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Specific interactions of membrane proteins with the
membrane interfacial region potentially define protein
position with respect to the lipid environment. We in-
vestigated the proposed roles of tryptophan and lysine
side chains as “anchoring” residues of transmembrane
proteins. Model systems were employed, consisting of
phosphatidylcholine lipids and hydrophobic a-helical
peptides, flanked either by tryptophans or lysines. Pep-
tides were incorporated in bilayers of different thick-
ness, and effects on lipid structure were analyzed. In-
duction of nonbilayer phases and also increases in
bilayer thickness were observed that could be explained
by a tendency of Trp as well as Lys residues to maintain
interactions with the interfacial region. However, ef-
fects of the two peptides were remarkably different,
indicating affinities of Trp and Lys for different sites at
the interface. Our data support a model in which the Trp
side chain has a specific affinity for a well defined site
near the lipid carbonyl region, while the lysine side
chain prefers to be located closer to the aqueous phase,
near the lipid phosphate group. The information ob-
tained in this study may further our understanding of
the architecture of transmembrane proteins and may
prove useful for refining prediction methods for trans-
membrane segments.

In biological membranes, a variety of interactions can occur
between lipids and proteins that affect protein as well as lipid
properties and in which both the hydrophobic membrane core
and the more polar membrane interfaces can be involved (1–3).
Membrane proteins are able to span the lipid bilayer through
interactions of their exposed hydrophobic segments with the
lipid hydrocarbon acyl chains. In general, the length of these
hydrophobic segments will approximately match the mem-
brane hydrophobic thickness. However, also a mismatch be-
tween protein hydrophobic length and membrane hydrophobic
thickness may occur. Such a mismatch can have considerable
influence on membrane structure and function (reviewed in
Ref. 4) and may, for example, be involved in protein sorting,

microdomain formation, changes in protein activity, or changes
in lipid structure and organization.

In contrast to the hydrophobic core of a membrane, the
membrane interface presents a complex and heterogeneous
chemical environment, which accounts for a relatively large
proportion of the total bilayer thickness (3). Specific interac-
tions of membrane proteins with the interfacial region of the
lipids may influence many functional processes, such as for
instance membrane protein assembly, topology of membrane
proteins, the mode of protein insertion into the membrane, and
protein anchoring to the membrane. In addition, such interac-
tions may play a determining role in hydrophobic mismatch (4).

Analyses of the structure of transmembrane proteins suggest
that two types of amino acids may be of special importance for
interactions of membrane proteins with the interfacial region:
aromatic amino acids, in particular tryptophans, which are
enriched at both ends of transmembrane fragments (5–9) and
appear to have a preferred interaction with the interface (10),
and charged residues, which also are preferentially located
near the membrane interfaces (11). Positively charged residues
interact with negatively charged phospholipids and are pre-
dominantly positioned at the cytoplasmic side, according to the
positive inside rule (11).

In this study, we aim to investigate the role of interfacially
localized aromatic tryptophans and positively charged lysines
in protein-membrane interfacial interactions by using a strat-
egy that is based on hydrophobic mismatch effects. We shall
employ artificial peptides of variable hydrophobic length,
flanked by either tryptophan or lysine residues. These peptides
will be incorporated in lipid bilayers of varying thickness, al-
lowing a wide range of mismatch situations. Upon creating
such a hydrophobic mismatch, it can be expected that the lipid
structure will readjust if the residues flanking the hydrophobic
segment of the peptide prefer to maintain interactions with the
lipid head group region. Analysis of the effects on lipid organi-
zation will thus provide information on the interaction of these
flanking residues with the interfacial region.

Indeed, we have shown earlier, using simple model systems,
that hydrophobic mismatch can result in complementary lipid
conformational changes (10, 12). It was concluded that the
affinity of flanking tryptophan residues for the interface might
be important in determining both the nature and extent of
changes in lipid organization. In the present study, we com-
pared the effect of tryptophan and lysine as flanking residues
on lipid structure. Striking differences were observed between
the membrane-associating and lipid-modulating properties of
Lys- and Trp-flanked model peptides. The results suggest that
tryptophan residues prefer to be located in a well defined
region at the polar/apolar interface in phosphatidylcholine bi-
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layers near the lipid carbonyls, while lysine residues prefer to
be localized near the more polar region around the lipid phos-
phate group or more outward toward the aqueous phase.

EXPERIMENTAL PROCEDURES

Materials

WALP1 peptides (see Table I) were synthesized by previous methods
(10, 13), except that acetyl-Gly was used in place of formyl-Ala as the
N-terminal residue, and the resin cleavage step was performed using
ethanolamine at room temperature (14). When necessary (,90% puri-
ty), peptides were purified by HPLC. The identity of the peptides was
confirmed by fast atom bombardment mass spectrometry or electro-
spray mass spectrometry.

