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ABSTRACT. Understanding, predicting, and designing the binding of peptides and proteins to bilayers require
guantifying the intrinsic propensities of individual amino acid residues to bind membranes as a function
of structural context and bilayer depth. A hegiuest study was performed using the peptide host named
helix5 in order to determine the membrane affinities of the aliphatic side chains both drhatical

context and as a function of bilayer depth. Use ofdhkelical host with a constrained geometry allowed

the placement of guest sites at three different depths in bilayers and minimized secondary structural changes
due to guest substitutions. Circular dichroism and electron paramagnetic resonance (EPR) were used to
characterize the aqueous and bilayer-bound structures of the peptide variants. EPR was also used to measure
the bilayer-water partition constants of the peptide variants, andANh&s;, values (relative to Gly) of

the aliphatic amino acid side chains were subsequently calculated. Surprisingh/A@evalues did not
significantly vary as a function of the guest site depth in bilayers. In additiom\ @, values determined

in an a-helical context are reduced to approximately two-thirdsA&G;, values determined in other
studies for the bilayerwater and octanetwater partitioning of amino acid side chains in extended and
unstructured hosts. Both the relative reductiodihG, values in the context of am-helical host and the
invariance ofAAGy values with respect to bilayer depth are consistent with the membrane affinities of
the aliphatic residues being largely determined by the classical hydrophobic effect.

Protein-lipid interactions are fundamental determinants to assess whether these propensities vary as a function of
of the structures and functions of many proteins. For the depth of the side chains in membranes.
example, membrane protein folding involves a series of steps A long-held view regarding the transfer of peptides from
in which proteins first insert into membranes and then fold water to membranes is that the transfer can be modeled
into their native tertiary structures within membran@s- ( simply as the hydrophobic removal of peptides from bulk
4). Protein-lipid interactions also play critical roles in the water into bulk nonpolar phas@@). In fact, nearly all of
mechanisms of membrane fusion in biological processes suctthe large number of hydrophobic indices for amino acids
as neurotransmissior,(6), viral infection (7—9), and egg (for a listing of 82 indices, see réfl) are based on physical
fertilization (10, 11). In addition, protein-lipid interactions properties of small peptides and side chain analogues and
are involved in the activity of antimicrobial peptideb2(- on the distribution of amino acids in proteins. However,
14), the translocation of toxinslg), and the targeting of  phospholipid bilayers are chemically heterogened@ss—(
signal sequenced6—19). However, it has been difficult to ~ 24), and the polarity of any given amino acid residue’s
analyze the proteinlipid interactions of many specific environment within a bilayer may not necessarily be
biochemical systems due to experimental difficulties. An equivalent to bulk nonpolar solvent due to differences in
alternative is first to quantify the energetic contributions
which determine protein structure and bilayerater parti- 1 Abbreviations: Ac-, acetylated amino terminus; CD, circular
tioning using simple, model peptides. Such minimalistic dichroism; DCC, N,Ndicyclohexylcarbodiimide; DOPC, dioleoylphos-
studies then may lead to the successful understandingpPhatidylcholine; EDDA, ethylenediamiréN -diacetic acid; EPR,

L . e 1. . electron paramagnetic resonance; Fmoc, 9-fluorenylmethoxycarbonyl;

prediction, and design of specific biochemical systems of gycj " guanidine chloride; KCI, potassium chioride; LUV, large
interest. The purpose of this work was to determine the unilamellar vesicle; MOPS, 3¢morpholino)propanesulfonic acid:;
intrinsic propensities of the aliphatic amino acid side chains MTSSL, S(1-oxy-2,2,5,5-tetramethylpyrroline-3-methyl)methanethio-

. . ... _sulfonate spin-label; N®DAc, ammonium acetate; NMP, 1-methyl-2-
to bind membranes (also known as the membrane affinities pyrrolidinone; NMR, nuclear magnetic resonan&g, concentration

or AAGy values) in the context of am-helical peptide and  of peptide bound to bilayerg;, concentration of peptide free in aqueous
solution; pCoxlIV, presequence of yeast cytochranoxidase subunit
IV; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; POPG, 1-palmi-
T Supported by NIH Grant GM51290. Y.-K.S. is a 1995 Searle toyl-2-oleoylphosphatidylglycerol; HPLC, high-performance liquid
Scholar. chromatography; SUV, small unilamellar vesicle; TFA, trifluoroacetic
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immersion depthZ5). In addition to the hydrophobic effect, being largely determined by the classical hydrophobic effect,
other thermodynamic forces such as electrostatic interactionswhich is manifested by the removal of nonpolar surface area
peptide immobilization, peptide conformational changes, from bulk water and is independent of the bilayer-bound

“bilayer effects”, and van der Waals dispersion forces can depths of the aliphatic guest side chains.

participate in the watermembrane partitioning of peptides
(26—29). MATERIALS AND METHODS

To investigate the nonelectrostatic forces governing the  \14terials. Rink amide MBHA resin and N=Fmoc-amino
partitioning of peptides between water and membranes, the, g gerivatives were purchased from Calbiochem-Novabio-
bilayer—water transfer free energieAGy values) of avariety  ham Corp. 4-Hydroxy-TEMPO an8-(1-oxy-2,2,5,5-tet-
of short peptides have been measured. The results fromymethyipyrroline-3-methyl)methanethiosulfonate spin-label
quar?tltatNe stud@s on the partitioning of _no_FhehcaI . (MTSSL) were obtained from Aldrich Chemical Co. and
peptides are consistent with the hydrophobic effect being 14ronto Research Chemical (Ontario, Canada), respectively.
the main (although'not ngcessarlly exclu.;we) driving force 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC) and 1-pal-
behlnql the bilayer Insertion of such pept|d¢2_§',_(_29, 30). mitoyl-2-oleoylphosphatidylglycerol (POPG) were obtained
Experimentally determined membrane affinitieA AGy from Avanti Polar Lipids (Alabaster, AL). NEDDA was

values) of individual amino gcid side chains, measured in prepared from EDDA and Ni(OH)according to a method
host-guest systems employing unstructured and eXte”deddeveloped by Christian Altenbach (unpublished).
hosts, are also consistent with the hydrophobic effect being Peptide Synthesis and PurificatioThe amino acid

