility. The major point is that the

Role of Lipid in Modulating the Binding of Signal
Peptides
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FIGURe4: Effects of surface charge on the association of LamB-w cholesterol, 1:1 EPC/ketocholestanol, and 7-Doxyl PC at a peptide
and LamB-EE with lipid bilayers at a peptide concentration of 5 concentration of SuM: (A) percentage of LamB-W bound to
uM: (A) percentage of LamB-W and LamB-EE bound to EPC and Pilayers at a lipid concentration of 1.5 mM, (B2, and (C) blue

4:1 EPC/PS vesicles at a lipid concentration of 1.5 mM, &}, shift vs lipid concentration.

and (C) blue shift plotted as a function of lipid concentration for

both EPC and 4:1 EPC/PS vesicles. The same symbols are used ifO=C) groups that are separated by about 4 A. X-ray

panels B and C. diffraction (36), permeability, and binding measuremer&3)(
binding was significantly smaller for EPC/ketocholestanol indicate that ketocholestanol is oriented nearly perpendicular
than for any of the other lipids, and this difference was not to the plane of the bilayer, meaning that the ketone group is
related toKr. located abou4 A deeper in the bilayer’s hydrocarbon region
Dipole Potential and Interfacial Dipoles The observa-  than the OH group, which is anchored near the hydrocarbon
tions (Figure 5A-C) that the interaction of LamB-W differs  water interface at the level of the deeper carbonyl gré&dp (
among EPC, EPC/cholesterol, and EPC/ketocholestanol55).
bilayers indicates that small differences in the interfacial One possibility for rationalizing the dramatic effect of
region of the bilayer can have large effects on the interaction ketocholestanol incorporation on the binding of LamB-W
of peptides with bilayers. The major structural difference to EPC bilayers is that ketocholestanol increases the dipole
between cholesterol and ketocholestanol is the presence opotential (i.e., makes the interior of the membrane more
a ketone group at position 6 of ketocholestanol (Figure 1). positive), and it has been suggested that peptide binding
Thus, ketocholestanol has dipolar hydroxyl (OH) and ketone might be affected by bilayer dipole potenti&b{. The dipole
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A_ 7 EPC/cholesterob> EPC/ketocholestanok 7-Doxyl PC.
Panels B and C of Figure 5 show that at all lipid concentra-
tions both the ellipticity changes and blue shift for LamB-W
.E.PC EPCLChOI SM/oC ol associating with 7-Doxyl PC bilayers were similar to those
| DAPC for EPC/ketocholestanol bilayers, and much lower than those
for EPC bilayers. Thus, all three techniques (Figure-5A
C) indicate the binding of LamB-W to 1:1 EPC/keto-
cholestanol and 7-Doxyl PC bilayers was similar.

To determine if the observed similarity in binding proper-
ties of EPC/ketocholestanol and 7-Doxyl PC bilayers was
EPC/Keto correlated with dipole potentialVf, we measured/ for

® 7-Doxyl PC monolayers. We found equals 368.7 9.2
mV for 7-Doxyl PC, significantly lower than the value of
703 mV for equimolar EPC/ketocholestan®b). Thus, even
L though both 7-Doxyl PC and EPC/ketocholestanol have large
Compressibility Modulus (dyn/cm) dipoles located at similar positions in the hydrocarbon region

of the bilayer, they have quite different dipole potentials as

'
[=)}

Free Energy of Transfer (kcal/mol)
n
I

I I |
500 1000 1500 2000

'
H
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B -7 measured with monolayers. This implies that the orientation
SM/Chol of the ketone and nitroxide dipoles must be different. Figure

#EPC o EPC/Chol 6B shows that there is no correlation between the measured
-6 DAPC free energies of transfer of LamB-W (from Table 1) and the

measured dipole potentials for EPC, DAPC, 1:1 EPC/
cholesterol, 1:1 EPC/ketocholestanol, 1:1 SM/cholesterol, and

7-Doxyl PC.
EPC/Keto
i DISCUSSION
4 Doxyl PC Our binding, CD, fluorescence, and microelectrophoresis
° experiments provide information both on the conformation

Free Energy of Transfer (kcal/mol)
&
I

of the LamB signal peptide in bilayers and on the effects
that changes in the bilayer interfacial (headgroup) region have
on the association of helices with bilayers.