The KALP peptides (Table I) were synthesized on an automatic ABI
433A peptide synthesizer using the ABI FastMoc 0.25 mmol protocols
(49, 50), except that the coupling time was 45 min instead of 20 min.
Fmoc (N-(9-fluorenyl)methoxycarbonyl) amino acid derivatives, acti-
vated in situ using 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate/1-hydroxybenzotriazole and N,N9-diisopro-
pylethylamine in N-methylpyrrolidinone, were used in the coupling
steps. The peptide was deprotected and cleaved from the resin by
treatment with 10 ml of trifluoroacetic acid, 0.25 ml of H2O, and 0.25 ml
of triisopropylsilane for 2 h at room temperature. Finally, the peptide
was precipitated in a methyl tert-butyl ether/n-hexane (1:1, v/v) solu-
tion. After this, the pellet was dissolved in tert-butanol/water (1:1, v/v)
(;60 ml) and lyophilized to obtain the crude peptide as a white fluffy
solid, which was $90% pure according to analytical HPLC. The identity
of the peptides was confirmed by fast atom bombardment mass spec-
trometry or electrospray mass spectrometry.

All of the phospholipids were purchased from Avanti Polar Lipids
Inc. (Birmingham, AL). Deuterium-depleted water was from Isotec Inc.
(Miamisburg, OH). n-(N-Oxy-4,4-dimethyloxazolidin-2-yl) stearic
acid (n-SASL) isomers were synthesized according to Hubbell and
McConnell (15).

Methods

Sample Preparation—The procedure followed for WALP analogs is
identical to methods used in earlier work (10, 12). WALP analogs,
quantified by the absorbance of tryptophan at 280 nm, were predis-
solved in 10 ml of trifluoroacetic acid/mg of peptide and were two times
dissolved in 1 ml of trifluoroethanol, followed by drying in a rotary
evaporator. Unless stated otherwise, the peptides were dissolved in 0.5
ml of trifluoroethanol and added, at temperatures above the gel to
liquid crystalline phase transition, to 0.5 ml of a lipid suspension in
distilled water, followed by the addition of 10 ml of water and immedi-
ate lyophilization. For some experiments, a mixed film method was
used, in which the similarly treated peptide was added to 0.5 ml of a
lipid suspension in methanol, followed by drying in a rotary evaporator
and overnight incubation under high vacuum. Control experiments
showed that both methods yielded identical results (data not shown).
KALP peptides were quantified by their dry weight, and samples were
prepared with the mixed film method. Further sample preparation
depended on the kind of measurement (see below).

31P NMR Measurements—Lipid/peptide mixtures with a 1:10 pep-
tide/lipid molar ratio (containing 20 mmol of lipid) were hydrated in 1.5
ml of buffer (100 mM NaCl, 25 mM Tris, pH 7.4). Samples were spun
down at 30,000 3 g for 15 min at 4 °C, and the supernatant was
removed. The pellet was washed with buffer if the pH of the superna-
tant was below pH 6. 31P NMR spectra of the pellets were recorded on
a Bruker MSL 300 spectrometer. The sample temperature was regu-
lated using a Bruker B-VT1000 temperature controller. Proton-de-
coupled experiments were carried out at 121.5 MHz, with a 17-ms 90°
pulse, a 1.3-s interpulse time, and gated proton-noise decoupling. A
sweep width of 25 kHz, 1024 data points, and a 100-Hz line broadening
were used, and approximately 15,000 scans were acquired.

Circular Dichroism—CD samples of pure peptide were prepared by
adding 1 ml of buffer (100 mM NaCl, 25 mM Tris, pH 7.4) to 1 mmol of
peptide powder and subsequent vortexing. CD spectra were recorded
without any further sample processing. Samples containing lipids were
prepared as described above and were hydrated in 1 ml of buffer that
was diluted with distilled water (1:1, v/v), unless otherwise stated, to
obtain a better signal-to-noise ratio. These samples were then sonicated
for 5 min with a 50% duty cycle and with an input power of 40 watts,
using a Branson 250 tip sonicator. To pellet down titanium particles
and any residual multilamellar lipid structures, the sonicated samples
were next centrifuged at 30,000 3 g for 15 min at 4 °C. Spectra of
oriented peptide/lipid systems, hydrated with distilled water instead of
buffer, were measured after spreading 40 ml of a sonicated sample on a
quartz plate, followed by air drying. For all samples, CD measurements
were carried out on a Jasco J-600 spectropolarimeter, using a 0.2-mm
path length cell, 1-nm bandwith, 0.2-nm resolution, 1-s response time,
and a scan speed of 20 nm/min. Unless otherwise noted, spectra were
recorded at room temperature.

