
Effects of Aromatic Residues at the Ends of TransmembraneR-Helices on Helix
Interactions with Lipid Bilayers†

Sanjay Mall, Robert Broadbridge, Ram P. Sharma, Anthony G. Lee, and J. Malcolm East*

DiVision of Biochemistry and Molecular Biology, School of Biological Sciences, UniVersity of Southampton,
Southampton, SO16 7PX, U.K.

ReceiVed September 22, 1999; ReVised Manuscript ReceiVed December 3, 1999

ABSTRACT: We have studied the effects of aromatic residues at the ends of peptides of the type Ac-
KKGLnWLmKKA-amide on their interactions with lipid bilayers as a function of lipid fatty acyl chain
length, physical phase, and charge. Peptide Ac-KKGFL6WL8FKKA-amide (F2L14) incorporated into bilayers
of phosphatidylcholines containing monounsaturated fatty acyl chains of lengths C14-C24 at a peptide:
lipid molar ratio of 1:100 in contrast to Ac-KKGL7WL9KKA-amide (L16) which did not incorporate at all
into dierucoylphosphatidylcholine [di(C24:1)PC]; Ac-KKGYL6WL8YKKA-amide (Y2L14) incorporated
partly into di(C24:1)PC. Lipid-binding constants relative to that for dioleoylphosphatidylcholine (C18:
1)PC were obtained using a fluorescence quenching method. For Y2L14 and F2L14, relative lipid-binding
constants increased with increasing fatty acyl chain length from C14 to C24; strongest binding did not
occur at the point where the hydrophobic length of the peptide equalled the hydrophobic thickness of the
bilayer. For Ac-KKGYL9WL11YKKA-amide (Y2L20), increasing chain length from C18 to C24 had little
effect on relative binding constants. Anionic phospholipids bound more strongly than zwitterionic
phospholipids to Y2L14 and Y2L20 but effects of charge were relatively small. In two phase (gel and liquid
crystalline) mixtures, all the peptides partitioned more strongly into liquid crystalline than gel phase;
effects were independent of the structure of the peptide or of the lipid (dipalmitoylphosphatidylcholine or
bovine brain sphingomyelin). Addition of cholesterol had little effect on incorporation of the peptides
into lipid bilayers. It is concluded that the presence of aromatic residues at the ends of transmembrane
R-helices effectively buffers them against changes in bilayer thickness caused either by an increase in the
chain length of the phospholipid or by the presence of cholesterol.

The membrane-spanning regions of most intrinsic mem-
brane proteins consist of one or more hydrophobic, trans-
membraneR-helices. For some membrane proteins, often
referred to as stalked proteins, these helices serve merely to
anchor the protein in the membrane. However, for others,
the transmembraneR-helices are important for the function
of the protein, and for such proteins, the organization and
packing ofR-helices in the membrane will be an important
feature of the structure of the protein. One factor affecting
the organization of transmembraneR-helices is their interac-
tion with the surrounding phospholipid bilayer. In particular,
the hydrophobic thickness of the lipid bilayer must be
matched to the hydrophobic length of a transmembrane
R-helix because the energetic cost of exposing either fatty
acyl chains or hydrophobic amino acids to water is high.
When the hydrophobic thickness of the bilayer exactly
matches the hydrophobic length of theR-helix, theR-helix
can simply span the bilayer with its long axis parallel to the
bilayer normal. This type of organization has been confirmed
for simple peptides of the type Ac-K2GLnK2A-amide con-
taining a long stretch of Leu residues located between two
pairs of Lys residues; the Lys residues in these peptides serve
to anchor the peptide across the membrane and to minimize

the chance of peptide aggregation within the membrane (1,
2). Peptides whose hydrophobic lengths are greater than the
hydrophobic thickness of the bilayer will also incorporate
across a lipid bilayer, hydrophobic matching presumably
being achieved by tilting the long axis of the peptide relative
to the bilayer normal (3-6). However, when the hydrophobic
length of the peptide is much less than the hydrophobic
thickness of the bilayer, the peptide cannot adopt an
orientation spanning the lipid bilayer and thus either binds
to the surface of the bilayer or forms a separate aggregate
in water (3-5).

In ion channels and transporters where the transmembrane
R-helices define the pathway for ion movement across the
membrane, the correct angle of tilt of the helices is likely to
be important for function. For example, in the potassium
channel KcsA, the two helices per monomeric unit are each
tilted across the membrane at an angle of about 15° with
respect to the bilayer surface (7). Changing the thickness of
the lipid bilayer could change the angle of tilt of the helices,
the tilt angle increasing or decreasing as, respectively, the
bilayer thins or thickens. The importance of bilayer thickness
has been shown in studies of the activity of the Ca2+-ATPase;
ATPase activity was found to be highest in bilayers of
dioleoylphosphatidylcholine [di(C18:1)PC],1 with lower ac-
tivities in bilayers of longer or shorter chain phospholipids
(8-11).
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Analysis of the compositions of the predicted transmem-
brane domains of a large number of bitopic membrane
proteins showed that while the most common residue was
Leu, aromatic residues are commonly found at the ends of
the helices (12). This predicted nonrandom distribution is
also observed in crystal structures of membrane proteins. For
example, in the photosynthetic reaction center, the majority
of the Trp residues is found near the periplasmic side of the
protein near the ends of the helices where they can form
hydrogen bonds with suitable groups in the lipids (13).
Similarly, in the crystal structure of the potassium channel
KcsA, aromatic residues are found clustered at the ends of
the trans-membraneR-helices (7). Measurements of binding
of peptides at the lipid-water interface have confirmed the
preference of aromatic residues for the lipid-water interface
(14). It has been suggested that the role of aromatic residues
at the ends of transmembraneR-helices is to act as “floats”
at the interface, serving to fix the helix within the lipid bilayer
with the polar groups facing the water and the nonpolar
aromatic regions penetrating into the hydrocarbon region.

