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Abstract

The thermodynamic principles underlying the structural stability of membrane proteins are difficult to obtain directly from
whole proteins because of intractable problems related to insolubility in the aqueous phase and extreme stability in the
membrane phase. The principles must therefore be surmised from studies of the interactions of small peptides with lipid
bilayers. This review is concerned with the hydrophobic interactions of such peptides with the interfacial regions of lipid
bilayers. We first develop a general framework for thinking about the thermodynamics of membrane protein stability that
centers on interfacial interactions and review the structural and chemical evidence that supports this interface-centered point
of view. We then describe an experimentally determined whole-residue interfacial hydrophobicity scale that reveals the
central role of the peptide bond in partitioning and folding. Finally, we consider the complexity and diversity of interfacial
interactions revealed by differences between side-chain hydrophobicities determined using different classes of
peptides. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

A great deal is now known about the general prin-
ciples of the folding and structural stability of soluble
proteins [1,2]. Although we are far from understand-
ing folding to the extent that the structure of soluble
proteins can be predicted from sequence, there is at
least a large amount of useful and informative exper-
imental data [3^5]. The state of a¡airs for membrane
proteins is comparatively grim. Some general princi-
ples are beginning to emerge [6^9], but the amount of
thermodynamic data is quite limited due primarily to
the experimental di¤culties caused by their insolubil-
ity in water in both their folded and unfolded forms
and their great stability in the membrane. The gen-
eral approach to the thermodynamic stability of pro-
teins is to examine the energetics of the folding/un-
folding process [10] induced by heat [11] or
denaturants [12]. This approach, which requires
that the folding/unfolding reaction be reversible,
has not been particularly useful for membrane pro-
teins. As discussed by Haltia and Freire [13], the
main di¤culty is that membrane proteins resist com-
plete denaturation because of the great stability of
the transmembrane secondary structure elements
within the membrane. The denaturation that does
occur is frequently irreversible and arises largely
from the dissociation of multimers, subunits, and
secondary structure elements and the unfolding of
extramembrane domains. The stability of the individ-
ual secondary structure elements, usually K-helices, is
revealed by the large amount of secondary structure
(determined by circular dichroism) that remains after
denaturation. This residual structure within the
membrane phase (bilayers or micelles) indicates the
resistance of secondary structure elements to desorp-
tion and/or unfolding under denaturing conditions.

The observed stability of transmembrane helices is
consistent with the very rough value of about 370
kcal/mol estimated by Engelman et al. [14]. The main
source of this stability arises from the high cost of
breaking H-bonds in non-polar environments. The
cost of partitioning a peptide bond (CONH) into
CCl4 from water has been estimated by Roseman
[15] to be V6 kcal/mol when not H-bonded, but

only 0.6 kcal/mol when H-bonded. These values sug-
gest a cost of V100 kcal/mol for unfolding a helix of
20 amino acids within a non-polar environment.
More important for the present discussion, they in-
dicate that the energetics of peptide bond partition-
ing and H-bond formation play a dominant role in
the structural stability of membrane proteins.

The free energy cost of `desorbing' a transmem-
brane K-helix into the aqueous phase, which has
never been satisfactorily determined experimentally,
will be greatly a¡ected by the cost of partitioning H-
bonded peptide bonds from water to membrane. For
the bilayer insertion of a 20 AA non-polar K-helix,
the free energy reduction available from the hydro-
phobic e¡ect ranges from V15 kcal/mol for poly-
alanine to V45 kcal/mol for poly-leucine. These val-
ues will be countered by the cost of partitioning
H-bonded peptide bonds (vGHbond). If Roseman's
estimate [15] for vGHbond of about 0.6 kcal/mol per
H-bonded CONH holds for membranes, the favor-
able hydrophobic free energies of transfer would be
reduced by V12 kcal/mol. The insertion of both the
alanine and the leucine helices would be favored in
that case. However, recent calculations by Ben-Tal et
al. [16] suggest that vGHbond may be as high as
V1.5 kcal/mol per residue or 30 kcal/mol for a
20 AA helix. In that case, the poly-alanine helix
would be highly disfavored while the partitioning
of the poly-leucine helix would remain quite favor-
able. These considerations indicate, again, the impor-
tance of the energetics of CONH partitioning and
H-bond formation and emphasize the need for exper-
imentally determined values. An accurate value for
vGHbond is exceptionally important because it essen-
tially determines the `decision threshold' for trans-
membrane helix prediction in hydropathy plot anal-
yses [17].

Most estimates of the energetics of helix stability
in membranes rely upon measurements derived from
bulk-phase partitioning measurements. But, lipid bi-
layer membranes are not equivalent to bulk solvents.
They are more like soluble proteins in that they exist
in a free energy minimum determined by small di¡er-
ences between very large enthalpic and entropic
terms. As a result, free energies of partitioning mol-
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ecules of any sort into membranes must include in-
evitable changes in bilayer free energy resulting from
bilayer perturbations. We have referred to these
changes collectively as the `bilayer e¡ect' [18] to dis-
tinguish them from the hydrophobic e¡ect which
arises solely from the water due to the energetic con-
sequences of removing non-polar solutes. Bilayer ef-
fects are revealed by the signi¢cant di¡erences in the
thermodynamics of partitioning of a non-polar sol-
ute from water into bilayers and into bulk phases
[18^22]. We surmised from measurements of the par-
titioning of indole compounds from water to cyclo-
hexane and bilayers that the bilayer e¡ect can con-
tribute signi¢cantly to the free energy of partitioning
[18,23,24]. This indicates the unreliability of bulk-
phase measurements alone as a means for under-
standing membrane protein thermodynamics. Be-
cause there is presently no simple way for correcting
bulk-phase data for the bilayer e¡ect, the only reli-
able method for determining membrane protein ther-
modynamic parameters is by direct measurements on
bilayer systems which inherently include the bilayer
e¡ect.