2H NMR Measurements—Samples containing peptide and 10 mmol of
sn-2 perdeuterated 14:0-PC at a 1:30 molar ratio were hydrated in 1 ml
of deuterium-depleted water. The samples were spun down at 30,000 3
g for 15 min at 4 °C, and the supernatant was removed. The pellet was
washed with deuterium-depleted water if the pH of the supernatant
was below pH 6. 2H NMR spectra of the pellets were recorded on a
Bruker MSL 300 spectrometer, using a high power probe with a 7.5-mm
solenoidal sample coil. 2H NMR measurements were performed at 46.1
MHz, using a quadrupolar echo sequence (16) with a 2.6-ms 90° pulse, a
50-ms pulse separation, a repetition rate of two acquisitions per second,
and a spectral width of 417 kHz, with 2048 data points in the time
domain. Approximately 80,000 scans were accumulated. The free in-
duction decays were left-shifted to begin at the top of the echo, zero-
filled to 8192 points, and multiplied with an exponential window func-
tion equivalent to a line broadening of 50 Hz. Spectra were recorded at
34 °C.

Analysis of the 2H NMR Spectra—2H NMR powder spectra were
dePaked as described earlier (12). This dePakeing procedure results in
spectra that would be obtained for an aligned membrane with its
bilayer normal parallel to the magnetic field. It enhances the resolution
and results in doublets with splittings DnQ that relate to the segmental
order parameter S(i). Order parameter profiles were obtained by as-
suming that the segmental order varies monotonically along the acyl
chain. From these profiles, the effective length of the acyl chains was
estimated as described (12).

ESR Measurements—Both KALP and WALP-containing samples
were prepared by a mixed film method, as described earlier (12). Dried
peptide/14:0-PC films (containing 1.5 mmol of lipid) with a 1:30 or 1:10
molar ratio, doped with 1 mol % of n-SASL, were hydrated in 40 ml of
distilled water. Samples were spun down at 5000 3 g for 15 min at room
temperature in 1-mm inner diameter capillaries, which were flame-
sealed after removal of the supernatant. ESR spectra were recorded on
a Varian Century Line Series 9-GHz spectrometer equipped with a
nitrogen gas flow temperature regulation system. Sample-containing
capillaries were accommodated within standard 4-mm quartz ESR
tubes containing light silicone oil for thermal stability. Temperature
was measured by a fine wire thermocouple located at the top of the
microwave cavity within the silicone oil. Conventional, in-phase ESR
spectra were recorded at 34 °C, at a modulation amplitude of 1.6 G
peak-to-peak and a modulation frequency of 100 kHz with a sweep
width of the static field of 100 G.

RESULTS

Effects of Short KALP and WALP Analogs on Lipid Phase
Behavior—In a previous study, we showed that short trypto-
phan-flanked peptides have a pronounced effect on lipid con-
formation, inducing inverted hexagonal (HII) phases at high

1 The abbreviations used are: WALP, tryptophan-alanine-leucine
peptide Ac-GW2(LA)nW2A-ethanolamine; ESR, electron spin resonance;
KALP, lysine-alanine-leucine peptide Ac-GK2(LA)nK2A-amide; PC,
phosphatidylcholine; 18:1c-PC, 1,2-dioleoyl-sn-glycero-3-phosphocho-
line; 20:1c-PC, 1,2-dieicosenoyl-sn-glycero-3-phosphocholine; 22:1c-PC,
1,2-dierucoyl-sn-glycero-3-phosphocholine; 24:1c-PC, 1,2-dinervonoyl-
sn-glycero-3-phosphocholine; 14:0-PC, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; n-SASL, n-(N-oxy-4,4-dimethyloxazolidin-2-yl) stearic
acid spin label; La, liquid crystalline bilayer lipid phase; I, isotropic lipid
phase, HII, inverse hexagonal lipid phase; HPLC, high pressure liquid
chromatography.