Interactions between lipid bilayers and Trp-containing
peptides of the type Ac-K2GLmWLnK2A-amide (Lm+n) can
be studied using the Trp residue as a fluorescence reporter
group (3). Introduction of a Trp residue into the middle of
the peptide has been shown not to affect the transmembrane
orientation adopted by the peptide (15). A fluorescence
quenching method has been used to characterize selectivity
in the interaction between the peptides and particular lipids
(16). The peptide is incorporated into bilayers containing the
brominated phospholipid dibromostearoylphosphatidylcholine
[di(Br2C18:0)PC]; di(Br2C18:0)PC behaves much like a
conventional phospholipid with unsaturated fatty acyl chains
because the bulky bromine atoms have similar effects on
lipid packing as a cis double bond (16). In mixtures of
brominated and nonbrominated phospholipids, the degree of
quenching of the fluorescence of the tryptophan residue in
the peptide is related to the fraction of the surrounding
phospholipids which are brominated and, thus, to the strength
of binding of the nonbrominated lipid to the peptide. Here,
we show that the presence of Phe and Tyr residues at the
ends of transmembraneR-helices have marked effects on
interactions of the peptides with lipid bilayers of different
thicknesses, charges, and physical phases.

MATERIALS AND METHODS

Materials and General Procedures. Dimyristoleoylphos-
phatidylcholine [di(C14:1)PC], dipalmitoleoylphosphatidyl-
choline [di(C16:1)PC], dioleoylphosphatidylcholine [di(C18:
1)P], dieicosenoylphosphatidylcholine [di(C20:1)P], dierucoyl-
phosphatidylcholine [di(C22:1)PC], dinervonylphosphati-
dylcholine [di(C24:1)PC], dioleoylphosphatodylserine [di-

(C18:1)PS], and dioleoylphosphatidic acid [di(C18:1)PA]
were obtained from Avanti Polar Lipids; dipalmitoylphos-
phatidylcholine [di(C16:0)PC] and bovine brain sphingo-
myelin were from Sigma. Di(C18:1)PC was brominated to
give di(Br2C18:0)PC as described in East and Lee (16), and
the same procedure was used to brominate di(C18:1)PS to
dibromostearoylphosphatidylserine [di(Br2C18:0)PS] and di-
(C18:1)PA to dibromostearoylphosphatidic acid [di(Br2C18:
0)PA]. Peptides Ac-KKGL7WL9KKA-amide (L16), Ac-
KKGL10WL12KKA-amide (L22), Ac-KKGYL 6WL8YKKA-
amide (Y2L14), Ac-KKGYL 9WL11YKKA-amide (Y2L20), and
Ac-KKGFL6WL8FKKA-amide (F2L14) were synthesized us-
ing t-Boc chemistry (17), and purity was confirmed using
electrospray mass spectroscopy.

Peptides (20 nmol) were incorporated into phospholipid
bilayers by mixing peptide and lipid at a molar ratio of
peptide to phospholipid of 1:100 in methanol. Solvent was
removed under vacuum, buffer (400µL) was added, and the
sample was placed in a bath sonicator for a few minutes to
disperse the lipid-peptide mixture into the buffer, giving a
preparation of multilamellar vesicles (MLVs). Aliquots (100
µL) of the sample were diluted into buffer (2.5 mL; 20 mM
Hepes and 1 mM EGTA, pH 7.2), and fluorescence intensi-
ties were recorded at 25°C using an SLM-Aminco 8000C
fluorimeter, with an excitation wavelength of 280 nm.

To obtain accurate values for wavelengths of maximum
fluorescence emission intensity (λmax), fluorescence spectra
were fitted to skewed Gaussian curves (18) over the
wavelength rangeF > 0.25Fmax:

whereF andFmax are the fluorescence intensities at wave-
lengthsλ and λmax, respectively,b is the skew parameter,
andωλ is the peak width at half-height.

Quenching Analysis. The fluorescence lifetime for tryp-
tophan is considerably less than the time for two lipids to
exchange position in a bilayer, so that contact quenching of
Trp fluorescence by a brominated phospholipid can be
considered to be a static phenomenon (19). Quenching can
then be analyzed in either of two ways. The first is a lattice
model of quenching (16, 20). The degree of quenching in
the lattice model is proportional to the probability that a
brominated lipid occupies a lattice site close enough to the
peptide to cause quenching. For a random distribution of
lipids (no selectivity in binding to the peptide), the probability
that any lattice site is not occupied by a brominated lipid is
1 - xBr wherexBr is the mole fraction of brominated lipid in
the bilayer. The probability that any particular peptide will
give rise to fluorescence is proportional to the probability
that none of then lattice sites close enough to the peptide to
cause quenching is occupied by a brominated lipid. Thus,

whereFo and Fmin are the fluorescence intensities for the
peptide in nonbrominated and brominated lipid, respectively,
and F is the fluorescence intensity in the phospholipid
mixture when the mole fraction of brominated lipid isxBr.
In mixtures of brominated and nonbrominated phospholipids,
where there is selectivity of binding to the peptide, eq 2 can
be rewritten as