H h d hether th . sequence of the peptide host, helix5, is Ac-NELKKKLEL-
onever the.re IS 'Sagreemt?]”tﬁltow E.’tt cej” feﬂ?“eft AN CKAKWLEAKKKLEALK-NH . The underiined residues at
acid side chains experience the full magnitude of the classica positions 7, 9, and 12 in the amino acid sequence correspond

hydrophlofbic effect:{l)c:jr_only e}ppr.oximbe.lltely halng) upon bl to the guest sites. The peptide helix5 was synthesized
removal from water and insertion into bilayers. One possible previously @3). The peptide variants of helix5 were syn-

explanation for the conflicting results is that thA G, values thesized by solid-phase peptide synthesis using-Rmnoc-
of amino acid side chains vary as a function of the bilayer ,nin, a¢id derivatives and Rink amide resin. For all of the

depth of the guest sites due to polarity gradlent'_s n peptides, the 13 carboxy-terminal residues are identical and
membranes. The hosguest study performed by Thqrgelrs— were synthesized by automated synthesis on an Applied
son et al. 81) gsed an extended/unordgred 2_5-reS|dl_Je hOStBiosystems 431 synthesizer. The resulting precursor peptide
W'th a guest site located in the acyl chain region of bilayers attached to the resin was then split into smaller batches, and
in the membrane-bound state, whereas the-hgsest study the remaining residues were coupled in parallel by hand using
a 2 x 5 array of reaction vessels purchased from SynPep
. ) pCorp. (Dublin, CA). The peptide helix5b has the same amino
region of bilayers. HowevenAGy values have not yet been acic® sequence as helix5 except for Leu7Ala and Alal2Leu
experimeptally detgrmined either as a function of bilayer substitutions: AeNELKKKAELCKLKWLEAKKKLEALK-
depth or in aro-helical context. o _ NHa. Helix5b was synthesized entirely by automated syn-
To determine thAGy values of the aliphatic side chains  yhaqjs Al of the peptides were amino-terminus-acetylated

both in ano-helical context and as a function of me_mbrane- by reacting with a 5-fold molar excess of acetic anhydride
bound depth, we performed a hegjuest study using the ¢4 1 1 in the presence of a 5-fold molar excess B/N-

a—helical_ peptide hO.St named _hgli)_(fsa). Use of the diisopropylethylamine (DIPEA). The peptides were cleaved
geometrically const_ralned host minimized structural changesfrom the resin and side chain deprotected by reacting with
due 1o guest SUbSt'tUt.'OnS and aII_owed mA_G” values_to Reagent K for 3-6 h (36). Excess trifluoroacetic acid (TFA)

be determined for different regions of bilayers. Fifteen . yamoved by rotary evaporation, and the peptides were
peptide variants of h_el|x5 were ;yntheS|zed with Gly, Ala, subsequently precipitated in excess ctid-butyl methyl

Val, lle, and Leu residues substituted separately at éach Ofener The peptides were washed by seven cycles of mixing
three guest sites. The guest sites were located in the acyj, yortpytyl methyl ether, spinning the peptides into pellets,
chain region, the interface of the acyl chain and headgroup 5 decanting the ether. The peptides were then dried
regions, and the headgroup region of bilayers in the bilayer- o e might in a vacuum desiccator. The peptides were purified
bound states. Circular dichroism (CD) and electron para- to >95% purity by reversed-phase HPLC using a Vydag C

magnetic resonance (EPR) experiments were used to chargq,mn and a water/acetonitrile (0.1% TFA) gradient. The

acterize the aqueous and bilayer-bound secondary StrUCt“rer“dentity and purity of each peptide were confirmed by
of the peptide variants. EPR was also used to measure the, o rospray-ionization mass spectrometry using a Hewlett-
partitioning of the peptides between aqueous solution and Packard Model 5989A mass spectrometer.

bilayers. From the _partit.ioning.datAA.Gtr \{alues (rglative Spin-LabelingEach of the purified peptide variants were
to Gly) for the aliphatic amino acid side chains were spin-labeled at the cysteine at position 10 wW&f1-oxy-
?aICltJ.Iated'f -I;EGA%% valges go anttﬁppfa;L to varytas_ta 2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosul-
unction ot the bilayer-boun epth of the guest Sie. 5nate spin-label (MTSSL). The peptides were dissolved in

Moreover, theAAG, values for bilayerwater transfer in ; :
ana-helical context are reduced to about two-third AKGy mixtures of 5 mM potassium phosphate buffer (pH 7.0, 10

values for both bilayerwater transfer 1) and octanot 3 — - : .
water transferd4, 35) using peptides with guest side chains _ - 1he one-letter abbreviations for the amino acids are as follows: A