TABLE I
Amino acid sequences of the peptides used

Peptide Sequence

KALP16 Acetyl-GKKLALALALALAKKA-amide
KALP19 Acetyl-GKKLALALALALALALKKA-amide
KALP23 Acetyl-GKKLALALALALALALALALKKA-amide
WALP16 Acetyl-GWWLALALALALAWWA-ethanolamine
WALP19 Acetyl-GWWLALALALALALALWWA-ethanolamine
WALP23 Acetyl-GWWLALALALALALALALALWWA-ethanolamine

Membrane Anchoring by Tryptophan and Lysine20840
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concentration in bilayer-preferring phosphatidylcholine lipids.
To discover whether this behavior is a unique property of
Trp-flanked peptides, we first compared the effect of the lysine-
containing peptide KALP16 on the phase behavior of 18:1c-PC
lipids with that of the tryptophan-containing peptide WALP16.
31P NMR spectra of these systems at a 1:10 peptide/lipid molar
ratio are shown in Fig. 1. Pure 18:1c-PC gives a spectrum with
a low field shoulder and a high field peak, typical for the
preferred planar bilayer organization of this lipid in the liquid
crystalline (La) phase (17, 18). WALP16 associates completely
with the lipids and partially induces an HII phase, as charac-
terized by the spectral component with inverted asymmetry
and a 2-fold reduced residual chemical shift anisotropy com-
pared with the La spectrum (17, 18). Although KALP16 has the
same backbone length as WALP16, it does not change the
lamellar phase preference of this lipid. This strikingly different
behavior suggests that the Lys-flanked peptides either are
unable to induce nonbilayer phases in PC or do not incorporate
in the membrane.

Solubility Properties and Conformational Behavior of KALP
and WALP Analogs—It is possible that KALP16, which is less
hydrophobic than WALP16, does not incorporate into the mem-
brane because it is soluble in buffer. To investigate the behav-
ior of KALP and WALP analogs in buffer solution, circular
dichroism measurements were performed. CD spectra of dried
peptide films, hydrated with buffer, are shown in Fig. 2. A clear
solution of WALP16 in buffer could not be achieved, and the CD
signals obtained were equivalent to the background signal,
indicating that all of the WALP had aggregated. A similar
behavior was observed for WALP23 (data not shown). In con-
trast, both KALP16 and KALP19 formed clear solutions in
buffer and gave well defined CD spectra corresponding to 15
and 40% a-helix, respectively, indicating that the longer pep-
tide forms a more stable helix, as is commonly observed (e.g.
Ref. 19). KALP23 again did not give a clear solution, and only

a very weak signal was observed, suggesting that this longer
peptide is too hydrophobic to solubilize in the buffer solution.
These results suggest that short KALP peptides prefer not to
associate with the membrane because they are soluble in buffer
solution. Indeed, spinning down the KALP16/18:1c-PC NMR
sample yielded a supernatant with a CD spectrum (not shown)
that was very similar to that of pure KALP16 in Fig. 2. Thus,
longer KALP peptides are required to establish whether Lys-
flanked peptides are capable of inducing nonbilayer phases
and/or changes in lipid chain configuration in phosphatidylcho-
line membranes.

Effects of Longer KALP and WALP Analogs on Lipid Phase
Behavior—The KALP23 analog has little structure in buffer
solution but adopts an a-helical conformation in a lipid envi-
ronment (see below), also in the presence of the longest lipids
used in this study (data not shown). This indicates solubiliza-
tion of (at least a large fraction of) KALP23 in a membrane
environment under mismatch conditions (see also Refs. 20 and
21). To investigate the consequences of mismatch on lipid
phase behavior, 20:1c-, 22:1c-, and 24:1c-PC were selected,
which have a large bilayer thickness compared with the length
of KALP23 and corresponding WALP analogs. The 31P NMR
spectra of KALP23 and of WALP23, WALP21, and WALP19 at
a 1:10 molar ratio of peptide to lipid are shown in Fig. 3.
Spectra were recorded at both 30 and 60 °C to investigate the
temperature dependence of the lipid phase modulation. In the
absence of peptide, all lipids depicted are in the La phase. The
spectrum of KALP23 in 24:1c-PC at 30 °C has components in
the line shape that deviate from that of a bilayer phase but
cannot be interpreted unambiguously in terms of nonbilayer
phases. It does confirm, however, that the peptide is associated
with the membrane. Raising the temperature to 60 °C results
in a line shape that contains a component clearly representa-
tive of a HII phase. This has not previously been reported for
Lys-based transmembrane peptides and indicates the ability of
these peptides to induce HII phase formation in PC in response
to mismatch.

Also for KALP23 in the 20:1c and 22:1c-PC systems, a higher
temperature is necessary to obtain resolution of the two spec-
tral components, but in these systems an isotropic signal, most
probably a cubic-like lipid phase (10), is obtained, together with
an La component. With even shorter lipids, spectra at both
temperatures are representative of pure La phases (data not
shown). This behavior is similar to that previously observed for
short WALP peptides, which upon increasing the lipid length
first induced an La 3 I transition and then, at larger mis-
match, an I 3 HII transition. Both transitions are very sensi-
tive to the exact length difference of the particular WALP/PC

FIG. 1. 31P NMR spectra of dispersions of 18:1c-PC in the ab-
sence and presence of KALP16 or WALP16, as indicated in the
figure, at a molar peptide/lipid ratio of 1:10 at 30 °C.