1 Abbreviations: di(C14:1)PC, dimyristoleoylphosphatidylcholine;
di(C16:0)PC, dipalmitoylphosphatidylcholine; di(C16:1)PC, dipalmi-
toleoylphosphatidylcholine; di(C18:1)PC, dioleoylphosphatidylcholine;
di(C20:1)PC, dieicosenoylphosphatidylcholine; di(C22:1)PC, dieru-
coylphosphatidylcholine; di(C24:1)PC, dinervonylphosphatidylcholine;
di(C18:1)PA, dioleoylphosphatidic acid; di(C18:1)PS, dioleoylphos-
phatodylserine; di(Br2C18:0)PC, dibromostearoylphosphatidylcholine;
di(Br2C18:0)PA, dibromostearoylphosphatidic acid; di(Br2C18:0)PS,
dibromostearoylphosphatidylserine; L16, Ac-KKGL7WL9KKA-amide;
L22, Ac-KKGL10WL12KKA-amide; Y2L14, Ac-KKGYL 6WL8YKKA-
amide; Y2L20, Ac-KKGYL 9WL11YKKA-amide; F2L14, Ac-KKGFL6-
WL8FKKA-amide; MLV, multilamellar vesicles.

F ) Fmax exp{-(ln 2)[ln(1 + 2b(λ - λmax)/ωλ)/b]2} (1)

F/Fo ) Fmin + (Fo - Fmin)(1 - xBr)
n (2)
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wherefBr is the fraction of sites at the lipid-protein interface
occupied by brominated lipid. The fraction of sites occupied
by brominated lipid is related toxBr by

whereK is the relative binding constant of the nonbrominated
phospholipid with respect to the brominated phospholipid.

An alternative description of quenching is the sphere of
action model (21). This assumes the existence of a sphere
of volume around a fluorophore within which a quencher
will cause quenching with a probability of unity. Adapting
this model to the two-dimensional case of a biological
membrane gives

whereπr2 is the area of the quenching circle around each
tryptophan andCBr is the concentration of brominated lipid
in units of molecules per unit area. The distribution of
nonbrominated lipid between the quenching circle and the
bulk lipid can be described by a constantK (the partition
coefficient for nonbrominated lipid relative to brominated
lipid) so that in the case of selective interaction with the
peptide eq 5 becomes

Data were fitted to all equations using the Marquardt-
Levenberg algorithm in SigmaPlot.

RESULTS

Fluorescence Properties of the Peptides as a Function of
Lipid Chain Length. The Trp-containing peptides were
incorporated into bilayers of lipid by mixing peptide and lipid
in organic solvent, removing the solvent, and then hydrating
the mixture. In a previous publication, we showed that the
intensity of the fluorescence of the Trp residue in the peptides
could be used to determine whether the peptide was
incorporated into the lipid bilayer (3). Peptide in water had
a very low fluorescence intensity, attributed to the formation
of aggregates in water, whereas peptide incorporated into
the lipid bilayer gave high fluorescence intensity, centered
at about 320-330 nm, characteristic of a Trp residue in a
hydrophobic environment (3). We also showed that whereas
the peptide L22 incorporated into bilayers of all phosphati-
dylcholines with monounsaturated fatty acyl chains of lengths
between C14 and C24, the peptide L16 only incorporated fully
into bilayers when the fatty acyl chain length was C20 or
less (3).

Peptide F2L14, unlike peptide L16, incorporated into all
phosphatidylcholines containing monounsaturated fatty acyl
chains with lengths between C14 and C24 (Figure 1A).
However, although peptide Y2L14 incorporated fully into
bilayers of phosphatidylcholine with chain lengths from C14
to C22, the fluorescence intensity in di(C24:1)PC was less
than that in the shorter chain phospholipids (Figure 1B). The
fluorescence intensity of Y2L14 in di(C24:1)PC was seen to
increase with increasing molar ratio of lipid:peptide and at
400:1 was very similar to the intensity observed in di(C18:

1)PC at a molar ratio of lipid:peptide of 100:1; incorporation
of peptides into di(C18:1)PC was complete by a molar ratio
of lipid:peptide of about 15:1 (data not shown). Thus Y2L14

incorporates only partially into bilayers of di(C24:1)PC, an
equilibrium being established between nonfluorescent ag-
gregates in water and bilayer-incorporated peptide. The
longer peptide Y2L20 was found to incorporate fully into
bilayers of phosphatidylcholines with chain lengths between
C14 and C24 (data not shown).

Fluorescence emission maxima for Trp are environmen-
tally sensitive, generally shifting to longer wavelength with
increasing solvent polarity, although effects of environmental
mobility can also be important (21). Ren et al. (4, 5) have
shown that the fluorescence emission maxima of peptides
of the type Ac-K2GLmWLnK2A-amide incorporated into lipid
bilayers are sensitive to bilayer thickness. A similar depen-
dence is seen for peptides containing aromatic residues at
the ends of the helices (Figure 2). Minimum values forλmax

for Y2L14 and F2L14 are observed at a chain length of about
C18, compared to C22 for Y2L20; for L16 and L22, minimum
values forλmax are observed at about C20 for both peptides.
Values forλmax are similar for L16 and F2L14, butλmax values
are smaller for Y2L14 than for L16 and also smaller for Y2L20

than for L22; it is not clear whether this reflects a small
change in the fluorescence properties of the peptides or a
slightly more nonpolar environment for the Trp residue in
the Tyr-containing peptides. Changes inλmax are small, and
values forλmax do not approach the value of about 350 nm
typical for a Trp residue exposed to water (21). Thus, all