. = Ala, C = Cys, D= Asp, E= Glu, F= Phe, G= Gly, H = His, |
nearly fully exposed to solvent. Both results are consistent — jje 'k = Lys, L = Leu, M= Met, N = Asn, P= Pro, Q= GIn, R
with the membrane affinities of the aliphatic side chains = Arg, S= Ser, T= Thr, V = Val, W = Trp, and Y= Tyr.
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mM KCI) and 250uL of acetonitrile. Appropriate volumes  depths of the spin-labels at position 10 in each of the peptide
of 50 mM MTSSL in acetonitrile were added to the peptide variants as described previousl§3}. The depth measure-
solutions so that the concentrations of MTSSL were in 2-fold ments required that all of the peptides were bound to the
molar excess of the peptides. After allowing the spin-labeling LUVs in each sample. To ensure that all the peptides were
reactions to proceed for at least 1 h, the spin-labeled peptidesbound to LUVS, we prepared the peptide samples in 15 mol
were purified by reversed-phase HPLC using a water/ % negatively charged LUVs. Each of the peptides was
acetonitrile (0.1% TFA) gradient. Fractions containing the dissolved in 5 mM MOPS buffer (pH 7.0, 50 mM NBAc)
spin-labeled peptides were collected as single peaks, lyoph-with 75 mM of 15 mol % POPG in POPC, so that the final
ilized, and stored dry at20 °C. The identity and purity of  lipid concentration was 50 mM. A gas-permeable TPX
the spin-labeled peptides were confirmed by mass spectro-capillary was used to allow saturation of the samples with
metry. air or Nx(g). EPR spectra were recorded at 0.101, 0.250,
Lipid Vesicle PreparationStock solutions of POPC and  0.400, 0.800, 1.27, 2.01, 4.00, 6.35, 10.1, 16.0, 25.3, and 40
POPG in chloroform were mixed by volume to obtain the mW of incident power in the presence o0§(@), N>(g), and
appropriate molar ratios of negatively charged phospholipids. N»(g)/Ni-EDDA. Ni-EDDA concentrations of 200 mM were
Most of the chloroform was evaporated under a stream of used. The peak-to-peak amplitudes of the first-derivatlye
nitrogen gas, and the lipid mixtures were lyophilized = 0 lines were used to obtain saturation profiles. The power
overnight to remove trace amounts of chloroform. The lipids saturation profiles were fitted by a nonlinear least-squares
were suspended at room temperature in either 5 mM algorithm to determine the,, values and subsequentyP,
potassium phosphate buffer (pH 7.0, 50 mM KCI) or 5 mM values 89). The natural log of the ratio oAP;,; values in
MOPS buffer (pH 7.0, 50 mM NKEDAC) to yield a total the presence of water-soluble (e.g.;BBDDA) and membrane-
lipid concentration of 75 mM. After 7 cycles of freezing and soluble (e.g., @) fast-relaxing agentsk) is directly related
thawing, the lipid solutions were passed through 100 nm poreto the difference in standard state chemical potentials of the
size polycarbonate membranes using an Avanti Mini- reagents at any depth and is proportional to the bilayer-bound
Extruder (Avanti Polar Lipids; Alabaster, AL) to prepare depth according to the expressido):
large unilamellar vesicles (LUVs). Small unilamellar vesicles
(SUVs) were prepared by diluting lipid stock solutions (5 ®=In AP(O))
mM potassium phosphate buffer, pH 7.0, 50 mM KCI, 15 AP, (Ni-EDDA)
mol % POPG/POPC) to 30 mM and sonicating the lipid
solutions for approximately 1 h. The resulting solutions were whereSis the slopeD is the distance of the nitroxide from
clear. the lipid phosphate groups in angstroms, aBdis the
CD SpectroscopyCD spectra of the spin-labeled peptides intercept. A calibration performed previously yielded a slope
in aqueous solution and]., values in SUVs were recorded  (S) of 0.27 A and an interceptQ@) of —1.16 @3). After
on Aviv Model 62 DS spectropolarimeters at 26. The determining the\Py,, values, the distances from the nitroxide
spectra were measured at 1 nm intervals with a 1.5 nm spin-labels to the lipid phosphates were calculated according
bandwidth and a 15 s time constant. T, values were  to eq 2, and errors in the EPR-determined depths of the spin
measuredtal s intervals for 60 s with a 1.5 nm bandwidth labels were determined by an analysis of the propagation of
and a 1 dime constant. Spin-labeled peptide solutions were fitting errors.
buffered with 5 mM potassium phosphate (pH 7.0, 50 MM EPR Measurements of BilayeWater Partitioning.EPR
KCI), and the SUV samples contained 15 mM lipid consist- spectra were collected using a Bruker ESP300 EPR spec-
ing of 15 mol % POPG/POPC. Peptide concentrations were trometer (Bruker Instruments) equipped with a low-noise
determined by the absorbance at 280 nné iM GuCl @7). microwave amplifier (Mitech) and a loefap resonator
The peptide concentrations in aqueous solution ranged from(Medical Advances). The loepgap resonator was inserted
60 to 90uM, and the peptide concentrations in SUVs ranged into a homemade quartz vacuum Dewar, and the temperatures
from 30 to 45uM. The final lipid concentrations in the  of the samples were maintained at23 °C by a Eurotherm
samples containing SUVs were 15 mM, so the peptide:lipid V-VT 200 thermostat. A modulation amplitude of 0.5 G was
ratios ranged from 1:333 to 1:500. All of the peptides in the used. Samples were prepared by mixing peptide and lipid
samples containing SUVs were determined to be bound tosolutions in a 1:2 ratio and letting the solutions equilibrate
SUVs by EPR spectral subtraction. The percent of peptide for at least 0.5 h before EPR measurements. The EPR-
in ana-helical conformation was estimated by the equation: determined partition constants did not vary over time for
samples measured periodically over 1 week. The final
[0]220 concentrations of bilayer-bounBy) and aqueoud™) peptide
x 100% () : ) L L i
6]y fractions in the lipid-containing samples were determined
by EPR spectral subtraction. The total concentrations of
where P22z is the mean residue ellipticity at 222 nm in deg peptides (between 80 and 230M) were determined by
cn? dmolt and Py is the predicted mean residue ellipticity comparing their doubly integrated spectra to that for a 100
at 222 nm for the completely-helical peptide in deg cfn uM solution of the standard 4-hydroxy-TEMPO. Concentra-
dmol™. The [9]4 values were determined by trifluoroethanol tions determined by this method are greater than 95%
(TFE) titration to account for aromatic side chain contribu- accurate. The final concentration of lipids in the samples
tions to the far-ultraviolet CD3g). was 50 mM, so the peptide:lipid ratios ranged from 1:217
EPR Power Saturation Measurements of Membrane-Boundto 1:625. The total concentrations of peptide were varied so
Depths.The EPR collision gradient method developed by that under any given sample condition (e.g., mol % of
Altenbach et al.39) was used to determine the bilayer-bound negatively charged lipid) the concentration of peptide bound

=SD+C )

% o-helix =
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to bilayers P,) was between 50 and M. Therefore, the maximumo-helicity in aqueous solution and in bilayers with
ratios of bilayer-bound peptide:lipid were approximately minimal structural changes upon phase transfer, (b) mono-
1:900. The samples were buffered by 5 mM MOPS buffer meric structure both in aqueous solution and in bilayers to

(pH 7.0, 50 mM NHOAC). avoid energetic contributions due to oligomerization, (c)
Thermodynamics of BilayeiWater Partitioning Equilib- reversible binding to bilayers to allow quantitative measure-
ria. The concentrations of peptide bound to bilay&tg énd ments of watermembrane partitioning, and (d) guest sites

free in aqueous solutionP{) were determined by EPR completely buried in the bilayer in the bilayer-bound states.
spectral subtraction. The incorporation of the peptides into In addition, an ideala-helical peptide host should not
membranes was analyzed using the partitioning ma®! ( undergo changes in-helicity due to guest substitutions.