FIG. 2. Circular dichroism spectra of KALP16 (a), KALP19 (b),
KALP23 (c), and WALP16 (d) in buffer at a concentration of 1 mM
at room temperature.
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combination (10). Therefore, the effects on phase behavior can
be used as a tool to compare the effective hydrophobic length of
KALP23 with that of corresponding WALP analogs.

As shown in Fig. 3, the tryptophan peptide WALP23 behaves
very differently from its corresponding Lys analog KALP23.
WALP23 does not induce an HII phase and is much more
efficient in inducing nonbilayer phases at lower temperature
than is KALP23. Nearly or totally pure isotropic phases are
formed already at room temperature in the three PC systems
studied, and increasing the temperature has only a minor
effect, in agreement with previous observations with shorter
WALP analogs (22). The fact that an almost pure isotropic
phase is induced in 24:1c-PC suggests a smaller mismatch with
this membrane than in the case of KALP23 (see “Discussion”).
To obtain more information about this mismatch difference,
WALP peptides with a shorter hydrophobic length were also
employed. With WALP21 and WALP19 (Fig. 3) the I 3 HII

transition occurs between 22:1c and 24:1c-PC and between
20:1c and 22:1c-PC, respectively. From these data, it can be
concluded that KALP23 has the same effect on the I 3 HII

transition as a shorter WALP peptide, approximately equal to
WALP21 and certainly longer than WALP19. Thus, KALP23
behaves as if it has the same hydrophobic length as a shorter
WALP peptide, indicating that the effective hydrophobic length
of the peptides is related to the nature of the flanking residues.

Effects of Longer KALP and WALP Analogs on Bilayer Thick-

ness and Lipid Dynamics—For studying mismatch-induced
lipid deformation in situations where the peptide is relatively
long with respect to the hydrophobic bilayer thickness, we
investigated the ability of peptides to influence the molecular
order of the lipid acyl chains, while the overall organization
remains an La lipid phase. To this end, KALP23 and WALP23
were incorporated at a 1:30 peptide/lipid molar ratio into bi-
layers of 14:0-PC with perdeuterated sn-2 chains. 31P NMR
measurements confirmed that the lipids in these systems are in
a bilayer organization, and the effects of the peptides on acyl
chain order were characterized by 2H NMR.

Fig. 4 presents the 2H NMR spectra of 14:0-PC bilayer dis-
persions, with and without KALP23 or WALP23. Visual inspec-
tion of the spectrum representing the KALP23/14:0-PC system
reveals a very small increase in quadrupolar splittings for the
central methyl and the outer methylene peaks, relative to the
pure 14:0-PC. These splittings are significantly larger for the
WALP23 peptide, suggesting that the tryptophan-based pep-
tides thicken the 14:0-PC membrane more than do their lysine-
based counterparts. Segmental order parameters S(i) were de-
rived, and from these the mean hydrophobic thicknesses of the
different lipid/peptide systems were quantified, as described
under “Methods.” The resulting values are presented in Table
II, together with the data obtained previously for WALP16 and
WALP19. For the pure 14:0-PC system, a value of 22.5 Å was
obtained, which is in fairly good agreement (within 1 Å) with

FIG. 3. 31P NMR spectra of disper-
sions of 20:1c, 22:1c, and 24:1c-PC, in
the absence and presence of KALP23,
WALP23, WALP21, or WALP19 at
30 °C (A) and 60 °C (B), as indicated in
the figure, with a molar ratio of pep-
tide to lipid of 1:10.
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values based on x-ray measurements (23). Previously, we have
shown for shorter WALP peptides that the 14:0-PC bilayer
thickness increases with increasing peptide length, giving
small but very systematic effects (12). The longer WALP23
analog continues this trend, but the effect of the lysine-based
KALP23 peptide is even smaller than that of the shortest
WALP analog. Thus WALP peptides are more effective modu-
lators of 14:0-PC bilayer thickness than are KALP analogs.
However, direct comparison of the effects of WALP23 and
KALP23 is only possible when these peptides incorporate in
14:0-PC membranes with the same efficiency, have similar
orientations with respect to the bilayer normal, and are in a
similar aggregation state. We therefore analyzed these systems
by CD and by ESR. The latter technique additionally yields
information about the influence of the peptides on lipid
dynamics.