Conformation of LamB Signal Peptides in SDS Micelles
FIGURE 6: Correlation between free energy of transfer of LamB-W gnd EPC Bilayers CD and tryptophan fluorescence mea-
and (A) bilayer isothermal compressibility moduK+) and (B) surements (Figure 2) revealed that LamB-W, LamB-EE, and
dipole potential {). Values ofK; were taken from ref$1, 72, . T !
and73, and values o¥/ were taken from refg3 and74 and from LamB-K each had a random coil conformation in buffer and
this study (7-Doxyl PC). an o-helical conformation in SDS micelles, with the tryp-
tophan residue in a low-dielectric environment. The values
potential of EPC is 415 mV, and the dipole potential of of 922 and fluorescence emission wavelength were similar
equimolar EPC/ketocholestanol is 703 mV as measured forfor all three peptides in SDS, implying that these three
lipid monolayers 86). Because ketocholestanol has a large peptides with different net charges (Figure 1) had similar
dipole (the ketone moiety) located in the hydrocarbon region conformations when they were associated with the highly
of the bilayer, we tested whether other lipids with dipoles negatively charged SDS micelles. Thus, nonelectrostatic
located at similar depths in the hydrocarbon region would (hydrophobic) interactions must be critical in the association
also decrease peptide binding, or whether this effect wasof these peptides with SDS.
specific to ketocholestanol. Another lipid with a large dipole  In contrast to the similar CD and tryptophan fluorescence
located in its hydrocarbon region is 7-Doxyl PC, which has data found for all three peptides in SDS, in EPC vesicles
a nitroxide moiety at position 7 on one of its acyl chains the maximum values obtained from these two measurements
(Figure 1). In liquid-crystalline bilayers, the distance were markedly different for the different peptides (panels B
between Chigroups along an acyl chain is about 0.9 A per and C of Figure 3). This implies that, unlike SDS, the polar
CH; group 67). Therefore, in bilayers of 7-Doxyl PC, the  headgroup region of EPC bilayers can distinguish among
nitroxide should be located abb A from the carbonyl the three peptides and influence their binding and/or con-
group (Figure 1), or, on average, about the same depth fromformation. That the three peptides had the same average
the hydrocarborrwater interface as the ketone group is in conformation in buffer (Figure 2A) means that any differ-
EPC/ketocholestanol bilayers. X-ray diffraction showed that ences in the amount of peptide binding to bilayers reflects
pure 7-Doxyl PC forms liquid-crystalline bilayers; X-ray changes in their interaction with the bilayer. One factor that
patterns from fully hydrated 7-Doxyl PC contained two could explain the higher ellipiticity in EPC seen with
orders of a lamellar repeat period of 65 A and a broad wide- LamB-K compared to that with LamB-W is the fact that the
angle band at 4.5 A (data not shown). Such patterns arepositive charge near the C terminus may stabilize the helix
characteristic of liquid-crystalline phase bilayesS)( in the bilayer, as charged groups near the end of small
Figure 5A and Table 1 show that the amount of binding peptides can stabilize helix formatiof9). In contrast, the
of 5uM LamB-W to 1.5 mM lipid was in the order EPE differences in ellipticity and blue shift between LamB-W