X P.C However, thea-helix propensities of amino acid residues
aop = Th_ brw A3) vary significantly @#2—44). Due to possible structural
X PG changes resulting from guest substitutions, the aqueous and

whereK.ppis the apparent partition constant in unitary units bilayer-bound structures for each peptide variant should be

(20, 40), X, is the mole fraction of bilayer-bound peptide, characterized before relationships betwaexG, values and

X; is the mole fraction of aqueous peptide, is the  9uest substitutions can be analyzed. _
concentration of bulk water (55.5 M), ar@_ is the lipid The 25-residue peptide host used in this study, helix5, was
concentration. designed previously3@) and meets the aforementioned
To keep thePy,:P; ratios as close to unity as possible for criteria relatively well. Analytical ultracentrifugation and CD
spectroscopic accuracy, LUVs containing either 7 or 9 mol €xperiments showed that helix5 is monomeric and ap-
% of negatively charged lipids were used. The resulPgg proxmately 81%o-helical in agueous solution at 2& (5
P ratios were between 0.2 and 1.7. The peptides used in the™M potassium phosphate buffer, pH 7.0, 10 mM KCI). EPR
partiioning experiments had a net charge-eB, and the ~ POWer saturation experiments with a cysteine-scanning
LUVs had a net negative charge. Therefore, it was necessanstrategy showed that helix5 binds parallel to the surface of
to consider the chargecharge contributions to membrane Pilayers as aro-helix with a central helical axis located
binding before determining the noncharged contribution to @PProximatet 5 A below the phosphate groups in the lipids
the differences in transfer free energids\Gy). To negate (Figure 1a). Helix5 is an ar_n_phlpathlc peptide W|th a nonpolar
differences in membrane surface potentials experienced byface at the "a” and “d” positions, a nonpotgpolar interface
any two peptides which were compared to deternfine; atthe “e” and "g” positions, and a polar face at the *b”, *c”,
values, the total concentrations of compared peptide sample@nd " positions. The EPR-determined depths and the
were varied so that under the given sample condition (e.g., distribution of nonpolar and charged residues in helix5
mol % of negatively charged lipid) the difference in (Figure 1) are consistent with the lysine residues at the
concentrations of peptide bound to bilayePs) (vas <5 uM. nonpolar-polar interface “snorkeling” so that the central axis
Even though two compared peptide samples had different©f the o-helix is positioned in the acyl chain region of the
partition constants due to different concentrations of peptide Phospholipid bilayers and the polar face of ienelix is
in aqueous solution, the two samples had approximately thePuried in the headgroup regiomq). The bilayer-bound
same concentration of bilayer-bound peptide and, therefore,t0P0logy of helix5 allows guest sites to be located in the
experienced approximately the same contribution of mem- @yl chain (position 7), the interface between acyl chain and
brane binding due to chargeharge interactions. The n€adgroup (position 9), and headgroup (position 12) regions
nonelectrostatic contributions to the differences in bilayer  Of the bilayer in the bilayer-bound states (Figure 1b). EPR

water transfer free energieAAG, values) were determined spectroscopy also showed that helix5 partitions between
for each pair of peptides by eq 4: aqueous solution and LUVs with a ratio of bilayer-bound

K (Pp) to aqueous H) peptide near unity under certain
AAG, = —RTlIn (ﬂ) — ZF(P? — @ (4) conditions.
Kapp, Peptide Structures as a Function of Guest Substitutions
Analytical ultracentrifugation, CD, and EPR experiments
AAG = AAG, — AAG ®) show that the peptide host helix5 has a monomeric structure
where RT equals 0.592 kcal mot at 298.15 K,z is the in aqueous solution and when bound to bilayegs).(
formal charge on the peptidE,is Faraday’s constan¥/ is Moreover, the EPR spectra for all of the peptides with guest
the surface potential(l), AAGy: is the total difference in  substitutions are characteristic of fast-motional EPR spectra
standard-state Gibbs transfer free energies/an@y is the for short, monomeric-helical peptides and have line shapes
difference in standard-state Gibbs transfer free energies duendependent of concentration between 50 and 490 The
to charge-charge interactions between peptides and lipids. CD spectra of the peptide variants in agqueous solution have
The differences inV values were small since for any two minima at approximately 208 and 222 nm and are charac-
compared peptides the differencesHnvalues were small  teristic of spectra undergoing a two-state helil transition
(<5 uM) and the lipid and buffer solutions had the same with an isodichroic point near 203 nm (data not shown). The
compostion. As a result, the differences in electrostatic [6],2,values and %-helix values for the peptides in aqueous
contributions to bilayer bindingXAG, = zFAW) for any solution are listed in Table 1. The éehelix values fall into
given pair were<0.1 kcal mot™?. two classes: the peptides with Gly residues as guests are 52
+ 5% a-helical, and the peptides with Ala, Val, lle, and
RESULTS Leu residues as guests are 24 8% a-helical. The
The a-Helical Host-Guest System An ideal a-helical significantly lower %a-helix values for the peptides with
peptide host should have the following properties: (a) Gly residues as guests are consistent with Gly having a low
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a) 5 labeled with MTSSL at the cysteine at position 10 in the
sequence. EPR power saturation profiles were measured for

A non op
0 A—A each of the peptide variants in the presence g0 Nx(9g),
5] !¥ and NFEDDA/Ny(g). The distances from the nitroxide spin-
labels to the lipid phosphates were calculated according to

eq 2 and are included in Table 1. The bilayer-bound depths
of the spin-labels at position 10 do not appear to vary as a
function of guest residue substitution, ranging between 11.0

distance from phosphate (A)

L I — and 12.3 A, which is within the experimental uncertainties
5 10 15 20 25 of the measurements. Given the uncertainties in the EPR
residue number depth measurements, it is possible, albeit unlikely, that the
by distance from  distance from host a-helix reorients its helical axis with respect to the
) phosphate () HC center (A) bilayer surface as a result of the guest substitutions. Based
R on a geometric analysis of the bilayer-bound peptide modeled
24 —— 4 g as a heptad repeat (Figure 1b) and the experimental values
U & for the nitroxides at position 10 in the peptides (Table 1),
24 —— 176 2 the a-helix could rotate up to 72with the spin-label at
— position 10 still located between 11.0 and 12.4 A. However,
£ such rotations of the-helix would also cause the positively
R g charged lysine side chains to move up to 5.4 A deeper into
g the acyl chain region of the bilayer (see Figure 1b) which
E would be extremely unfavorable energeticalBb). More-
o 0 | over, the EPR-determined depths of the MTSSL spin-labels

Ficure 1: (a) Bilayer-bound structure of helix5 (33). The solid .SUbSt't!Jted thr.OUQhOUt the .peptlde host (Figure 1a) are
circles are the EPR-determined distances from lipid phosphate inconsistent with depths which would result from angular
groups to the spin-labels scanned through the sequence of helixsreorientation of thex-helix in response to the spin-label,
The positive distances are directed toward the center of the which has a hydrophobicity comparable to that of the leucine
membrane, and the negative distance is directed toward the agueougjde chain 31).