CD spectra of both peptides at a 1:30 peptide/14:0-PC molar
ratio at 34 °C are shown in Fig. 5. Both KALP23 and WALP23
are in an a-helical conformation (curves a), as deduced from the
minima near 222 and 208 nm, the crossover at 202 nm, and the
maximum near 192 nm (24). From the spectral intensities, it
can be concluded that equivalent amounts of KALP23 and
WALP23 are associated with the membrane. The oriented spec-
trum (curve b) of KALP23 is characteristic of a helix with its
long axis parallel to the incoming light (25). This implies a
transmembrane orientation, perhaps with a minor tilt angle
(,10 degrees) with respect to the bilayer normal, as judged
from reference spectra that were calculated with the method
described by De Jongh et al. (25). The oriented spectrum of
WALP23 has an identical crossover point but a shifted mini-
mum with respect to the spectrum corresponding to KALP23.
The different line shape in the 220–235-nm region may be
related to the tryptophan side chain chromophores in WALP23,
which contribute to the CD signal in this spectral region (26).
Thus, it can be concluded that both WALP23 and KALP23 are
incorporated to equivalent extents as transmembrane a-helical
peptides in 14:0-PC without a significant tilt angle with respect
to the bilayer normal.

ESR spectra of systems doped with spin-labeled lipid probes
(n-SASL) were recorded to investigate the restriction of chain
dynamics by KALP23 and WALP23 in 14:0-PC. Peptide assem-
blies that specifically restrict the rotational motion of the lipid
acyl chains, induce a “restricted” ESR spectral component,
which has been related to the peptide aggregational state (27,
28). Samples were first prepared with a 1:30 molar ratio of
peptide to lipid. The resultant spectra were rather similar to

those of the pure lipid (data not shown), and apparently overall
lipid dynamics were not severely affected at this ratio, as de-
duced from the spectral line widths in the absence of peptide.
The peptide concentration was therefore increased to 10 mol %,
yielding the spectra depicted in Fig. 6. Pure 14:0-PC with
14-SASL in the La phase is characterized by a spectrum with
three sharp, symmetrical, quasi-isotropic peaks. Substantial
changes in both line shape and anisotropy of the hyperfine
splitting were observed upon incorporation of WALP23 and to
a lesser extent on incorporation of KALP23; i.e. WALP23 influ-
ences the lipid order and dynamics to a considerably higher
degree than does KALP23 (note the higher degree of asymme-
try in the high field peak). The ESR results on peptide-induced
changes in lipid chain motion parallel the trends observed in
the 2H NMR experiments. The increase in spectral anisotropy,
D(Amax 2 Amin) of 14-SASL, in the presence of the various
peptides, is compared with the 2H NMR results in Table II. A
similar ordering in the values of D(Amax 2 Amin) is also found
for the 5-SASL spin label, in which the ESR reporter group is
positioned closer to the polar end of the chain (data not shown,
but see Ref. 12). However, even at the relatively high peptide/

FIG. 5. Circular dichroism spectra of WALP23 (A) and KALP23
(B) in 14:0-PC at a 1:30 molar ratio of peptide to lipid at 34 °C in
sonicated vesicles in excess water (a) and oriented bilayers (b).
The ellipticity of the oriented spectra (b) is not absolute and is scaled to
that of the nonoriented spectra (a).

TABLE II
Changes in mean hydrophobic thickness (Dd) relative to the pure sn-2

chain perdeuterated 14:0-PC, for systems at a 1:30 molar ratio of
peptide to lipid and in anisotropy of the hyperfine splittings, D(Amax 2
Amin), of the 14-SASL spin label relative to 14:0-PC systems at a 1:10

peptide/lipid molar ratio.
Measurements were performed at 34 °C, 10 °C above the main phase

transition temperature of the pure 14:0-PC. The estimated experimen-
tal precision in hydrophobic thickness is 60.1 Å, and the precision in
D(Amax 2 Amin) is 60.2 G.

Peptide Dd D(Amax 2 Amin)

Å G

WALP16 10.4a 11.3a

WALP19 10.6a 12.5a

WALP23 11.0 13.4
KALP23 10.2 11.8

a Value obtained from De Planque et al. (12).

FIG. 4. 2H NMR spectra for peptide/14:0-PC-d27 dispersions at a
1:30 molar ratio and at 34 °C. Spectra are shown without peptide
(14:0-PC) and for samples containing the peptides indicated.
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lipid molar ratio used, there is no evidence for a second, more
motionally restricted spin-labeled lipid component,2 such as is
generally observed for spin labels at the 14-C atom position
with large integral proteins or oligomeric transmembrane pep-
tides (2, 29). Only when the peptide/lipid molar ratio in 14:0-PC
was increased to 1:6, for which peptide aggregation might be
expected, was there an indication of a motionally restricted
population of 14-SASL at 30 °C. The inference that can be
drawn from these results is that, at the molar ratio used in the
2H NMR studies, both KALP23 and WALP23 are probably
present as monomeric transmembrane helices and not as ex-
tensive oligomers.