F/Fo ) Fmin + (Fo - Fmin)(1 - fBr)
n (3)

fBr ) xBr/(xBr + K[1 - xBr]) (4)

F/Fo ) Fmin + (Fo - Fmin)exp(-πr2CBr) (5)

F/Fo ) Fmin + (Fo - Fmin)exp(-πr2CBr/K) (6)

FIGURE 1: Fluorescence emission spectra. (A) F2L14 in bilayers of
(a) di(C18:1)PC; (b) di(C14:1)PC; (c) di(C24:1)PC. For all samples
the molar ratio of lipid:peptide was 100:1. (B). Y2L14 in bilayers
of di(C18:1)PC at a molar ratio of lipid:peptide of 100:1 (a) and in
bilayers of di(C24:1)PC at molar ratios of lipid:peptide of (b) 400:
1; (c) 100:1; (d) 50:1. For all spectra, the concentration of peptide
was 0.02µM.
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peptides are incorporated into the lipid bilayers with the Trp
residue in a hydrophobic environment, consistent with the
peptide spanning the lipid bilayer. For peptide Y2L14 in di-
(C24:1)PC, the value ofλmax shifts only from 317.7 to
315.6 nm with increasing molar ratio of lipid:peptide from
50:1 to 400:1, despite the 2.5-fold increase in fluorescence
intensity (Figure 1B). This suggests that the peptide sim-
ply equilibrates between an almost nonfluorescent state in
water and a fluorescent state spanning the lipid bilayer with
the state of the peptide that is incorporated into the bilayer
being almost independent of the total molar ratio of lipid:
peptide.

Quenching of Fluorescence by Brominated Phospholipids.
Incorporation of the peptides into bilayers of di(Br2C18:0)-
PC leads to quenching of Trp fluorescence (Figure 3). The
fluorescence intensities recorded in mixtures of di(C18:1)-
PC and di(Br2C18:0)PC decrease with increasing content of
di(Br2C18:0)PC; the data fit to eq 2 with a value forn, the
number of “sites” around the peptide, of 2.8 for F2L14 and
Y2L14 and 2.4 for Y2L20, comparable to the values ofn of
2.7 and 2.3 determined previously for L16 and L22, respec-
tively (3). The value ofn describing the quenching of Trp
fluorescence in the Ca2+-ATPase by brominated phospho-
lipids is 1.6 (16), suggesting that the Trp residues in the
peptides are more exposed to the surrounding lipid than those
in a membrane protein with multitransmembraneR-helices.

As shown in Figure 3, panels A and B, fluorescence
quenching curves for F2L14 and Y2F14 in mixtures of di(Br2-
C18:0)PC and (C14:1)PC show more fluorescence quenching
at intermediate mole fractions of di(Br2C18:0)PC than seen
in mixtures with di(C18:1)PC, whereas less fluorescence
quenching is seen at intermediate mole fractions in mixtures
with di(C24:1)PC. These results show that the lipid-peptide
interaction is chain length dependent. Analysis of the data
in terms of eqs 2-4 gives the binding constant for the lipid,

relative to that for di(C18:1)PC; the results listed in Table 1
show that the longer chain phospholipids bind more strongly
to F2L14 and Y2L14 than short-chain phospholipids. Quench-
ing for the longer peptide Y2L20 is markedly less dependent
on fatty acyl chain length, with essentially equal binding to
phosphatidylcholines with chain lengths between C18 and
C24 (Figure 3C, Table 1).

The data can also be interpreted in terms of a quenching
circle model, in which any brominated phospholipid molecule
within a quenching circle around the peptide results in
quenching. The data for F2L14 and Y2L14 in mixtures of
di(Br2C18:0)PC and (C18:1)PC fit to eq 5 with fits as good
as to eq 2, with a circle radiusr of 8.3 ( 2.0 Å, calculated
assuming an area occupied by a lipid in the bilayer surface
of 70 Å2; for Y2L20, the data fit to a radiusr of 7.0 ( 1.9 Å
(data not shown). Data in mixtures of di(Br2C18:0)PC and
other phosphatidylcholines can then be fitted to eq 6, using
these values ofr, to give the relative binding constants also
listed in Table 1.

FIGURE 2: The effect of fatty acyl chain length on theλmax for
peptides in bilayers of phosphatidylcholine. The fatty acyl chain
lengths are plotted againstλmax for (A) (0) Y2L14; (O) F2L14; (4)
Y2L20; and (B) (0) L16; (4) L22. Samples contained 0.02µM peptide
in 2 µM lipid.