The major di¤culty with direct thermodynamic
measurements on membrane proteins in bilayers, be-
yond those discussed by Haltia and Freire [13], is
their general intractability arising from insolubility

in the aqueous phase. One way, perhaps the only
way, to avoid this di¤culty is to study the interac-
tions of small hydrophobic peptides (3^30 residues)
with lipid bilayers in a systematic fashion. Our gen-
eral strategy, based upon the approach of Jacobs and
White [25], uses a combination of structural and
thermodynamic measurements of the interactions of
small host^guest hydrophobic peptides with lipid bi-
layers. Broadly, the strategy is to answer four ques-
tions: (1) What structures do the peptides adopt; (2)
what is the transbilayer location of the peptides; (3)
what is the energetic cost of getting there; and (4)
what changes occur in the bilayer structure as a re-
sult? We summarize in this review our progress using
this strategy. The review is sharply focused on hydro-
phobicity-driven interactions at bilayer interfaces,
but electrostatic interactions are equally important.
The recent work of McLaughlin and Honig and their
colleagues should be consulted for the latest informa-
tion about interfacial electrostatic interactions (see
[26]).

2. General thermodynamic framework and
experimental approaches

Fig. 1 shows a thermodynamic cycle for the fold-

Fig. 1. A general framework for describing the thermodynamics of the interactions of peptides and proteins with lipid bilayers that
recognizes the importance of the interfacial regions (Fig. 2). The scheme and its rationale are described in detail in (Section 2).
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ing and bilayer insertion of a small hydrophobic pep-
tide that forms an K-helix. The bilayer is subdivided
into two V15 Aî thick interfacial (if) regions and the
V30 Aî thick hydrocarbon core (hc) based on the
membrane di¡raction studies of Wiener and White
[27]. The interfaces and hydrocarbon core are treated
as distinct `phases' for reasons outlined in the next
section. Two pathways for insertion are shown: a
direct `water' path (lower half of the cycle, dotted
arrows) and an indirect `interfacial' path (upper
half of the cycle, solid arrows). The free energy of
folding and insertion along the water path is com-
posed of the free energy change vGfw for folding (f)
from random coil to K-helix in water (w) and the
change vGwhc for the insertion of the into the hydro-
carbon core. The free energy of folding and insertion
along the interfacial path is composed of three
terms: the partitioning of the unfolded chain from
water to interface vGwif , the folding in the interface
vGfif , and the insertion of the folded peptide from
the interface to the hydrocarbon core, vGifhc. Both
bilayer-insertion paths in Fig. 1 are based upon the
assumption that the inserted peptide exists in the
aqueous phase as a monomer. Because there is a
very strong tendency for non-polar peptides to
form aggregates, this critical assumption can be a
di¤cult one to satisfy. Before adopting it, one must
verify experimentally that the peptide is in fact
monomeric.

There have been three attempts to measure the free
energy of insertion, vGwhc, but with mixed success
[28^30]. Moll and Thompson [28] attempted to meas-
ure vGwhc along the water path, and reported a value
of about 35 kcal/mol. Their experiments were based
upon measurements of the partitioning of a 20-resi-
due alanine peptide that was covalently linked to
bovine pancreatic trypsin inhibitor (BPTI). The reli-
ability of this measurement is uncertain for three
reasons. First, the conformation of the Ala20 peptide
in the aqueous phase is uncertain. Although a poly-
alanine peptide of this length is likely to have a high
helix content [3], it is not clear whether the measure-
ment was of vGwhc or vGwhc+vGfw because the helix
content of the Ala20 peptide was not reported. Sec-
ond, Ala20 alone is likely to be highly insoluble, at
least as a monomer. This raises the possibility that
the Ala20 domain may associate non-covalently in
some way with the BPTI carrier, further confusing

the meaning of the reported free energy. Third, no
evidence was presented that the Ala20 domain ac-
tually crossed the lipid bilayer, was adsorbed only
on the surface, or was distributed between surface
and transmembrane locations. Despite these uncer-
tainties and in the light of the earlier discussion (Sec-
tion 1), 35 kcal/mol is not an unreasonable value of
vGwhc for Ala20.

Soekarjo et al. [29] showed that the insertion of
M13 procoat protein into bilayers follows the inter-
facial path and cleverly determined free energies as-
sociated with the process. They found that M13 pro-
coat, containing two putative transmembrane
domains, was distributed 80% in the interface and
20% across the bilayer based upon proteinase K di-
gestion experiments. They concluded that
vGwhc =314.8 kcal/mol for the presumed two-helix
hairpin and estimated that vGwhc =312 kcal/mol for
a single helix. Although these experiments represent
an excellent attempt to measure vGwhc, they su¡er
from a failure to determine the secondary structure
of procoat in either the aqueous or membrane phases
or to establish with certainty that the proteinase-re-
sistant population of procoat was truly across the
membrane. Therefore, uncertainty remains about ex-
actly what free energies terms are represented by
their value for vGwhc.