DISCUSSION

In this study, we investigated the roles of tryptophan and
lysine side chains as interfacial “anchoring” residues in trans-
membrane protein segments. Systems were created with a
hydrophobic mismatch between peptides and lipids, and effects
on lipids were studied. Striking differences in response were
observed for both families of peptides. Here we will discuss
these results and their implications.

Effects on Lipid Structure of Relatively Short Peptides—The
situation of having progressively shorter WALP or KALP pep-
tides incorporated into PC model membranes is equivalent to
the situation in which either Trp or Lys is gradually moved
toward the hydrophobic membrane region. The observed for-
mation of nonbilayer phases as a response to such a hydropho-
bic mismatch can be understood on the basis that such nonbi-
layer structures contain areas of reduced hydrophobic
“membrane” thickness, that better match the hydrophobic
length of relatively short peptides (10).

It was found that both KALP23 and WALP23 are capable of

inducing nonbilayer phases, demonstrating that this lipid-mod-
ulating effect is not specific for Trp-flanked peptides. Further-
more, KALP23 induces essentially the same nonbilayer phases
as the shorter WALP21. This shows that the effective hydro-
phobic length of the peptides is dependent on the nature of the
flanking residues. This is supported also by studies on a WALP
analog with the same total length but with its tryptophan
residues shifted one position inward.3 These studies indicated
that the effects on PC organization depend on the distance
between the Trp residues and not on the total peptide length,
suggesting that indeed the flanking Trp residues delimit the
peptide hydrophobic stretch.

The results obtained in the present study allow us to inter-
pret the lipid-modulating properties of relatively short KALP
and WALP peptides in terms of Lys and Trp location in the
membrane. Such an interpretation requires consideration of
the orientations of these side chains in a lipid environment.
Space-filling models of WALP23 and KALP23 were built. The
Trp torsion angles were based on the structure of membrane-
embedded gramicidin (30, 31), in which the imino moiety of the
rigid Trp indole side chain is pointing outward to the aqueous
phase, an orientation that is also proposed for membrane-
associating indole analogs (32). The flanking Lys side chains in
KALP23 are modeled with the charged terminus pointing to-
ward the aqueous phase. This Lys “snorkling” has been pro-
posed for relatively short peptides, to avoid the burying of
charges in the hydrophobic membrane core (33, 34). Resulting
peptide dimensions are given in Table III.

When comparing the two peptides, the Lys e-NH3
1 group

extends about 1.9 Å farther from the membrane center than
does the Trp indole NH. KALP23 induces nonbilayer phases
similar to those of WALP21. This implies an additional differ-
ence of one residue at each end of the peptide, corresponding to
a side chain extension of 1.5 Å (in an a-helical conformation).
Thus, adding the two factors, we conclude that the localization
that is still favorable for a Lys e-NH3

1 in a lipid bilayer is
approximately 3.4 Å closer to the aqueous phase than that of a
Trp NH. In a fluid phase PC bilayer, this distance corresponds
approximately to the spacing between the lipid carbonyl and
phosphate groups (Table III).

In 24:1c-PC, WALP21 and KALP23 induce an HII phase,
2 ESR experiments were also performed with 18:1c-PC as host lipid.

Again neither WALP23 nor KALP23, at a 1:10 peptide/lipid molar ratio,
induced a motionally restricted component in spectra of the 14-SASL
spin probe in these lipids at 30 °C.

3 M. R. R. de Planque, D. V. Greathouse, R. E. Koeppe II, and J. A.
Killian, unpublished observations.

FIG. 6. ESR spectra of the 14-SASL stearic acid spin label in
14:0-PC, in the absence and in the presence of the peptides
indicated, at a peptide/lipid molar ratio of 1:10 and 34 °C (total
scan width 5 100 G).

TABLE III
Distance from the bilayer center of characteristic groups of 24:1c-PC

and 14:0-PC in the liquid crystalline state and of the position of
characteristic side chain groups of KALP23, WALP23, and WALP21

analogs
Average lipid phosphate positions were obtained by x-ray diffraction

(23) and were extrapolated to C5O positions based on combined x-ray
and neutron diffraction data of 18:1c-PC (35, 36). Amino acid side chain
positions were taken from peptide models built using InsightII (version
98.0, Molecular Simulations Inc., San Diego, CA), based on an ideal
a-helical conformation. The resulting WALP23 model was energy-min-
imized using Discover (Molecular Simulations). The average position of
the two terminally located Trp or Lys residues (see “Discussion”) is
given.