FIGURE 3: Fluorescence intensities in mixtures of di(Br2C18:0)PC
and nonbrominated phosphatidylcholine. F2L14 (A), Y2L14 (B), or
Y2L20 (C) were incorporated into mixtures of di(Br2C18:0)PC with
di(C14:1)PC (O), di(C18:1)PC (0), di(C22:1)PC (4), or di(C24:
1)PC (3), at a molar ratio of lipid:peptide of 100:1. Fluorescence
intensities are expressed as a fraction of that for the peptide in 100%
nonbrominated lipid. The solid lines show best fits of the data to
eqs 2-4 with the relative binding constants given in Table 1. In
panel C, fits to data for di(C18:1)PC, di(C22:1)PC, and di(C24:
1)PC are almost identical; for clarity only, that for di(C18:1)PC is
shown.
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Effects of Gel Phase Lipid. Figure 4 compares fluorescence
emission spectra for Y2L14 in bilayers of di(C16:0)PC in the
gel phase at 25°C with the spectrum in liquid crystalline
phase di(C16:1)PC. The spectrum in gel phase lipid is shifted
about 5 nm to longer wavelength compared to that in liquid
crystalline phase lipid, but the value forλmax (317.8 nm) and
the fluorescence intensity [equal to that in di(C16:1)PC] show
that the peptide is fully incorporated into the gel phase
bilayer. Peptide L16 is also fully incorporated into gel phase
di(C16:0)PC (Figure 4), as are peptides F2L14 and Y2L20 (data
not shown).

Quenching profiles in mixtures of di(Br2C18:0)PC and di-
(C16:0)PC are shown in Figure 5, and the very marked
quenching at low mole fractions of di(Br2C18:0)PC show
that the peptides are excluded from gel phase di(C16:0)PC
in these mixtures. The data fit to a relative binding constant
of 0.14 ( 0.08 for L16 and 0.17( 0.02 for Y2L14. Very
similar quenching profiles are observed for F2L14, L22 and
Y2L20, showing that these peptides are also excluded from
gel phase lipid (data not shown).

The quenching profile for L16 in mixtures of di(Br2C18:
0)PC and bovine brain sphingomyelin is also shown in Figure
5; the experimental data fit to a relative binding constant
for sphingomyelin of 0.14( 0.03. The phase transition
temperature for bovine brain sphingomyelin is ca. 35°C (22)
so that this again shows exclusion of the peptide from gel
phase lipid.

Effects of Cholesterol. Addition of cholesterol up to a
molar ratio of cholesterol:phospholipid of 1:1 had very little
effect on the Trp fluorescence intensity for L16 in di(C14:
1)PC but in di(C18:1)PC resulted in a marked decrease in

intensity beyond a mole ratio of 0.6, as reported previously
(3) (Figure 6). In contrast, addition of cholesterol up to a
1:1 molar ratio had very little effect on the fluorescence
intensities for F2L14 or Y2L14 in di(C18:1)PC or for F2L14 in
di(C24:1)PC (Figure 6). Effects of cholesterol on values of
λmax were very small. For L16 in di(C18:1)PC, the value of
λmaxshifted from 316.6 to 316.8 nm on addition of cholesterol
at a molar ratio of 1:1, despite the 60% decrease in
fluorescence intensity. This is consistent with simple equili-
bration of the peptide between an almost nonfluorescent state
in water and a fluorescent state spanning the lipid bilayer,
partitioning into the bilayer being reduced in the presence
of cholesterol.

Table 1: Relative Lipid Binding Constants

relative binding constantb relative partition coefficientc

lipid d (Å)a Y2L14 F2L14 Y2L20 Y2L14 F2L14 Y2L20

di(C14:1)PC 22.8 0.46( 0.05 0.50( 0.06 0.47( 0.04 0.53( 0.04 0.56( 0.02 0.44( 0.03
di(C16:1)PC 26.1 0.74( 0.09 0.83( 0.08 0.45( 0.05 0.80( 0.07 0.86( 0.07 0.43( 0.03
di(C18:1)PC 29.8 1 1 1 1 1 1
di(C20:1)PC 33.3 1.02( 0.24 1.16( 0.12 1.22( 0.1 1.10( 0.21 1.22( 0.06 0.95( 0.20
di(C22:1)PC 36.8 1.37( 0.09 1.62( 0.36 0.96( 0.1 1.49( 0.14 1.60( 0.37 0.87( 0.06
di(C24:1)PC 40.3 2.33( 0.16 1.19( 0.12 1.68( 0.06 1.13( 0.08
a Hydrophobic thickness of the bilayer calculated fromd ) 1.75(n -1), wheren is the number of carbon atoms in the fatty acyl chain (38, 39).

b Binding constant relative to that for di(C18:1)PC, calculated using eqs 2-4 with values ofn of 2.8 for Y2L14 and F2L14 and 2.4 for Y2L20.
c Relative partition coefficient between the quenching circle around the peptide and the bulk lipid, calculated using eq 6 with values ofr of 8.3 Å
for Y2L14 and F2L14 and 7.0 Å for Y2L20.

FIGURE 4: Effects of gel phase phospholipid. Fluorescence emission
spectra are shown for Y2L14 in di(C16:1)PC (a) and di(C16:0)PC
in the gel phase (b) and for L16 in di(C16:0)PC in the gel phase
(c), at 25 °C. The molar ratio of phospholipid to protein was
100:1.