hase. The data fit well to a model (solid sine wave) in which helix5 . T . .
ips bound to bilayers parallel to th(e surface asoa%elix of 3.6 Given the periodicity of charged and hydrophobic residues

residues/turn with the center of the helix positioned at a depth of IN the peptide host (Figure 1b), the-helix content of
5 A from the phosphate groups. The guest sites were placed atapproximately 75% in aqueous solution and in SUVs, and
positions 7, 9, and 12 in the sequence which correspond to spin-the constant membrane depth of the spin-labeled residues at
e Pl S o 802, Poslon 10 s unlkly tha e Ala, Val, e, and Leu gues
peptide host, helix5, projected on a heptad repeat. The guest sitesUPStitutions cause major structural changes in the bilayer-
at positions 7, 9, and 12 reside in the acyl chain, acyl chain/ bound states. Moreover, with the spin-labeled residues at
headgroup interface, and headgroup regions of the bilayer, respecposition 10 located in the acyl chain region of the bilayers
tively. The nitroxide spin-label MTSSL was covalently attached 11,7 + 0.7 A from the lipid phosphates, disruption of the
to the cysteine at position 10 in all of the peptide variants. a-helical structure near the guest sites could result in the
. . . . burial of charged groups in the acyl chain region of the

a'he'!x propensity 42-44) and may arise ffom pgmal bilayers, Whicr?is e?lerggtically costIyYA combingtion of the
a-helix uncoiling near the guest site. The pep'tldes with Ala, CD and EPR power saturation results and energetic consid-
val, lle, a_nd Leu res(:dues_ as guests hweel'x contents erations strongly suggests that the bilayer-bound structures
of ap_proxmatel_y_ 74%, with no trend of h|_gher or lower of the peptide variants with Ala, Val, lle, and Leu as guests
a-helix propensities between the guest residues. do not significantly change as a function of guest substitu-

The a-helix contents of the peptides with Ala, Val, lle, tions.
and Leu as guests are also approximately 75% when bound \Membrane Affinities AAG, Values) of Aliphatic Side
to SUVs (Table 1). EPR experiments showed that all of the Chains in ana-Helical ContextEPR spectra were collected
peptides were bound to SUVs in the SUV-containing samples for each of the peptide variants in the presence and absence
used for CD experiments. The %-helix values for the  of LUvs. For example, Figure 2 shows the EPR spectra for
peptides with Gly substitutions at positions 7, 9, and 12 are helixs, which contains Ala at position 12 and Leu at positions
67, 59, and 73%, respectively. Thehelix contents of the 7 and 9. EPR spectral subtraction was used to determine the
SUV-bound peptide variants with Ala, Val, Ile, and Leu as concentrations of bilayer-boun) and aqueous™) peptide
guests at all three guest sites are very similar, have an averagg, the lipid-containing samples (Figure 2). Once ®gP;
value of 75+ 5%, and do not Signiﬁcantly differ from their ratios were determined for the pep“de Samp|eS, the mem-
o-helix contents in aqueous solution (Z48%). Since CD  prane affinities AAGy values) for sets of guest side chains
is only sensitive to global secondary structure, it is still ynder the same sample conditions (same lipid composition,
possible that these peptides undergo minor secondarypyffer, andP, values) were calculated according to eq 4.
structure changes due to guest substitutions and/or bitayer petermining AAG, values for guests under the same
water transfer. conditions ensured that the compared peptides experienced

EPR power saturation experiments showed no changes inthe same membrane surface electrostatic potentials, which
the bilayer-bound depths of the spin-labeled peptide variantscould then be subtracted out to yielAG;, values which
due to guest substitutions. Each peptide variant was spin-are independent of electrostatic contributions to bilayer
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Table 1
guest bilayer membrane depth
guest locatior? AAGy (kcal mol?)e at position 10 [0]222aqueous % a-helix aqueous  [0]222SUVE % a-helix SUV
Gly-12 hg 0 11514 —17 760 52 —24 798 73
Gly-9 hg/ac 0 11.6:0.9 —18 335 54 —20 091 59
Gly-7 ac 0 12.3t 1.3 —16 763 49 —22 676 67
Ala-12 hg 0.32-0.14 11.74+0.9 —26 071 7 —25144 74
Ala-9 hg/ac 0.5A 0.18 11.3t 1.1 —27 573 82 —25 869 77
Ala-7 ac 0.40+ 0.19 11.8+1.0 —24 065 70 —26 556 78
Val-12 hg 0.99+ 0.17 11.3t 2.1 —25037 73 —26 909 79
Val-9 hg/ac 0.93: 0.11 11.5+1.3 —23437 68 —26 935 79
Val-7 ac 1.12+ 0.17 12.0+:0.8 —23441 69 —25609 76
lle-12 hg 1.60+ 0.16 11.3+1.1 —25633 75 —24 085 72
lle-9 hg/ac 1.6Gt 0.17 12.0+1.3 —23941 70 —25873 76
lle-7 ac 1.67£0.17 12.2+1.3 —24 527 72 —24 352 71
Leu-12 hg 1.56+ 0.17 12.0+2.4 —25906 76 —25633 75
Leu-9 hg/ac 1.5@ 0.16 11.74+0.9 —26 071 7 —25144 74
Leu-7 ac 1.7 0.12 11.74+0.9 —26 071 7 —25144 74

aThe guest residues were substituted into the peptide host

(helix5) which has the amifcseapiénce Ac-NELKKKLELCKAK-

WLEAKKKLEALK-NH ,. The cysteine residues at position 10 were spin-labeled with MTS8hbreviations: hg, headgroup; ac, acyl chain.
¢The AAGy values (relative to Gly) for membranevater transfer correspond to the nonelectrostatic contributions of the amino acid side chains
to the standard-state differences in Gibbs transfer free energies°a. 29 he distances from nitroxide groups substituted at position 10 in the
peptide variants to the phosphate groups in the phospholipid bilsfélsz» (deg cni dmoi™?) at 25°C, 5 mM potassium phosphate buffer, pH

7.0, 50 mM KCL.F The %a-helix values were determined by TFE titration (see Materials and Meth®fig),, (deg cn# dmol™) at 25°C, 5 mM
potassium phosphate buffer, pH 7.0, 50 mM KCI, 15 mM of 15 mol % POPG/POPC in SUVs.