The most recent attempt to measure vGwhc is that
of Hunt et al. [30,31] who found that a 36-residue
peptide containing the C helix of bacteriorhodopsin
(bR) could be caused to insert spontaneously into
lipid bilayers as a transmembrane K-helix by lower-
ing pH in order to protonate one of the two Asp
residues located within the known transmembrane
domain of bR [32,33]. The insertion followed an in-
terfacial pathway because Hunt et al. [30] found that
the C-helix peptide binds to the surface of DMPC
vesicles in a largely unfolded form at pH 7.8 (Asp
deprotonated), but inserts reversibly upon lowering
the pH. From their data, Hunt et al. [30] estimated a
value for the free energy of insertion of about
36 cal/mol. This value probably does not correspond
to vGwhc because the peptide was neither helical
nor monomeric the aqueous phase. If the peptide
had been unfolded, but monomeric, their measure-
ment would have been of vGfw+vGwhc, a valuable
number to have. Unfortunately, the aggregation
problem, as Hunt et al. recognized, makes the mean-
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ing of their value for the free energy of insertion
problematic.

These three attempts to measure vGwhc [28^30]
show that the general thermodynamic cycle of Fig. 1
is reasonable and appropriate. But, they also re-
mind us of how di¤cult it is to measure the free
energy terms of the cycle. A strategic di¤culty re-
vealed by the experiments is that studies of very in-
soluble peptides such as Ala20 or very complex ones
such as 73-residue M13 procoat, are di¤cult to in-
terpret as well as perform. We have therefore
adopted a `bootstrap' strategy for the purpose of
measuring the free energy of folding and insertion
along the interfacial path. The ¢rst step of the strat-
egy is to determine the interfacial partitioning of
well-characterized small peptides (three to seven res-
idues) that have no secondary structure in the aque-
ous or interfacial phases [25,34,35]. This step pro-
vides two advantages.

First, one can obtain an interfacial hydrophobicity
scale that can be used for calculating vGwif for any
soluble random-coil peptide. This calculated value
may or may not, however, be the same as a measured
value for a truly random-coil peptide larger than ¢ve
or so peptides. Nevertheless, the value is useful be-
cause it at least provides a virtual reference state for
the sorting out the multitude of factors that deter-
mine partitioning. We therefore designate the water-
to-interface free energy change calculated from the
small-peptide interfacial hydrophobicity scale as
vGv

wif to indicate its status as a virtual reference val-
ue. This value is exceptionally important for peptides
such as melittin [35,36] for which there is a strong
coupling (Fig. 1) between partitioning and folding
(see below). The population of unfolded interfacial
peptide is so small in such cases that it cannot be
detected. The ability to calculate vGv

wif permits vGfif

to be estimated. The second advantage of the ¢rst
step of our bootstrap strategy is that one has a start-
ing set of thermodynamic parameters that is invalu-
able for designing more complex (longer) peptides.
For example, the limited number of hydrophobicity
values determined by Jacobs and White [25] for their
A-W-A-O-t-butyl peptides made it possible to arrive
quickly at the design of the AcWL-X-LL peptides
used for the experimental determination of a com-
plete whole-residue hydrophobicity scale [34].

The second step of our bootstrap strategy is to
design and synthesize longer peptides that can, theo-
retically, fold and insert spontaneously. Experiments
with such peptides provide vital information about
the behavior of longer hydrophobic peptides in both
water and membranes. Our experience to date sug-
gests that the biggest single problem is multimer for-
mation in the aqueous phase. Although some large
(V30 residues) peptides appear to be soluble because
`clear' aqueous solutions are obtained, they actually
form soluble multimers (see [37] for a discussion of
this issue). The working out of the details of the
thermodynamic cycle of Fig. 1 demands that there
be a set of conditions for which there is a measurable
concentration of monomers in the aqueous phase
and for which there are transmembrane helices. If
those conditions can be achieved, then one must
carefully establish the relative amounts of unfolded
and folded peptides in interface and the fraction
of folded peptide that is transbilayer. The two
most critical experiments are to prove that the pep-
tide is monomeric in the aqueous phase and that
presumed transmembrane peptides are truly trans-
membrane.

Deber and colleagues [38,39] have approached the
folding of proteins in membranes with a di¡erent
bootstrap approach by measuring the helicity of cat-
ionic host^guest peptides of the form SKSKAXAX-
AWAXAKSKSKS bound to anionic micelles or
vesicles. These experiments address vGfif directly
(see Fig. 1). Interestingly, they found a wide range
of helical propensities for the guest amino acids in
membranes that are very di¡erent from those for
peptides in aqueous solution. Membrane helical
propensities in their system are roughly correlated
with hydrophobicity, but were shown to be context-
and position-dependent as well [39]. Blondelle et al.
[40] have taken a similar approach, but with some-
what di¡erent results, using the host^guest peptide
Ac-KYA7XA5K-NH2. Through the use of these
bootstrap experiments, the energetics of protein
folding in membranes are beginning to be de¢ned.
But, interactions in the bilayer interface are com-
plex. An important part of the problem of unravel-
ing the complexities is to understand the structure
of £uid bilayers, and particularly the bilayer inter-
face.
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3. Structural and chemical features of the bilayer
interface

The structural evidence for the division of the bi-
layer into interfacial and hydrocarbon-core phases,
shown in Fig. 2, is based upon the liquid^crystallo-
graphic determination of the structure of £uid (LK

phase) dioleoylphosphatidylcholine (DOPC) bilayers
performed by Wiener and White [27,41^45] (reviewed
in [46,47]). Fluid bilayers are biologically relevant
because cellular membranes must be in a £uid state
for cells to function. But, their high thermal disorder
excludes completely the possibility of atomic-resolu-
tion three-dimensional crystallographic images that
can be obtained from crystallized membrane lipids
[48,49]. Multilamellar bilayers obtained from phos-

pholipids by dispersal in water or deposition on sur-
faces, liquid crystals, are highly periodic in a direc-
tion normal to the bilayers, but highly thermally
disordered in the bilayer plane. The resulting one-
dimensional crystallinity allows one to examine the
distribution of matter along the bilayer normal by
di¡raction methods. The `structure' of a £uid bilayer
is consequently de¢ned operationally as the time-
averaged spatial distributions of the principal struc-
tural (quasi-molecular) groups of the lipid (carbon-
yls, phosphates, etc.) projected onto an axis normal
to the bilayer plane [41]. Complete and fully resolved
bilayer structures comprised of the collection of
water and structural-group distributions can be de-
termined through the joint re¢nement of X-ray and
neutron di¡raction data obtained by using lipids that
have been labeled at speci¢c sites with heavy metals
[43,50,51] or deuterium [44,52,53].