FIGURE 5: Fluorescence intensities in mixtures of di(Br2C18:0)PC
and gel phase lipid. Fluorescence intensities are shown for L16 (O)
and Y2L14 (4) in mixtures of di(Br2C18:0)PC and di(C16:0)PC and
for L16 in mixtures of di(Br2C18:0)PC and sphingomyelin (0), at
25 °C. The lines show fits to eqs 2-4 with the relative binding
constants given in the text. The molar ratio of phospholipid to
protein was 100:1

FIGURE 6: Effects of cholesterol. The fluorescence intensity was
recorded as a function of the mole ratio of cholesterol:phospholipid
for L16 in di(C14:1)PC (O) and di(C18:1)PC (]), Y2L14 in di(C18:
1)PC (3) and F2L14 in di(C18:1)PC (4) and di(C24:1)PC (0). The
molar ratio of phospholipid to protein was 100:1.
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Effects of Anionic Phospholipids. Fluorescence quenching
in mixtures of di(Br2C18:0)PA and di(C18:1)PA or in
mixtures of di(Br2C18:0)PS and di(C18:1)PS fit to the same
values forn as in mixtures of di(Br2C18:0)PC and di(C18:
1)PC. Fluorescence quenching for Y2L20 in mixtures of di-
(C18:1)PA and di(Br2C18:0)PC is compared to that in
mixtures of di(Br2C18:0)PA and di(C18:1)PC in Figure 7.
The more extensive quenching observed at intermediate mole
fractions of the brominated component when the brominated
component is phosphatidic acid rather than phosphatidyl-
choline indicates stronger binding of phosphatidic acid to
the peptide than phosphatidylcholine. The data were fitted
to eqs 2-4 giving the relative binding constants in Table 2.
The observation that the relative binding constant obtained
when the brominated component is di(Br2C18:0)PA agrees
within experimental error with that obtained when the
brominated component is di(Br2C18:0)PC suggests that all
n “sites” around the peptide are equivalent, since, for
example, strong binding of phosphatidic acid at a small
number of sites would have resulted in stronger quenching
by di(Br2C18:0)PA than expected from the ability of di(C18:
1)PA to displace di(Br2C18:0)PC. Effects of ionic strength
are relatively small (Figure 7, Table 2).

Relative binding constants for phosphatidylserine deter-
mined in mixtures of di(Br2C18:0)PS and di(C18:1)PC or
in mixtures of di(C18:1)PS and di(Br2C18:0)PC are equal
and slightly less than those observed for phosphatidic acid
(Table 2). Binding constants for phosphatidylserine with
Y2L14 are equal to those for Y2L20.

DISCUSSION

Effects of Lipid Chain Lengths.The results obtained here
show that aromatic residues at the ends of hydrophobic
R-helices have a large effect on their interaction with lipid
bilayers. In previous studies with the peptides L16 and L22,
we showed the importance of the relationship between the
hydrophobic length of the peptide and the hydrophobic
thickness of the lipid bilayer (3). The hydrophobic length of
the peptide L16 is about 27 Å, calculated for a stretch of 18
hydrophobic residues in total, with a helix translation of 1.5
Å/residue; the hydrophobic length of L22 calculated in the
same way is ca. 36 Å. When the hydrophobic length of the
peptide is greater than the hydrophobic thickness of the
bilayer, the peptide incorporates into the lipid bilayer,
matching between the peptide and the lipid presumably being
achieved by tilting of the long axis of the helix with respect
to the bilayer normal. However, when the hydrophobic thick-
ness of the bilayer is greater than the hydrophobic length of
the peptide by ca. 6 Å or more, the peptide fails to incor-
porate into the bilayer, forming instead aggregates of peptide
separate from the bilayer (3); Ren et al. (5) obtained very
similar results, except that under their conditions, unincor-
porated peptide bound to the surface of the lipid bilayer, with
the long axis of the peptide parallel to the surface.

In contrast to the results with L16, F2L14 incorporated fully
into bilayers of di(C24:1)PC (Figure 1). Partitioning of Y2L14

into di(C24:1)PC was less favorable than F2L14 while being
more favorable than L16; at a peptide:lipid molar ratio of
1:100, the fluorescence intensity of Y2L14 in di(C24:1)PC
was less than in di(C18:1)PC, suggesting only partial
incorporation into the bilayer. Increasing the molar ratio of
lipid:peptide in the range 50:1 to 400:1 leads to increased
fluorescence intensity for Y2L14 (Figure 1B), whereas for
L16, full incorporation into lipid bilayers was observed at
molar ratios of lipid:peptide greater than 15:1 (3). The value
of λmax for Y2L14 in di(C24:1)PC shifted only from 317.7 to
315.6 nm with increasing molar ratio of lipid:peptide from
50:1 to 400:1, despite the 2.5-fold increase in fluorescence
intensity (Figure 1B). This suggests that the peptide simply
equilibrates between an almost nonfluorescent state in water
and a fluorescent state spanning the lipid bilayer. On the
basis of the measurements of fluorescence intensity, Y2L14

is 50% incorporated into di(C24:1)PC at a molar ratio of
lipid:peptide of 75:1, under the experimental conditions used
here. This is unlikely to represent a true equilibrium
distribution, although comparable results were obtained when
peptide was reconstituted into lipid bilayers by mixing lipid
and peptide in solution in ethanol followed by dilution into
excess buffer, using the procedure described by Ren et al.
(4, 5) (unpublished observations).

Values for λmax for the peptides incorporated into lipid
bilayers vary little with fatty acyl chain length (Figure 2A)
and do not approach the value ofλmax for Trp exposed to
water, which is about 350 nm (21). These experiments,
therefore, suggest that the peptides all incorporate into the
bilayer in the same way, spanning the bilayer with the Trp
residue located toward the middle. For energetic reasons,
the only other likely orientation for a bound peptide is one
with the long axis of theR-helical peptide running parallel
to the bilayer surface, locating the Trp residue at the lipid-
water interface (23); the very small shifts inλmax with bilayer

FIGURE 7: Fluorescence intensities in mixtures of phosphatidic acid
and phosphatidylcholine. Y2L20 was incorporated into mixtures of
di(Br2C18:0)PC and di(C18:1)PA (O, 4), or di(Br2C18:0)PA and
di(C18:1)PC (0) in 20 mM Hepes, 1 mM EGTA (O, 0) or in 20
mM Hepes, 1 mM EGTA, 300 mM KCl (4) at pH 7.2. Fluorescence
intensities are expressed as a fraction of that for the peptide in 100%
nonbrominated lipid. The molar ratio of phospholipid to protein
was 100:1. The solid lines show best fits of the data to eqs 2-4
with the relative binding constants given in Table 2.