composite

>J\J,/\
e

aqueous
b) N solution
membrane
<) e e\ bound
N A\
10G

Ficure 2: Continuous-wave EPR spectra for the host peptide helix5
in 5 mM MOPS buffer (pH 7.0, 50 mM NIDAc) at 25+ 1 °C.
Helix5 has Leu, Leu, and Ala residues at positions 7, 9, and 12,
respectively. (a) EPR spectrum of helix5 in the presence of 50 mM
LUVs containing 7.0 mol % POPG/POPC. The total peptide
concentration is 11&M. The spectrum has two components: a
sharp component corresponding to the peptide fraction free in

aqueous solution and a broad component corresponding to the

peptide bound to LUVs. (b) Fast-motional EPR spectrum of helix5

12 in the sequences. When the peptides are bound to bilayers,
position 7 (in the nonpolar face of tlehelix) is immersed

in the acyl chain region of the bilayer, and position 12 (in
the middle of the polar face of the-helix) is immersed in

the headgroup region (Figure 1b). CD experiments showed
that helix5b hast-helix contents of 73 and 70% in aqueous
solution and in SUVs, respectively, which are similar to those
of helix5. EPR spectral subtraction was used to determine
the partitioning ratiosRy/Ps) of helix5 and helix5b (25C,

5 mM MOPS buffer, pH 7.0, 50 mM NiDAc, 50 mM of

7 mol % POPG/POPC). ThBy/P; values for helix5 and
helix5b are 0.93t 0.08 and 0.84: 0.06, respectively. From
the partitioning data, the difference in transfer free energies
of the two peptides AAGy for helixSb — helix5) was
calculated to be 0.05: 0.14 kcal mot!. Therefore, the
alanine-leucine interchange in the host peptide does not
appear to significantly alter the watemembrane partition-
ing, further supporting the hosguest results that th®@AG
values are independent of immersion depth.

DISCUSSION

The purpose of this work was to experimentally determine
the membrane affinities of the aliphatic amino acid side

in aqueous solution in the absence of LUVs. The peptide concentra-Chains as a function of bilayer depth in afhelical context.

tion is 89 uM. After subtracting the sharp solution spectrum of
helix5 (b) from the two-component spectrum (a), the resulting broad
component (c) corresponds to the bilayer-bound fraction of peptide.
The concentrations of peptide bound to bilayers and free in solution
were determined to be 56 and 6B, respectively, for the sample
shown in (a).

binding. The membrane affinities both in arhelical context

and as a function of bilayer depth are listed in Table 1.
Comparison of MembraneWater Partitioning of Helix5

and Helix5b.To further study the bilayer-depth dependence

Table 1 lists theAAG; values (relative to Gly) for the
aliphatic guest residues which were substituted at guest sites
located in the acyl chain region, the interface between the
acyl chain and headgroup regions, and the headgroup region
of the bilayers in the membrane-bound states. Due to
nonideal behavior of the peptide host (less than 100%
o-helical structure), exact quantitative interpretations of the
AAGy values in terms of an ideal, 100&shelical reference
state may not be easy. However, two semiquantitative
interpretations of the data can be made. First, A1eG;

of the membrane affinities, we synthesized and characterizedvalues for the aliphatic side chains do not vary significantly
the peptide helix5bh. Helix5b’s sequence is the same asas a function of bilayer depth. Second, thAG,, values for

helix5’s except for Leu7Ala and Alal2Leu substitutions, so
that the effective difference between the two peptides is

the aliphatic side chains in arrhelical context are reduced
to approximately two-thirds oAAG,, values obtained from

switching the alanine and leucine residues at positions 7 andoctanot-water transfer ofN-acetyl-amino acid amides
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Ficure 3: Differences in membranrenater transfer free energies  Ficure 4: Differences in membrarevater transfer free energies
(AAGy relative to Gly) in ano-helical context plotted against (AAG relative to Gly) in ana-helical context plotted against
differences in octanetwater transfer free energies (35, 56). The differences in membrane-water transfer free energies in an extended/
data shown include values determined for aliphatic guest residuesunordered context (31). The data shown include values determined
substituted at positions ®§, 9 (d), and 12 A) in the sequence of  for aliphatic guest residues substituted at position®@y, 9 @),

the host peptide, helix5. The experimental errors have been omittedand 12 @) in the sequence of the host peptide, helix5. The three
from the figure for display purposes but are included in Table 1. lines represent linear least-squares fits to the data for Ala, Val, lle,
The three lines represent linear least-squares fits to the data forand Leu: position 7 (solid linem = 0.76 + 0.10, R = 0.996),

Ala, Val, lle, and Leu: position 7 (solid linen = 0.67 &+ 0.15,R position 9 (dotted linem = 0.57+ 0.23,R = 0.964), and position

= 0.988), position 9 (dotted linen = 0.50+ 0.20,R = 0.964), 12 (dashed linem = 0.73+ 0.11,R = 0.994).

and position 12 (dashed liney = 0.64 £+ 0.10,R = 0.994).

_ _ _ AAG, values AAGy = AAGy — AAG) of the aliphatic
(Figure 3) andAAGy values obtained from bilayewater side chains in the context of arhelical peptide host which
transfer in an extended/unordered peptide host (Figure 4).qoes not undergo structural changes due to the guest

.The water-membrane pgrt|t]on|ng of a peptide Is deter- gypstitutions. TheAAG; values could then represent the
mined by a compk_ax combination of th_ermodynamlc forces. intrinsic membrane affinities of the side chains independent
The total change in standard-state Gibbs free energy uponyf the secondary structural propensities of the side chains.
transfer of a peptide from aqueous solution into bilayers por peptides which do not undergo structural changes due
(AGur) can be expressed as the sum of various free energyyy guest substitutions, theAG, values would be expected

componentsZ9): to be independent of contributions from electrostatic inter-
_ actions, peptide immobilization, peptide conformational

AGiot = AGpyg + AG + AGy, + AGymy + AGgo, + changes, and hydrogen bonding (for the aliphatic side chains).
AGy_ponat AGyq, (6) Moreover, it is unlikely that the substitution of 1 amino acid

residue in the context of a 25-residue host would result in a
The free energy components account for the hydrophobic significant change in the lipid perturbations unless the amino
effect (AGnyd), electrostatic interaction®Ge), lipid pertur- acid substitution also caused peptide structural changes.
bations upon peptide insertion into bilayersQ;p), peptide  Before interpreting the thermodynamic significance of the
immobilization in bilayers AGimm), peptide conformational ~ AAG, values determined in this work, it is necessary to
changesAGeon), hydrogen bondingXGy-nond, and van der  consider the structures of the peptides as a function of amino
Waals dispersion interactionAGyaw). In principle, each of  acid guest substitutions.
the aforementioned thermodynamic forces may also con- The peptide variants with Gly residues as guests have
tribute to the difference in Gibbs transfer free energies aqueousi-helix contents of approximately 52% and bilayer-
(AAGy) for two peptides differing only by one amino acid  boundo-helix contents which range from 59 to 73%, whereas

substitution at a guest site as follows: the peptides with Ala, Val, lle, and Leu residues as guests