-3 L L | I
300 400 500 600 700 800

Dipole Potential (mV)
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and LamB-EE can be, at least in part, explained by a smallerN termini of these peptides must be on the outside of the
amount of binding of LamB-EE to the bilayer (Figure 3A). vesicle. The implicit assumption is that the localization of
Factors that could contribute to the observed differencesthe termini and their contribution to the mobility were
in the interactions of the three peptides with SDS micelles unaffected by these two amino acid substitutions, and indeed,
and EPC bilayers include electrostatics, since EPC isthe molar ellipticities and blue shifts of these two peptides
electrically neutral and SDS is negatively charged. However, with EPC were similar (Figure 3B,C). In addition, compared
electrostatics alone cannot explain why the negatively to EPC vesicles, LamB-W and LamB-EE caused similar
charged LamB-EE has a larger change in ellipiticity in the changes in electrophoretic mobility, although in opposite
presence of SDS micelles than in the presence of EPCdirections. This provides evidence that the total charge on
bilayers. Another factor, described in detail below, is the the outside of the bilayer was of the same magnitude, but
wider and more complex interfacial region of EPC compared had opposite signs, for the vesicles containing LamB-W and
to the region of SDS. LamB-EE. This result is consistent with these peptides
Location of LamB N and C TerminiFor LamB-W, there having all their charged groups on the outside of the vesicle
is agreement that the N terminus is confined to the outer (+2 net charge for LamB-W ang2 net charge for LamB-
monolayer, especially for bilayers containing negatively EE), but inconsistent with the peptides having a transbilayer
charged lipids 25, 28, 29). However, one study20) found organization 43 net charge on the outside of the vesicle
that the C terminus was also located on the outside of thefor LamB-W and—1 net charge for LamB-EE). This shows
vesicle, whereas other2§, 28) have presented models with that the N terminus of LamB-W did not require negatively
the C terminus penetrating to various extents into the bilayer charged lipids to anchor it to the aqueous phase.
acyl chain. Jones and Gieras@b) argue against a model LamB-K, which is the same sequence as LamB-W except
with both termini on the same side of the bilayer because of for the amidation of the C terminus and the addition of a
the unfavorable energy associated with breaking backbonepositive charge at the amino acid next to the C terminus
H bonds in creating a reverse turn in the hydrophobic region. (Figure 1), imparted a more positive charge to EPC than
However, given the fact that the energy needed to break HLamB-W (Table 2). This suggests that both of LamB-K'’s
bonds between NH and=€C in nonpolar environments is  termini were on the same side of the membrane. Because
about 6 kcal/mol §0), whereas the Born plus image energy LamB-W and LamB-K had the same concentration in the
required to transfer a univalent charge in the hydrocarbon bilayer (Figure 3A) and the mobility was greater for LamB-K
region is at least 40 kcal/mobQ), it is not evident which of than LamB-W, it is likely that for LamB-K all four positive
the terms would be larger, especially since the emntirelix charges contributed to the mobility and were therefore on
may not be completely buried in the hydrocarbon region and the same side of the bilayer. If it were postulated that the
some of the H bonds that are broken could be made up bycharged C termini in LamB-W and LamB-K crossed the
H bond donating and accepting moieties in the interfacial membrane, then both LamB-W and LamB-K would have
region. three positive charges on the outer surface and should have
The electrophoretic mobility experiments (Table 2) provide approximately the same mobility. The fact that they did not
evidence that both the N and C termini of LamB-W were (Table 2) indicates that the positive charge near the C
on the outside of EPC vesicles. Electrophoretic mobility terminus of LamB-K was on the same side as the N terminus.
measurements with MLVs are sensitive to charges near theThus, for all three peptides, we conclude that both the N
plane of shear which is located outside of the vesicle nearand C termini were on the same side of the bilayer.
the polar headgroupt(, 42). Peptide charges in the fluid Taken together, the observations that (1) LamB-W formed
space inside the vesicle would not contribute appreciably to an a-helix in EPC bilayers, (2) both its N and C termini
the electrophoretic mobility because of they are located morewere on the same side of the bilayer, and (3) its tryptophan
than 50 A from the plane of shear and the screening of in position 18 penetrated abb@ A into the hydrocarbon
counterions. At low ionic strengths, the addition of the same region @5) suggest that LamB-W adopts a “hammock”
concentration of each of the three peptides changed theconfiguration in the bilayer, with both termini exposed to
mobility of EPC in a manner expected from their net charge, the aqueous phase, anddtdelix near the interfacial region.
assuming that the C and N termini were fully charged at pH Such a hammock configuration would not necessarily involve
7. LamB-W (2 net charge) or LamB-K+#4) increased  a reverse turn in the helix region, especially if théeelix
the mobility in a more positive direction with the amount of were oriented nearly parallel to the bilayer surface. More-
increase greater for LamB-K, whereas LamB-EE2] over, the “helix breaker” glycine located in position 17 (in
changed the mobility in a more negative direction (Table the middle of the string of nonpolar and uncharged residues
2). This suggests that all of the charges were on the outsideof LamB-W) could provide flexibility near the middle of
of the bilayer. the helix.
Comparisons of the mobilities of vesicles with that of each ~ Partitioning of LamB Peptides into BilayersThe parti-
of the three peptides provide additional evidence that both tioning of a peptide into a bilayer involves the adsorption of
termini were on the outside of the vesicle. First, consider the peptide to the interface, subsequent conformational
LamB-W and LamB-EE, which are chemically identical changes in the peptide and membrane, and an insertion step
except that the two positive amino acids near the N terminus (62, 63). The free energy of transfeAQ) is the algebraic
in LamB-W were changed to negatively charged residues in sum of several positive and negative ter3s {, 12, 63,
LamB-EE (Figure 1). The fact that LamB-EE increased the 64). Although many of these terms can be quite large, in
mobility of EPC vesicles in a negative direction whereas the case of LamB-W binding to EPC the free energy of
LamB-W decreased the mobility means that the negative binding was determined to be the relatively small value of
charges (E and E) and positive charges (R and K) near the—6.3 kcal/mol (Table 1). To place this number in perspec-
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tive, it is about equal to the energy needed to transfer three A central issue is determining the mechanisms by which