Table 2: Relative Binding Constants for Anionic Phospholipids

relative binding constanta

peptide system low salt high salt

Y2L20 di(Br2C18:0)PC-di(C18:0)PA 2.24( 0.29 1.64( 0.32
di(Br2C18:0)PA-di(C18:0)PC 2.58( 0.14 1.79( 0.39
di(Br2C18:0)PC-di(C18:0)PS 1.68( 0.19 1.48( 0.27
di(Br2C18:0)PS-di(C18:0)PC 1.98( 0.55 1.40( 0.39

Y2L14 di(Br2C18:0)PC-di(C18:0)PS 1.79(.35 1.44( 0.33
di(Br2C18:0)PS-di(C18:0)PC 2.04( 0.5 1.84( 0.39

a Binding constant for anionic phospholipid, relative to di(C18:1)PC,
calculated from eqs 2-4 with values forn of 2.8 and 2.4 for Y2L14

and Y2L20, respectively.
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thickness suggest that such an orientation is not adopted even
in the thickest bilayers.

A fluorescence quenching method was used to obtain
binding constants for phosphatidylcholines to the peptides,
measured relative to the binding constant for di(C18:1)PC
(Table 1). For the peptides L16 and L22, strongest binding
has been shown to occur when the hydrophobic length of
the peptide matches the hydrophobic thickness of the bilayer;
strongest binding for L16 is to di(C16:1)PC or di(C18:1)PC
whereas strongest binding of L22 is to di(C22:1)PC (3). The
effective hydrophobic length of the peptide Y2L14 might be
expected to be somewhat greater than that of L16; if the
peptide is modeled as anR-helix with the two Tyr residues
oriented to be roughly parallel to the long axis of theR-helix,
the distance between the two Tyr-OH groups is ca. 33 Å,
about 6 Å greater than the hydrophobic length of L16. The
hydrophobic length of Y2L14 calculated in this way matches
the hydrophobic thickness of a bilayer of di(C20:1)PC,
whereas the relative lipid binding constants increase from
di(C14:1)PC to di(C22:1)PC (Table 1). Similarly, relative
binding constants for F2L14 increase with increasing chain
length from di(C14:1)PC to di(C24:1)PC. Analyzing the data
in terms of a quenching circle model (eq 6) rather than a
lattice model (eqs 2-4) gives the same result, with the
constant describing the partitioning of a lipid from the bulk
lipid phase into the quenching circle around the peptide
increasing ca. 4-fold from di(C14:1)PC to di(C24:1)PC
(Table 1).

The results with Y2L14 and F2L14 show that introduction
of aromatic residues at the two ends of the hydrophobic
sequence increase the ability of the short peptides to partition
into thick lipid bilayers. Values forλmax for Y2L14 and F2L14

change little with fatty acyl chain length (Figure 2), sug-
gesting that the environment of the Trp residue changes little
with bilayer thickness. The observation that the highest
relative binding constant is obtained with bilayers consider-
ably thicker than the calculated hydrophobic length of the
peptides suggests that the presence of aromatic residues at
the ends of the helices leads to marked thinning of the bilayer
around the peptides when the bilayer is much thicker than
the hydrophobic length of the peptide. A molecular dynamics
simulation of a lipid bilayer containing gramicidin shows
considerable distortion of fatty acyl chains around the
aromatic residues on gramicidin with the chains “tucking
under” the aromatic residues (24). However, both experiment
(25) and theory (26) suggest that bilayer thickness is little
affected when the bilayer thickness nearly matches the
hydrophobic length of the peptide.

The chain length dependence of lipid binding to Y2L20 is
much less marked than for the shorter peptides; the relative
binding constant increases from di(C14:1)PC to di(C18:1)-
PC, but then hardly changes with increasing chain length
between di(C18:1)PC and di(C24:)PC (Table 1). This
contrasts with L22, which shows markedly stronger interaction
with di(C22:1)PC than with phospholipids with shorter or
longer chains (3). This again suggests that the introduction
of the two Tyr residues leads to an increase in the thickness
of the bilayer with which optimal interaction of the peptide
is observed.

Effects of Lipid Charge.Both phosphatidylserine and
phosphatidic acid bind more strongly to the peptides than
phosphatidylcholine, the effect of anionic phospholipid

decreasing slightly with increasing ionic strength (Table 2).
Previous experiments with L16 in mixtures of anionic
phospholipid and phosphatidylcholine were consistent with
the presence on the peptide of a small number of high affinity
sites for the anionic phospholipid, together with a large
number of sites showing little selectivity between anionic
and zwitterionic phospholipids (6). This is consistent with a
model in which one anionic phospholipid molecule binds
closely to the Lys residues at each end of the helix,
effectively eliminating the effects of charge on the interaction
of subsequent phospholipid molecules. In contrast, quenching
profiles for Y2L14 and Y2L20 (Figure 7) show that alln sites
around the peptide have the same relative binding constant
for anionic phospholipid, suggesting that the presence of the
Tyr residues prevents close association of the anionic
phospholipid group with the cationic Lys residues.