havea-helix contents of approximately 75% both in aqueous

AAGy = AAGy 4+ AAG, + AAG), + AAG,, + solution and in membranes. A quantitative comparison of
AAG,,,+ AAG, _pong T AAG,, (7) the AAG; values for the Gly variants with th®AG; values

for the Ala, Val, lle, and Leu variants would be expected to
The AAG terms in eq 7 correspond to the energetic costs of be confounded by the significant structural differences
side chain substitution between two peptides which undergobetween the Gly variants and the other aliphatic variants.
phase transfers, whereas th& terms in eq 6 correspond  Quantitative comparison of th®AG, values for the peptides
to the energetic costs for the phase transfer of a singlewith Ala, Val, lle, and Leu as guests should be more
peptide. The aim of the present work was to determine the straightforward since they have-helix contents of ap-
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proximately 75% both in aqueous solution and in bilayers.
The rank order of aqueoushelix propensities using other
peptide hosts is Vak lle < Leu < Ala (42—44). One
explanation for the relative guest tolerance of helix5 in
comparison to other hosts is that thehelical structure of
helix5 may be significantly stabilized by oppositely charged
residues at, i + 3 andi, i + 4 positions which can allow
the formation of 11 ion pairs or salt bridge33}.
Bilayer-Depth Dependence of the Membrane Affinities.
The AAGy values determined in this study do not signifi-
cantly vary as a function of the bilayer depth of the guest
site (Table 1). Comparison of the bilayer binding of helix5
and helix5b further supports that the contributions of Ala
and Leu residues to the binding ofhelical peptides to
bilayers is independent of the bilayer depth of the residues.
The invariance of th AG, values with respect to the bilayer
depth of the guest sites is consistent with the hydrophobic
effect being the dominant factor in determining the bilayer
binding of peptides. The salient feature is that the nonpolar

Russell et al.

plotted against membransvater AAG; values determined

in an extended/unordered conte®tl). Thorgeirsson et al.
(31) used a peptide variant of the presequence of yeast
cytochromec oxidase subunit IV (pCoxIV) for a hosguest
study, determining the membrane affinities of 14 uncharged
amino acid side chains. The amino &cikquence of the
peptide host wasH;N-MLSCRQXIRFFKPATRTLSSSR-
YLL-COO-, where X is the guest site in the peptide. The
pCoxIV peptide host has an extended/unordered conforma-
tion in aqueous solution and when bound to bilayers, and
the pCoxIV peptide host binds to bilayers parallel to the
bilayer surface with the peptide backbone located in the
headgroup region and the guest site (X) located in the acyl
chain region of the bilayer3@). Figure 4 shows that the
bilayer—water AAGy values determined in this study in an
o-helical context correlate with those determined in an
extended/unordered context with slopes of Gt76.09, 0.57

4+ 0.23, and 0.73t 0.11 for the peptide variants with guests
at positions 7, 9, and 12, respectively. The significant

surface area of the guest residues is removed from bulk waterreduction in the membranrevater AAG, values in the

However, theAAG, values of the polar and charged side
chains may vary as a function of bilayer depth. ThAeG;,

o-helical context in comparison to the extended/unordered
context shows that the structural context of an aliphatic guest

values have not yet been determined as a function of bilayerresidue will in part determine the membrane affinity of a

depth.

guest residue.

Studies on apolipoprotein mimetics show that an increase The most probable explanation for the reductioAihG

in the hydrophobicity of amino acid residues in the nonpolar
face of amphipathie-helices increases the lipid affinities
of the peptides46—48). The independence of the membrane
affinities of the aliphatic amino acid side chains demonstrated

values in armo-helical context is that the-helical structure
near the guest site reduces the solvent-accessible surface area
of the guest side chain, thereby reducing its hydrophobicity.
Richards and Richmondb8) have calculated that the side

in the present study shows that nonpolar residues located inchain contact aréafor Ala, Val, lle, and Leu in the host

the polar face of amphipathit-helices also can contribute
significantly to the bilayer binding of amphipathichelices

peptide Ala-X-Ala, in ana-helix is an average of 18% less
than the side chain contact area in an extended chain. A

as long as they are buried in a bilayer. For amphipathic greater reduction in the side chain contact area of guests may
helices in proteins, the residue hydrophobicity of the polar occur in the context of the host peptide helix5 since the guest
face may be a determining factor for membrane insertion vs residues in the helix&-helix neighbor residues with larger
coiled-coil formation. Membrane insertion of amphipathic van der Waals areas than alanine side chains. Since the
o-helical regions with a large number of hydrophobic hydrophobic effect is a major determinant of the membrane
residues in the polar face may be favored over coiled-coil water partitioning of peptide®9, 31), any structural changes
formation since the hydrophobic residues in the polar face resulting in increased or decreased exposure of nonpolar side
would not be removed from an aqueous environment in the chains to bulk water in the aqueous state would be expected

formation of coiled-coils but would in membrane binding.

to alter the energetics of bilayer binding of a peptide due to

For example, a peptide from the heptad repeat region of thedifferences in the hydrophobic contribution to bilayer bind-

human immunodeficiency virus (HIV) gp41 has four Leu,
one Val, one Trp, one Tyr, and four Ala residues in its polar
face and nonpolarpolar interface 49). In the presence of

ing.
The structural context dependence of the membrane
affinities of the aliphatic amino acid side chains has several

an antiparallel buttressing peptide, the gp41 heptad repeaimplications in the understanding, predicting, and designing
peptide forms a trimeric coiled-coil in aqueous solutibf, ( of the membrane binding of peptides. The magnitudes of
51). However, the heptad repeat peptide selectively insertsthe membrane affinities of the aliphatic amino acid side
into membranes when the peptides are introduced intochains are determined in part by the structural context of
aqueous lipid vesicle suspension)( the peptide in which they are located. The aqueous and
Structural Context Dependence of the Membrane Affinities. membrane-bound structures of peptides are, in turn, largely
The AAG, values determined in an-helical context are  determined by their amino acid sequences (C.J.R., in
reduced to approximately two-thirds AAG, values deter-  preparation). Therefore, amino acid sequence determines the
mined in other studies for the octanalater and bilayer aqueous and bilayer-bound structures of peptides, and the
water partitioning of guest amino acid side chains which are structures of peptides in part determine the membrane
fully exposed to solvent in the aqueous statel 84, 35). affinities of individual amino acid residues and, as a result,
The AAGy values for bilayer-water transfer in the-helical
context correlate with thAAGy, values for octanetwater 3 The contact areahas been defined as the area of accessible van
transfer 84, 35) with slopes of 0.67 0.15, 0.50+ 0.20, der Waals surface that can be in contact with the tip of a probe used
and 0.64=+ 0.10 for the peptide variants with guests at to estimate surface areas (1). In contrast, the more conventional
o . . . accessible surface areia the area mapped by the center of a probe
positions 7, 9, and 12, respectively (Figure 3). Figure 4 shows
the bilayer-water AAG, values in thea-helical context