The time-averaged transbilayer distributions of the
quasi-molecular groups shown in Fig. 2 can be
thought of as probability or number densities. That
is, they give the probability of ¢nding a particular
structural group at a speci¢c location in the bilayer
or the number of groups per unit volume at a given
location. The areas under the peaks are equal to the
number of structural groups per lipid molecule (e.g.
two methyls, 28 methylenes, one phosphate). The
peaks are determined in the liquid^crystallographic
experiment with high precision (0.02^0.5 Aî ), repre-
sent fully resolved [41] images, and are accurate rep-
resentations of the true thermal motion of the mole-
cules. This thermal motion is a fundamental and
important feature of £uid bilayers that plays a crit-
ical role in peptide^bilayer interactions. Although the
structural image of Fig. 2 was obtained at low hy-
dration, 5.4 waters per lipid, recent work in our lab-
oratory demonstrates that the overall structure
changes in only subtle ways as the water content is
increased [54].

The complexity of bilayers as `non-polar' phases
for peptide partitioning is apparent in Fig. 2. The
image shows that the £uid bilayer can be naturally
divided (vertical lines) into interfacial and hydrocar-
bon core regions based upon the distribution of the
water of hydration of the headgroup. The hydrocar-
bon region and the combined interfacial regions each
have a width of about 30 Aî so that the interfaces
account for 50% of the total thermal thickness of the

Fig. 2. The structure of a £uid dioleoylphosphocholine (DOPC)
bilayer determined by the joint re¢nement of X-ray and neutron
di¡raction data [27]. The `structure' consists of the time-aver-
aged distributions of the principal structural groups of the lipid
projected onto an axis normal to the bilayer plane. The distri-
butions are constructed from Gaussian distributions whose
areas equal the number of structural groups represented by the
Gaussians; the distributions therefore represent the probability
of ¢nding a structural group at a particular location. The inter-
faces of the bilayer are de¢ned as the regions occupied by head-
group water of hydration. Notice that an K-helix that is parallel
to the bilayer can be comfortably accommodated in the interfa-
ces. Also shown is the distribution of the tryptophan (Trp) of
Ala-Trp-Ala-O-tert-butyl [25] partitioned into the bilayer (see
Section 3). The ¢gure is modi¢ed from that of White [17].
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bilayer. This emphasizes the fact that the bilayer
should not be treated simply as a thin hydrocarbon
slab separating two aqueous phases. Of particular
importance for interfacial partitioning is the fact
that the interfaces consist of a complex mixture of
water and phosphocholine, glyceryl, carbonyl, and
methylene groups. These regions are rich in possibil-
ities for non-covalent interactions with peptides. Fur-
thermore, as shown in Fig. 2, the 15 Aî thermal thick-
ness of an interface can comfortably accommodate
an K-helix (diameter W10 Aî ) running parallel to the
bilayer plane. Included in Fig. 2 is the transbilayer
distribution of the Trp residue of the small peptide
A-W-A-O-t-butyl determined by neutron di¡raction
[25]. Even though partitioning of this peptide is driv-
en primarily by the hydrophobic e¡ect [25], it is,
nevertheless, located almost entirely in the interfacial
region. The fact that the Trp is found largely in the
same region as the phosphocholine group has impor-
tant implications for the assembly and stability of
membrane proteins [18] (see below). For present pur-
poses, however, the most important conclusion is
that small hydrophobic peptides which cannot form
secondary structure (i.e. form intramolecular H-
bonds) must be restricted to the interface because
of the energetic cost of partitioning the peptide
bonds into the hydrocarbon core [25].

Besides being chemically heterogeneous, the inter-
faces are, not surprisingly, regions in which dramatic
changes in polarity occur over small distances. To
illustrate this point, we show in Fig. 3 (heavy line)
the `polarity pro¢le' of a DOPC bilayer derived from
the structural image of Fig. 2. This pro¢le was cal-
culated from the quasi-molecular-group volumes of
Wiener and White [27] and the partial charges of the
groups using the atomic partial charges of phospho-
lipids reported by Charifson et al. [55]. It represents
the average density of atomic partial charges, both
+ and 3, calculated by weighting the absolute values
of the charge densities by the number density and
group volume at each position across the bilayer.
The very steep gradient of polarity in the interfaces
is consistent with calculated interfacial electrostatic
free energy pro¢les of charged membranes recently
reviewed by Murray et al. [26] (see their Fig. 2).

X-Ray di¡raction measurements on DOPC multi-
layers containing the ideally amphipathic 18-residue
K-helical peptide 18A [56] have permitted us to de-

termine the precise location of the axis of the helix
within the polarity pro¢le (K. Hristova and S. White,
unpublished). The axis of the 18A helix, which is
parallel to the membrane surface, is located between
the mean positions of the glycerol and carbonyl
groups. The shaded circle in Fig. 3, representing
the cross-section of 18A, shows that this amphipathic
helix resides at approximately the mid-point of the
steep decent of polarity that arises as the headgroup
region gives way to the hydrocarbon region. It ap-
pears to be positioned so that its hydrophobic sur-
face is just buried in the edge of the hydrocarbon
core. (If the hydrocarbon core were a simple bulk
slab of oleoyl chains, the peak of the carbonyl group
would de¢ne the surface of the slab; see [27].) An
interesting question that arises is how the positions
of amphipathic helices will vary among the classes
de¢ned by Segrest and colleagues (see [57]). Speaking
more generally, the question is how the balance of
interactions in the complex interface arising from the
speci¢c amino acids in a peptide sequence determine
the location and conformation of the peptide.