Lipids C5O PO4
2

Å
14:0-PC 13 17
24:1c-PC 20 24

Peptides Trp NH Lys e-NH3
1

Å
WALP21 15.6
WALP23 17.1
KALP23 19.0
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indicating a large extent of hydrophobic mismatch. The ex-
pected positions of the Trp and Lys side chains for these pep-
tides are well below the carbonyl and phosphate region in the
24:1c-PC bilayer, respectively (Table III). We propose that the
Trp indole group disfavors a position with the imino moiety
below the lipid carbonyl region and that the Lys e-NH3

1 groups
disfavor a position below the lipid phosphate region. Therefore,
the positions of these side chains with respect to the membrane
lipids would determine the extent of hydrophobic mismatch.

Effects on Lipid Structure of Relatively Long Peptides—With
peptide/lipid combinations that are equivalent to moving the
Lys and Trp residues outward in the direction of the aqueous
phase, a different response of the membrane system is ex-
pected. WALP23 increases the bilayer thickness in this situa-
tion. As seen from the dimensions given in Table III, the tryp-
tophans in this peptide would be located close to the polar lipid
phosphate region in an unperturbed 14:0-PC bilayer. Because
the lipid system responds to WALP23 incorporation with a
stretch of its acyl chains, it is concluded that such a position of
the Trp side chain is unfavorable and that Trp prefers a more
hydrophobic interfacial environment. This is in accordance
with water/membrane partitioning studies with small unstruc-
tured peptides (37).

KALP23 has only a small effect on acyl chain order and
dynamics, in agreement with work on a comparable Lys-
flanked polyleucine peptide (38, 39). Nevertheless, earlier
studies have shown that Lys-flanked polyleucine peptides are
capable of inducing systematic acyl chain ordering and disor-
dering (40, 41). We conclude that little acyl chain stretch is
observed in our system because the Lys side chains in KALP23
are in a favorable environment in 14:0-PC. The e-NH3

1 groups
of KALP23, in the extended snorkling conformation, are near
the phosphates but slightly outwards toward the aqueous
phase (Table III). However, the lysine side chains are flexible
and, if not snorkling, they can stay even closer to the position

of the 14:0-PC phosphate region.
Biological Significance: Preferred Interface Positions of Trp

and Lys—The selected combinations of peptides and lipids
yield information about the positions of Trp and Lys side chains
in transmembrane peptides. We propose that the tryptophan
side chain has a specific affinity for a well defined site near the
interface, with the indole imino moiety positioned near the
center of the lipid carbonyl region, and the fused aromatic rings
in contact with the lipid acyl chains. This location is in good
agreement with the membrane depth of NH-containing carba-
zole indole analogs, as determined by parallax analysis of flu-
orescence quenching (32, 42) but is on average somewhat
deeper in the membrane than NMR studies on other small Trp
analogs predict (43). In both studies, however, these water-
soluble analogs are not part of a transmembraneous peptide. It
cannot be concluded whether the lysine e-NH3

1 group has a
specific affinity for the phosphate group. It is also possible that
the side chain just prefers a sufficiently polar environment,
which is offered by a broad interfacial region. Such an arrange-
ment has been proposed for amphipathic model peptides (33,
34). We propose a model in which the Trp indole NH prefers a
well defined position at the polar/apolar interface near the lipid
carbonyl region, while the lysine e-NH3

1 group is located in a
more polar region, around the lipid phosphate group or slightly
closer to the aqueous phase. Such a position would be stabilized
by electrostatic e-NH3

1/phosphate interactions.
Analyses of protein x-ray structures have demonstrated that

lipid-exposed transmembrane helices are enriched in aromatic
and charged residues near the helix termini and that statisti-
cally the charged residues are positioned several Å closer to the
termini than the aromatic residues (44). This is in agreement
with our conclusions. Two x-ray structures of membrane pro-
teins (cytochrome c oxidase (45, 46) and cytochrome bc1 com-
plex (47, 48)) contain phospholipids, although these are embed-
ded within the complex and are not adjacent to it. One of the
two phosphatidylethanolamine lipids of the cytochrome bc1

complex is in proximity to two tryptophans and two arginines,
as depicted in Fig. 7. The Trp indole moieties are in close
contact with the lipid, with the indole NH groups adjacent to
the lipid carbonyl moiety. The Arg side chains are positioned at
a somewhat larger distance from the lipid and are oriented
perpendicular to the acyl chains, with the terminal charge of
Arg40 slightly above the phosphate group. These observations
in a complex membrane protein are in full agreement with our
conclusions from model studies on simple peptides.

Since this study provides for the first time information on the
preferred positions of Trp and Lys relative to each other and
relative to the interface, it might prove useful to incorporate
our data explicitly in prediction methods for transmembrane
segments of the many proteins for which the structure has not
yet been solved.
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