Effects of charge on the interactions between anionic
phospholipids and membrane proteins have been shown to
be relatively small. The binding constants for phosphati-
dylserine and phosphatidylcholine for the Ca2+-ATPase have
been shown to be the same (16). For the Na+,K+-ATPase,
the binding constant for phosphatidylserine has been shown
to be about twice that for phosphatidylcholine, the difference
between the two decreasing with increasing ionic strength
(27).

Effects of Gel Phase Lipid.The spectra shown in Figure
4 show that the peptides incorporate into bilayers of
phospholipid in the gel phase. Bilayers of mixtures of di-
(C16:0)PC and di(Br2C18:0)PC are in a two-phase region
of the phase diagram at 25°C, containing separate domains
enriched in di(16:0)PC and in di(Br2C18:0)PC respectively
(16, 28). The more marked quenching observed in mixtures
of di(C16:0)PC and di(Br2C18:0)PC than in mixtures of di-
(C18:1)PC and di(Br2C18:0)PC shows that the peptide
partitions preferentially into domains of liquid crystalline
lipid (Figure 5). The binding constants of L16 and Y2L14 for
di(C16:0)PC in the gel phase relative to di(C18:1)PC in the
liquid crystalline phase are ca. 0.15 (Figure 5), and very
similar results are obtained with L22 and Y2L20 (data not
shown). Thus, the presence of bulky aromatic residues does
not have any significant effect on the selectivity for liquid
crystalline over gel phase lipid. Further, since Y2L14 shows
a preference for longer chain phospholipids than L16, Y2L14

might have been expected to show a greater preference for
gel phase lipid than L16, since phospholipid in the gel phase
gives a thicker bilayer than the corresponding lipid in the
liquid crystalline phase. Since Y2L14 and L16 show equal
preferences for liquid crystalline over gel phase lipid, this
shows that any effects of hydrophobic matching between the
peptide and the bilayer are small compared to effects of lipid
phase on the interaction energies between the peptides and
the lipid. Preferential partitioning of proteins from domains
in the gel phase into domains of liquid crystalline lipid has
been demonstrated previously for a variety of membrane
proteins including bacteriorhodopsin (29) and the Ca2+-
ATPase (16, 30, 31).

Quenching in mixtures of sphingomyelin and di(Br2C18:
0)PC at 25°C is very similar to that observed with mixtures
of di(C16:0)PC and di(Br2C18:0)PC (Figure 5). Mixtures of
bovine brain sphingomyelin and di(C18:1)PC will also be
in a two-phase region at 25°C with gel phase domains
enriched in sphingomyelin (22). Thus, partitioning of the
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peptides between gel and liquid crystalline phase lipid shows
little dependence on the structure of the phospholipid. It has
been suggested that plasma membranes of mammalian cells
contain domains or “rafts” enriched in sphingomyelin and
that particular enzymes, particularly those associated with
cell signaling, are concentrated within the rafts (32). The
results presented here suggest that membrane proteins
containing transmembraneR-helices will tend to be excluded
from these rafts, and it may therefore be significant that many
of the signaling proteins suggested to be contained within
the rafts are anchored to the membrane by GPI anchors (33).

Effects of Cholesterol.Addition of cholesterol to bilayers
of di(C18:1)PC was found to decrease the partitioning of
L16 into the bilayers, an effect suggested to follow from an
increase in bilayer thickness on addition of cholesterol (1).
Addition of cholesterol had no significant effect on the
partitioning of F2L14 or Y2L14 into di(C18:1)PC (Figure 7),
consistent with the observed preference of these peptides for
long-chain phospholipids (Table 1). Thus, the presence of
Tyr or Phe residues at the ends of the transmembrane
R-helices buffers the helices against any bilayer-thickening
effects of cholesterol.

Summary. The presence of aromatic residues at the ends
of transmembraneR-helices has a marked effect on their
interactions with phospholipids, effectively buffering them
against changes in bilayer thickness caused either by an
increase in the chain length of the phospholipids or by the
presence of cholesterol. The presence of aromatic residues
at the ends of the helices can also reduce the strength of the
charge interaction with anionic phospholipids, although it
has no significant effect on the relative preference for
domains of liquid crystalline over gel phase lipid. Aromatic
residues are commonly found at the ends of transmembrane
R-helices in membrane proteins (12). The presence of
aromatic residues at the ends of transmembrane helices has
been shown to be important for the proper function of
membrane proteins. For example, in the Ca2+-ATPase
mutation of the prominent cluster of aromatic residues at
the end of helix M7 leads to an enzyme that can be
phosphorylated by ATP, but for which the rate of dephos-
phorylation is very slow (34). Such experiments suggest that
the presence of aromatic residues is important for the correct
packing of transmembraneR-helices into lipid bilayers.

It has been suggested that the correct matching of the
hydrophobic length of a transmembraneR-helix to the
thickness of the lipid bilayer is important in the retention of
proteins in the Golgi and endoplasmic reticulum membranes
(35-37). Experiments with the simple L16 and L22 were
consistent with such a proposal since the shortest peptide
(L16) was found not to incorporate into thick bilayers (3).
The experiments reported here suggest that such a simple
model for retention may not work when the transmembrane
region contains aromatic residues at both ends of the
transmembrane stretch.
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