Fig. 3. Polarity pro¢le (heavy line) and structural-group distri-
butions from Fig. 2 (light lines). The `polarity' of the mem-
brane in this illustration is given as the absolute partial-charge
density. Group partial-charge densities were calculated for each
quasi-molecular group using the atomic partial charges of Char-
ifson et al. [55] and the group volumes given by Wiener and
White [27]. The polarity pro¢le is obtained from the average
charge density calculated by weighting the group charge den-
sities by the number density and group volume at each posi-
tion. Also shown is the schematic cross section of the amphi-
pathic K-helical peptide 18A (see Section 3) which is drawn to
scale. Note that its location is exactly at the interface where the
lipid polar groups give way to the hydrocarbon chains.
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4. An experimentally determined whole-residue
interfacial hydrophobicity scale

4.1. Experimental approach to the determination of
the interfacial free energy scale

An experimentally determined interfacial free en-
ergy scale for calculating the free energy change
vGwif associated with the transfer of an unfolded
peptide chain from water to interface is an essential
¢rst step for completing the thermodynamic cycle of
Fig. 1. A necessary requirement for such a scale is
that it be a whole-residue scale. That is, the free
energy value of a particular amino acid residue
must include the peptide bond as well as the side-
chain for the obvious reason that it is the entire
residue that partitions into the interface. We have
recently reported such a scale [34] for the 20 natural
amino acids and the peptide bond derived from
measurements of the partitioning small hydrophobic
peptides. We have also recently reviewed the exper-
imental methods used [35]. Because interfacial scales
must describe the partitioning of unfolded peptides,
the use of small peptides helped assure the absence of
regular structure. We examined the partitioning of
two families of peptides into large unilamellar vesicle
(LUV) membranes formed from palmitoyloleoyl-
phosphatidylcholine (POPC). One family, the `Trp-
pentapeptides', consisted of the complete set of host^
guest peptides acetyl-WL-X-LL-OH (AcWL-X-LL)
with X being any of the 20 natural amino acids
and the other a homologous series of peptides,
AcWLm with m=1^6 (called the `Leu-peptides').
The Trp-pentapeptides allowed us to determine the
side-chain contributions of amino acid partitioning
and the Leu-peptides the backbone (CONH) contri-
bution. Because the calculation of vGwif from a hy-
drophobicity scale also requires additivity, the parti-
tioning behavior of the Leu-peptides also allowed us
to verify additivity, at least for peptides in the size
range of our two families. In addition to partitioning
between bilayers and water, we also determined the
partitioning of the two families between octanol and
water [58] so that a direct experimental comparison
of octanol and membrane partitioning could be
made. This is useful because octanol is commonly
used for measurements of bulk-phase hydrophobic-
ities [59^61].

The principal design criterion for the Trp-penta-
peptides was that there be an appropriate balance
between non-polar- and aqueous-phase solubility so
that partition coe¤cients could be measured for all
20 of the natural amino acids in the X position. This
was achieved by the relatively high non-polar com-
position of the peptides on the one hand and their
small size and charged carboxy termini on the other.
Additional design criteria, that were tested exhaus-
tively in the course of our measurements, were that
the peptides be soluble in water as monomers, lack
well-de¢ned secondary structure in aqueous and bi-
layer phases, and that the guest (X) residue be in a
covalent environment characteristic of unfolded pro-
teins. The AcWL-X-LL and AcWLm peptides satis-
¢ed all of these criteria. The Trp1 residue was in-

Table 1
Whole-residue free energies of transfer vG from water to POPC
interface (wif) and to n-octanol (woct)

Amino acid vGwif (kcal/mol) vGwoct (kcal/mol)

Ala 0.17 þ 0.06 0.50 þ 0.12
Arg� 0.81 þ 0.11 1.81 þ 0.13
Asn 0.42 þ 0.06 0.85 þ 0.12
Asp3 1.23 þ 0.07 3.64 þ 0.17
Asp0 30.07 þ 0.11 0.43 þ 0.13
Cys 30.24 þ 0.06 30.02 þ 0.13
Gln 0.58 þ 0.08 0.77 þ 0.12
Glu3 2.02 þ 0.11 3.63 þ 0.18
Glu0 30.01 þ 0.15 0.11 þ 0.12
Gly 0.01 þ 0.05 1.15 þ 0.11
His� 0.96 þ 0.12 2.33 þ 0.11
His0 0.17 þ 0.06 0.11 þ 0.11
Ile 30.31 þ 0.06 31.12 þ 0.11
Leu 30.56 þ 0.04 31.25 þ 0.11
Lys� 0.99 þ 0.11 2.80 þ 0.11
Met 30.23 þ 0.06 30.67 þ 0.11
Phe 31.13 þ 0.05 31.71 þ 0.11
Pro 0.45 þ 0.12 0.14 þ 0.11
Ser 0.13 þ 0.08 0.46 þ 0.11
Thr 0.14 þ 0.06 0.25 þ 0.11
Trp 31.85 þ 0.06 32.09 þ 0.11
Tyr 30.94 þ 0.06 30.71 þ 0.11
Val 0.07 þ 0.05 30.46 þ 0.11

The values for vGwif are taken directly from [34]. The values of
vGwoct are computed from data in [58] by adding the solvation
energy vGglycyl of the ^CH2^CONH^ unit (31.15 þ 0.11 kcal/
mol [58]) to the occlusion-corrected side-chain solvation energies
vGcor

X found in Table 2 of [58]. For both vGwif and vGwoct, the
signs have been reversed relative to those of the original publi-
cations to re£ect free energies of transfer from the water phase.