nonpolar amino acid residues from water into a PC bilayer ketocholestanol destabilizes the interaction between LamB-W

(60). and the bilayer. Several possible factors can be eliminated.
A major factor promoting adsorption and insertion of First, because EPC/ketocholestanol bilayers have the same

LamB-W into neutral bilayers is the hydrophobic free energy €l€ctrophoretic mobility and hence surface charge density
(3). For LamB-W, the maximal hydrophobic contribution @S EPC bilayers (Table 2), the difference in binding properties
(assuming all hydrophobic amino acids were completely Of these bilayers cannot be due to electrostatic interactions.
buried in the hydrocarbon region) was calculated to-15& Second, effects of changes in bilayer structure (e.g., area per
kcal/mol B). However, in analyzing the LamB-W binding molecule) can be eliminated because the incorporation of
to PG/PE bilayers, Jones and Gieras8hdoncluded that ~ ketocholestanol into EPC bilayers has little effect on bilayer
only about 30% of the maximum hydrophobic effect was Organization 86) and there is a lack of correlation between
realized, “presumably because of losses from polar head-Pinding and the bilayer compressibility modulus (Figure 6A).
group effects”. Our observation that the binding of LamB-w A third possibility that can be eliminated is the increase in
to EPC was not modified by an increase in ionic strength is dipole potential ) caused by the incorporation of keto-
consistent with the idea that nonelectrostatic interactions suchcholestanol into EPC36). For phospholipids such as EPC,

as hydrophobic interactions play a major role in the binding the large positivé/ has been shown to increase the amount
to the these neutral bilayers. of binding of hydrophobic anions and decrease the amount