(which’g\s typically a water molecule modeled as a sphere with a radius
of 1.4 A).
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entire peptides. To predict the bilayewater partitioning of Gly < lle < Leu) differs from that in this work and is
a given peptide, prediction of the peptide’s structure will be inconsistent with a rank order expected for predominantly
necessary to estimate the membrane affinities of the peptide’shydrophobic contributions to membrane binding (GhAla
constituent amino acid residues. In addition, peptide sequence< Val < lle &~ Leu). Moreover, a plot of the bilayewater
and structure will also have to be considered when designingAAG, values vs octanetwater AAG values for all of the
the bilayer binding of de novo-designed peptides since uncharged residues using the pentapeptide host for both
structural context is a determinant of the magnitudes of the transfer studies3@, 54) shows a correlation with a slope of
membrane affinities of individual amino acid residues. 0.728. Comparison of th&AG, values for only alanine and
Comparison to Other Experimentally Determined Mem- leucine gives a slope of approximately one-h8®)( There
brane Affinities Several other studies report experimentally are at least two possible explanations for the apparent
determined values for the membrane affinities of amino acid reduction in watermembraneAAG; values for the guests
residues in norx-helical peptide host{, 31, 32). The rank in the pentapeptide host in comparison to octaivehter
order for theAAGy values of the aliphatic residues deter- AAG; values. First, guest-specific changes in peptide
mined using the extended/unordered pCoxIV h@4} {s the secondary structure, membrane binding, and/or lipid pertur-
same as that in the context of tleehelical peptide host:  bations due to amino acid substitutions in the context of the
Gly < Ala < Val < lle = Leu. Moreover, theAAG values pentapeptide host could lead to energetic terms other than
of 14 uncharged amino acid side chains determined usingwater—membrane partitioning contributing to th&AG;
the pCoxlV host correlate well witAAG, values for values B82). Second, the hydrophobicities of the polar
octanotwater partitioning obtained fd¥-acetyl-amino acid residues in the pentapeptide host may be reduced when
amides with a slope of 1.081). These values are consistent located in the headgroup region of the bilayer due to polarity
with the AAGy values for the guest residues arising in both gradients in bilayers. The second explanation does not
cases due to the hydrophobic effect (removal of nonpolar account for the observed rank order of the membrane
surface area from bulk water). The slope of a plot of the affinities of the aliphatic amino acid residues (Afaval ~
AAG; values obtained using the pCoxIV host ¥\Gy Gly < lle < Leu). However, the second explanation can be
values for octanetwater partitioning obtained using the host tested directly by experimental studies similar to those
Ac-Trp-Leu-X-Leu-Leu b4) has a value of 1.30. The larger reported in this work using the complete set of amino acid
slope is due to the smaller magnitudes of &G, values residues as guests.
for octanot-water transfer determined using the pentapeptide  While the results from the present work and othé&3 (
host in comparison to those determined usikgcetyl-amino 31, 32) have some inconsistencies, several observations are
acid amides. In the pentapeptide host, leucine residues flankapparent when considering all of the results together. First,
the guest site and reduce the solvent accessibility of the guesthe AAG;, values for bilayerwater transfer correlate well
site 32). It is possible that similar occlusion effects occur with AAG; values for octanetwater transfer when the
in the 25-residue pCox peptide which has the sequence -Arg-peptide hosts do not undergo significant structural changes
GIn-X-lle-Arg- flanking the guest site (X). However, elec- due to guest substitutions. This observation is consistent with
trostatic repulsions between theé +4 Arg residues would  the hydrophobic effect playing a key role in the bilayer
tend to maximize the distance between those residues, andinding of amino acid residues in the context of peptide hosts.
it is known that the peptide adopts extended conformations Second, the slopes &fAG; values for bilayerwater transfer
in agueous solution and in bilayer31j. vs AAG; values for octanetwater transfer may depend on
White and co-workers also report experimentally deter- factors which modulate the hydrophobicities of amino acid
mined values for the membrane affinities of individual amino side chains. For example, the membrane affinity of a given
acid residues27, 32). The first study used the peptide host amino acid side chain may vary depending on structural
Ala-X-Ala-O-tert-butyl to determine the membrane affinities context. More exact relationships between peptide structure
of Gly, Ala, Leu, Phe, and Trp side chaing7f. Neutron and bilayerwater partitioning may emerge as more experi-
diffraction studies showed that the most hydrophobic peptide mental studies are performed to determine the membrane
studied was primarily located in the headgroup region of affinities of amino acid side chains using other peptide hosts.
DOPC bilayers. The membranavater AAG, values ob-
tained using the tripeptide host increase in the order Gly CONCLUSIONS

Ala < Leu < Phe< Trp but are approximately only half as In conclusion, the membrane affinities of the aliphatic
large as the membranevater AAG values obtained with  amino acid residues have been determined as a function of
the pCoxIV host 81). The apparent reduction IAAG bilayer depth in the context of arrhelical peptide host. The

values obtained using the tripeptide host is consistent with membrane affinities of the aliphatic side chains do not vary
incomplete burial of the guest residues in the bilay®f, (  as a function of the depth of the guest site in the bilayer.
55). The membrane affinities determined in the context of an
Wimley and White 82) used the pentapeptide host Ac- a-helical peptide host are approximately two-thirds of
Trp-Leu-X-Leu-Leu to experimentally determine the water ~ membrane affinities previously determined in the context of
membran&\AG; values for all 20 naturally occurring amino  an extended/unordered peptide hdat)( Both results are
acid residues. Under certain experimental conditions, the consistent with the hydrophobic effect playing a key role in
pentapeptide host lacks secondary structure and is expectethe binding of peptides to bilayers. With respect to the
to bind to membranes in the headgroup region based onaliphatic amino acid side chains, hydrophobicity is apparently
experimental measurements and energetic considerationsnodulated by the solvent accessibility of guest residues but
(32). The rank order for the transfer free energies of the not by the depth of the guest residues in bilayers. The
aliphatic residues in the pentapeptide host (Alaval ~ invariance of the membrane affinities of the aliphatic side
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chains with respect to bilayer depth may play a role in

Biochemistry, Vol. 38, No. 1, 1999

structural differentiation between ceitoil formation and
membrane binding by amphipathiehelices in peptides and
proteins.
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