BBAREV 85508 28-10-98

S.H. White, W.C. Wimley / Biochimica et Biophysica Acta 1376 (1998) 339^352346



cluded because of its usefulness as a spectroscopic
probe. An expected consequence of the lack of sec-
ondary structure was that the peptides would parti-
tion exclusively into the membrane interfaces. As dis-
cussed in detail elsewhere [34,35], there is little doubt
that the two peptide families behave as expected.

4.2. General features of the interface revealed by the
interfacial free energy scale

The whole-residue free energy scales determined
for neutral POPC bilayers [34] and n-octanol [58]

are summarized in Table 1. The bilayer-interface
and octanol hydrophobicities are strongly correlated,
but the bilayer values are generally about one-half
those observed for octanol. This is shown graphically
in Fig. 4A where we have plotted the bilayer values
relative to Ala against the equivalent octanol values.
Also included are the values for the peptide bond
(CONH) and the charged carboxyl terminus. A sim-
ilar plot of the whole-peptide free energies of transfer
for the Leu-peptides gave straight line with a slope of
0.49 (see [34], Fig. 3A). The straight line with this
slope added to the data of Fig. 4A shows that it
roughly describes the relative contributions of the
side-chain, carboxyl terminus, and peptide bond
groups. The deviations from the line reveal interest-
ing di¡erences between bilayer and octanol partition-
ing. For example, the L-branched hydrophobes Val
and Ile are much less hydrophobic in the bilayer than
expected, whereas the aromatics are more hydropho-
bic. The observation that interfacial hydrophobicity
is proportional to octanol hydrophobicity supports
the earlier conclusion that membrane partitioning is
driven mainly by the hydrophobic e¡ect [25]. How-
ever, the slope of 0.5 of the solid line and the £uc-
tuations of the points around it reveal that the details
of the interactions with the membrane^water inter-
face contribute important e¡ects.

Jacobs and White [25] found that the non-polar
solvation parameter of their ¢ve tripeptides, 12 cal/
mol/Aî 2, was about one-half the value observed for
partitioning into bulk organic phases (V22 cal/mol/
Aî 2), consistent with the slope of the line in Fig. 4A.
They suggested that the smaller solvation parameter
might mean that either it is a general property of the
complex interfacial region or the non-polar surface is
about 50% buried in the outer edge of the hydro-
carbon core. Both e¡ects may be operating, but the
data suggest that the ¢rst explanation may be more
likely because the solvation parameters of charged,
polar, and non-polar moieties alike are about one-
half the values observed for octanol partitioning.
This view is certainly consistent with the structural
image and polarity pro¢le of Figs. 2 and 3. A simple,
but probably incomplete, explanation of the 50% ef-
fect is that the average dielectric coe¤cient (O) of the
interface is somewhat higher than that of octanol.
The calculations of Flewelling and Hubbell [62] in-
dicate that an increase of O from about 12 in hy-

Fig. 4. Two lipid bilayer interfacial hydrophobicity scales plot-
ted against an octanol scale determined by Wimley et al. [58].
(A) The hydrophobicities for the side-chains of the 20 natural
amino acids (X) determined by Wimley and White [34] using
the pentapeptides Ac-WL-X-LL. This plot is reproduced from
Fig. 3b of Wimley and White with permission. The straight line
has a slope of 0.5, indicating that the interfacial hydrophobicity
is equivalent to about one-half that of octanol (see Section 4).
(B) The hydrophobicities for the side-chains of 14 natural ami-
no acids in the WWR5-Q-X-I-R9WW region of the 25-residue prese-
quence of subunit IV of cytochrome c oxidase (COX IV) deter-
mined by Thorgeirsson et al. [75]. The slope of the straight line
is 1.3, suggesting that the guest residues of the COX IV peptide
sense a more non-polar environment (see Section 5).
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drated octanol to 18 in the bilayer interface would
explain the reduction of about one-half in the inter-
facial transfer free energy of the carboxyl terminus
(2.68 kcal/mol, [34]) compared to the octanol value
(4.78 kcal/mol, [58]). Such simple explanations, based
solely on bulk-phase properties, are probably not
warranted, however, because structural studies [63]
of octanol indicate that it too is a complex interfacial
phase. It would otherwise be di¤cult to explain why
the non-polar solvation parameters for alkanes
(OV2) and octanol (OV12) are the same [58]. What-
ever the explanation may be for the 50% e¡ect, it is
clear that the phosphatidylcholine interface has sig-
ni¢cant non-polar character, consistent with the im-
age of Fig. 2.

4.3. Speci¢c features of the interfacial free energies

The relative values of the free energies of the 20
amino acids do not form a simple continuum.
Although the charged residues are at one end of
the scale and the hydrophobes at the other, indicat-
ing that the hydrophobic e¡ect plays a central role in
partitioning, a closer examination of Table 1 and
Fig. 4A reveals that the 20 amino acids fall roughly
into three ranks of importance. The dominating
¢rst rank is comprised of aromatic residues that
have very favorable free energies and the charged
residues which have large unfavorable free energies.
The second-rank contributors to partitioning are the
carboxyamide side-chains Gln and Asn which are
unfavorable by V0.5 kcal/mol and Leu which is fa-
vorable by V0.5 kcal/mol. The bottom third-rank
residues make relatively small net contributions
(V0.25 kcal/mol). Surprisingly, Ala, Val, Ile, and
Met fall into this rank, indicating the lack of a simple
linear relationship between octanol and interface par-
titioning.