of binding of hydrophobic cations that partition into the
interfacial region of the bilaye5g, 70). Since proteins and
peptides have fixed charges and large dipole momé&ijs (
it has been proposed thdican influence their adsorption to
bilayers 66). However, if the dipole potential were an
important factor in the interactions between LamB peptides
and bilayers, one would expect that LamB-EE2] would
bind more avidly than LamB-K+4) or LamB-W (+2) to
both EPC and EPC/ketocholestanol bilayers which have
our measg.reg value (ITab!e }I) 4G of |_6'3 k%ﬁllmc’l for positive dipole potentials. The fact that it did not (Figure
LamB-W binding to electrically neutral EPC bilayers. 3A) provides evidence that the dipole potential is not a major
The addition of 20% PS to EPC did not significantly alter factor in the binding of these peptides to these bilayers.
the amount of LamB-EE binding (Figure 4A), even though, Moreover, the data in Figure 6B show that there is no
if electrostatics were the Only factor inVOlVEd, it mlght be correlation between the amount of LamB-W b|nd|ng and
expected that PS would decrease the amount of binding ofdipole potential.
LamB-EE (-2 net charge in buffer) about as much as it Ketocholestanol’'s Effects on Interfacial WidtAnother
increased the amount of binding of LamB-WZ). There  factor to consider in LamB-W partitioning into the bilayer
are at least two possible explanations. (1) Because thejs the |ocation of the polar ketone group in EPC/keto-
presence of PS lowers the pH near the bilayer surfé8g ( cnolestanol bilayers. As noted in the Results, the ketone
the glutamic acids of LamB-EE might be closer to thédgp group is located abdut A into the bilayer's hydrocarbon
and theref(_)re not fully chz_irged. (2) Electrostatic effects can region (see Figure 1) and energetic calculations suggest that
pe neut_rahzed by other interactions, such as hydrophobicne ketone group is hydrate86). Therefore, one possible
Interactions. effect of ketocholestanol is an increase of abdW in the
Effects of Ketocholestanol on Peptide Bindinghe direction of the acyl chains of the hydrophilic width (polarity)
addition of equimolar ketocholestanol to EPC has a dramatic of the interfacial region. With the hammock model described
effect on LamB-W binding, markedly reducing the amount above, much of the helical region of the peptide must be
of binding to EPC from 46 to 4% (Figure 5A) and the molar located near the interfacial region of the bilayer. As noted
partition coefficient by a factor of 60 (Table 1). These by White and Wimley %), the width of the polar headgroup
binding data are completely consistent with the CD spectra region of PC bilayers is approximately the same as the
which show that for EPC/ketocholestanol bilayers there is diameter of the core of am-helix. Thus a 4 Aincrease in
little a-helix formation (Figure 5B) and the tryptophan the width of the polar interfacial region has the effect of
fluorescence measurements which showed that in the presincreasing the width of the potential energy barrier to the
ence of EPC/ketocholestanol bilayers the tryptophan atinsertion of hydrophobic peptides into the bilayer. Given
position 18 was not in a low-dielectric environment (Figure the configurational constraints outlined above for LamB-W,
5C). The generality of these observations with respect to such an increase in interfacial width could mean that less of
other types of peptides is not known at present. Claderathe hydrophobic amino acids in thehelix would be exposed
and O’Shea §9) used fluorescent probe measurements to to the low-dielectric acyl chain region of the bilayer. This
determine the interaction of the mitochondrial amphipathic would decrease the contribution of the hydrophobic energy
signal sequence p25 with EPC in the presence and absencé the free energy of binding and tilt the energy balance in
of ketocholestanol. They found that 15 mol % keto- a manner such that the amount of peptide binding to the
cholestanol had little effect on the dissociation constant, but bilayer was markedly reduced. It follows that increasing the
increased the p25 binding “capacity”, and modified the polarity of the acyl chain region near the hydrocarborater
conformation of the peptide. Thus, even small concentrationsinterface by the addition of hydrated dipoles, such as the
of ketocholestanol can affect the interaction of peptides with ketone group in ketocholestanol, could cause a reduction in
bilayers. the hydrophobic free energy, which is the major factor

Electrostatics play an important role in the binding of
LamB-W to negatively charged bilayers, as has been shown
for many positively charged peptides and protei@si(l,
65—67). For LamB-W binding to 65:35 PE/PG bilayers,
Jones and GierasclB)( demonstrated the importance of
electrostatics by showing that as the ionic strength was
increased the transfer free energy changed frobi.4 to
—5.1 kcal/mol. This high-ionic strength value is similar to
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driving LamB-W binding to neutral bilayers3). The in composition near the interfacial region can disrupt the
addition of equimolar ketocholestanol reduced the free energybinding of LamB signal peptides to membranes. Thus, the
of transfer of Lamb-W to EPC bilayers by about 2 kcal/mol width and hydration properties of the interfacial region can
(Table 1), a value that is comparable to the free energy of markedly effect the energetics of peptidglayer interac-
transfer (-1.9 kcal/mol) of a tryptophan residue from water tions.

to a PC bilayer§0). Therefore, if just a few nonpolar amino
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