The interfacial hydrophobicities of all of the
charged side-chains are approximately equal, con-
trary to some expectations. Interfacial partitioning
of Lys and Arg have been assumed to be relatively
favorable because of the possibility of their methyl-
enes interacting hydrophobically with the membrane
interface while their charged moieties interact favor-
ably with the aqueous environment [25,64,65]. The
data of Fig. 4A indicate clearly that this so called
`snorkel e¡ect' does not occur for the pentapeptides.

This is consistent with the fact that the membrane
interface occupies a thickness of at least 15 Aî (Fig.
2), compared to the 6 Aî length of an Arg and Lys
side-chains.

The high interfacial hydrophobicity of the aro-
matics is disproportionally large relative to their hy-
drophobicity in octanol, in agreement with studies of
the exceptionally strong partitioning of indole and
indole analogs into the membrane interface [18].
This strengthens the idea that there are special inter-
actions there which are important in the structure
and function of channel-forming peptides [66^68]
and membrane proteins [18,69,70] since Trp and
Tyr are found with a high frequency near the ends
of transmembrane domains that are expected to be in
the membrane interface. The suggestion has been
made [70] that Trp and Tyr prefer the interface be-
cause of their amphipathic nature, the idea being
that the aromatic rings reside in the hydrocarbon
core with their polar ^NH or ^OH groups forming
hydrogen bonds with lipid carbonyls. However, bi-
layer partitioning data for several indole compounds
[18], the transbilayer distribution of the Trp of A-W-
A-O-t-bu determined by neutron di¡raction (Fig. 2),
and preliminary NMR measurements [71] suggest
that the interaction is probably not that simple and
is likely to be novel. Close examination of the Trp
distribution in Fig. 2 indicates that Trp is not con-
strained mostly to the hydrocarbon core. Rather, it is
much more closely associated with the glycerophos-
phocholine group. The bilayer partitioning data for
indole compounds [18] reveal small, but important,
di¡erences in the values of vGwif for N-methylindole
(38.1 kcal/mol) and 3-methylindole (38.6 kcal/mol).
Given the observation [23,24] that the partitioning of
N-methylindole into cyclohexane is more favorable
by 1.2 kcal/mol than the partitioning of 3-methylin-
dole because of the loss of the hydrogen bonding
potential of the imide nitrogen, one might expect
higher partitioning of the N-methyl compound. Fur-
thermore, if the indole were being `held' at the inter-
face by a COOWWWWHN H-bond, then one would expect
the N-methyl compound to have a much more favor-
able interaction with the hydrocarbon core and move
deeper into it. Heat capacity measurements [18] sug-
gest that the opposite is true and NMR measure-
ments show only minor di¡erences in the dispositions
of the two compounds in the interface [71].
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4.4. Partitioning^folding coupling

Broadly speaking, as discussed earlier, the interfa-
cial free energy values for the 20 natural amino acids
fall into three distinct classes: all of the charged res-
idues, the carboxyl terminus, and the peptide bond
are highly unfavorable, the aromatics are highly fa-
vorable, and the remaining residues make smaller
contributions. Very important is the fact that the
cost of transferring a peptide bond into the mem-
brane interface, +1.2 kcal/mol, is as costly as trans-
ferring a charged side-chain. Because its magnitude is
about the same size as the magnitudes of the more
hydrophobic side-chains, it essentially dominates the
whole-residue values. This high cost must ¢gure
prominently in the formation of secondary structure
in membrane interfaces. As noted earlier (Section 1),
the participation of the peptide bond in H-bonds
greatly reduces its cost of partitioning into non-polar
phases. We have suggested that this e¡ect operates in
the membrane interface and is important for the pro-
motion of secondary structure observed when small
toxins [72], antimicrobial peptides [73], and signal
sequences [74] partition into membrane interfaces.

We refer to this process as partitioning^folding cou-
pling [34].

A classic example of partitioning^folding coupling
is seen in the partitioning of melittin (26 residues)
into phosphatidylcholine bilayers [35,36]. At low
concentrations in aqueous phases of low ionic
strength, melittin is monomeric and is largely ran-
dom coil with low residual helicity (V10%) as
judged by circular dichroism spectroscopy. Upon
partitioning into the bilayer interface, however, me-
littin adopts a highly helical conformation (V85%,
corresponding to about 20 residues). Titration of me-
littin solutions with phosphatidylcholine vesicles pro-
duces a set of spectra whose ellipticity at 222 nm
decreases in proportion to the amount of melittin
bound. Importantly, the collection of spectra reveal
a very distinct isodichroic point at about 200 nm,
indicative of a two-state transition in which there
are only two signi¢cantly populated states: mono-
meric melittin in the aqueous phase with low helicity
and membrane-bound melittin with high helicity
(see Fig. 1a of [36] and Fig. 1 of [35]). Plots of ellip-
ticity at 222 nm against lipid concentration permit
the partition coe¤cient from which a free energy of

Fig. 5. A thermodynamic cycle for the partitioning and folding of melittin into the bilayer interface based on work published by
White et al. [35] that describes partitioning^folding coupling. Circular dichroism spectroscopy indicates that only the folded mem-
brane-bound states and the unfolded aqueous states are occupied to a signi¢cant extent [35,36]. The whole-residue interfacial hydro-
phobicity scale of Wimley and White [34] permits the partitioning free energy of the unfolded form to be estimated. The free energy
reduction of 0.2^0.5 kcal/mol arises to a major extent from the reduction in the cost of partitioning the peptide bond caused by hy-
drogen bonding (see Section 4.4).
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transfer vGwif +vGfifW8 kcal/mol can be established
[35].

The signi¢cance of this coupling of melittin folding
to partitioning is that two equilibria contribute si-
multaneously to the observable process: the mono-
mer partitioning equilibrium and the equilibrium be-
tween folded and unfolded melittin bound to the
interface. This is shown schematically in Fig. 5 as a
thermodynamic cycle. The populations of each state
must be independently determined in order to under-
stand the thermodynamics of the coupling of folding
to partitioning. However, the bound random-coil
state of melittin cannot be seen by CD spectroscopy
and therefore the membrane concentration of the
unfolded form cannot be determined. The usefulness
of the interfacial hydrophobicity scale now becomes
apparent because it can be used in Fig. 5 to estimate
the free energy of the partitioning of unfolded melit-
tin. Depending upon assumptions about the disposi-
tion of the six highly polar residues at the C-termi-
nus, vGv

wif is estimated to be between 32 and +3
kcal/mol, meaning that vGfif is between 36 to 311
kcal/mol. (As a reference value, it useful to note that
a vG of 36 kcal/mol corresponds to the folded state
being about 25 000 times more populated than the
unfolded state.) In the absence of any other e¡ects,
this folding can be explained by a modest reduction,
0.2^0.5 kcal/mol, in the cost of partitioning each
peptide bond. But, other processes are probably
also important as indicated by the partial burying
of the 18A amphipathic peptide in the hydrocarbon
interface (Fig. 3).

5. Complexities of interfacial partitioning

The chemically heterogeneous and highly aniso-
tropic interfacial layers that separate the bulk water
phase from the hydrocarbon core (Fig. 2) defy any
attempt to describe them with a single set of param-
eters, or with a unique hydrophobicity scale, because
their physicochemical properties vary so dramatically
with depth (Fig. 3). Instead, there is probably a con-
tinuum of `hydrophobicities' that bridge the gap be-
tween water and the hydrocarbon core. Peptides par-
titioning into this variable interface, of course, will
follow this physicochemical gradient into the bilayer
to an equilibrium depth and disposition that yields

the largest reduction in free energy. That is, the ¢nal
location in the membrane will depend on the balance
between hydrophobic, electrostatic, bilayer e¡ects,
and other interactions and on the conformational
states available to the peptide. Weakly binding pep-
tides without secondary structure, such as the small
peptides that form the basis for our whole-residue
interfacial hydrophobicity scale, may be nearer to
the aqueous edge of the interface, as shown by the
neutron di¡raction study of A-W-A-O-t-bu (Fig. 2),
because of the high cost of partitioning the peptide
bond. In this light, our interfacial hydrophobicity
scale may represent a region of the bilayer interface
with lower methylene content.

What is the nature of this interfacial environment?
As we discussed earlier, there is a remarkable corre-
lation between the experimentally determined inter-
face and octanol hydrophobicities of non-polar, po-
lar, and charged groups because, overall, the data are
described well by a single line with a slope of 0.5.
This suggests that for our small peptides, all of the
favorable and unfavorable free energy contributions
in the bilayer are approximately one half of the re-
spective value in bulk octanol. Although we do not
understand this result on a molecular or physico-
chemical level, it is nonetheless an encouraging result
in the sense that it suggests that it may be empirically
useful to describe the membrane interface in broad,
relatively simple phenomenological terms related to
bulk solvent properties.

Support for this idea is provided in Fig. 4B where
the results of the bilayer partitioning studies of Thor-
geirsson et al. [75] are shown plotted against the
pentapeptide octanol results. These partitioning
data come from a 25-residue host^guest peptide de-
rived from the leader sequence of subunit IV of cy-
tochrome c oxidase (COX IV). As for our pentapep-
tides, COX IV was shown to lack a signi¢cant
amount of well-de¢ned secondary structure when
bound to membranes composed of mixtures of
POPC and POPG. We chose in plotting the data of
Thorgeirsson et al. to use our pentapeptide octanol-
partitioning values as the reference scale rather than
the commonly used N-acetyl-amino-acid amide val-
ues [59] because the occlusion [58] of the guest resi-
due (X in WWR5-Q-X-I-R9WW) and its neighbors is likely
to be similar to that of the guest residue in AcWL-X-
LL. Fig. 4B shows that the COX IV hydrophobicity
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scale is also strongly correlated with octanol hydro-
phobicity. Interestingly, however, the slope is much
larger, V1.3 (Thorgeirsson et al. obtained V1 using
the Ac-amino-acid amide data), suggesting a consid-
erably more hydrophobic interfacial environment for
the guest site in the COX IV peptides compared to
the pentapeptides.

The di¡erence between the pentapeptide and COX
IV results indicates how little we know at this time
about the details of the interfacial interactions and
raises fundamental questions. The simple-minded ex-
planation for the di¡erence is that the equilibrium
positions for the two classes of peptides in the inter-
face are di¡erent, causing a di¡erence in the amount
of hydrocarbon core visited. Although the `polarity'
gradient shown in Fig. 3 permits this possibility, the
existence of `open' peptide bonds in unfolded pepti-
des should prohibit deep penetration, regardless of
the size of the peptide. Are there di¡erences in sec-
ondary structure that cannot be detected? What is
the e¡ect of lipid composition? How are the lipids
rearranged in the vicinity of the peptides? Are the
guest residues really sampling a largely lipid environ-
ment or are they sampling a mixed lipid^peptide en-
vironment created by lipid rearrangements? The an-
swers to these and many other questions must await
new experimental insights. For present, the questions
serve to remind us of the complex nature of peptide
interactions at bilayer interfaces.
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