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ABSTRACT: 3P NMR spectroscopy was used to investigate the effects of transmembtealieal peptides

with different flanking residues on the phase behavior of phosphatidylethanolamine and phosphatidyl-
ethanolamine/phosphatidylglycerol (molar ratio 7:3) model membranes. It was found that tryptophan-
flanked (WALP) peptides and lysine-flanked (KALP) peptides both promote formation of nonlamellar
phases in these lipid systems in a mismatch-dependent manner. Based on this mismatch dependence, it
was concluded that the effective hydrophobic length of KALP peptides is considerably shorter than that
of the corresponding WALP peptides. Peptides with other positively charged residues showed very similar
effects as KALP. The results suggest that the peptides have a well-defined effective hydrophobic length,
which is different for charged and aromatic flanking residues, but which is independent of the precise
chemical nature of the side chain. Strikingly, the effective length of KALP peptides in the lipid systems
investigated here is much smaller than that previously found for the same peptides in phosphatidylcholine.
This suggests that snorkeling of lysine side chains, as proposed to occur in phosphatidylcholine, does not
occur in lipid systems that are prone to form nonlamellar phases by themselves. This suggestion was sup-
ported by using peptides with shortened lysine side chains and by investigating the effects of mixtures of
WALP and KALP peptides. The lipid dependency of the snorkeling behavior is explained by considering
the free energy cost of snorkeling in relation to the free energy cost of the formation of nonlamellar
phases.

Structure and function of biological membranes are to a  In addition to the hydrophobic interior, a large part of a
large extent governed by interactions between proteinslipid bilayer consists of the chemically heterogeneous and
embedded in the lipid bilayer and surrounding lipids. For a more polar headgroup, or interfacial, regia}. (Therefore,
transmembrane protein to be inserted in a stable way intoalso the amino acids in the region flanking the hydrophobic
the membrane, it needs to have a hydrophobic surfacetransmembrane part of a protein or peptide will be important
exposed to the hydrophobic interior of the membrane. In the for the way a protein or peptide interacts with its host
energetically most stable situation, there will be a matching membrane.
between the hydrophobic length of the membrane-spanning Much understanding of the roles of hydrophobic mismatch
part of the protein and the hydrophobic thickness of the lipid and flanking residues on peptide and lipid organization has
bilayer. The extent of matching, or the degree of hydrophobic been obtained in model membranes using designed model
mismatch, is believed to be an important factor in determin- peptides $—14). Examples of such artificial peptides are
ing the organization of proteins as well as lipids in WALP and KALP peptides (Table 1). These peptides have
membranesl—3). a hydrophobic core of varying length consisting of alternating
leucines and alanines, that is flanked on both ends by either
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are general. However, WALP peptides may behave similarly

Table 1: Amino Acid Sequence of the Peptides Used ar= . \ "
in different lipid systems, simply because the tryptophan side

peptide sequence _ chain may “anchor” near the carbonyl region and not interact

WQ::E%S ace:Y:'gmgtﬁi\ﬁv\,\\yﬁ&egﬁgﬁgg‘rwﬁe with the headgroup. The same does not necessarily hold for
acetyl- - i . .

WALP23 acetyl-GWW(LAYLWWA-ethanolamine trans_membr_ane peptides Wlth other, more polar or (_:harged
KALP23 acetyl-GKK(LALKKA-amide flanking residues, because (i) these residues are likely to
KALP31 acetyl-GKK(LA)LKKA-amide interact with the headgroup region itself, (ii) the interaction
RALP23 acetyll—gﬁﬁ(tﬁaLRRA-aml_C(ije of charged side chains with the interface may be influenced
HALP23 acetyl-GHH(LA)LHHA-amide by electrostatic interactions in the presence of anionic lipids,
DALP23 acetyl-GDD(LA}LDDA-amide L . ) .
K'ALP23 acetyl-GKK'(LA)sLK'K'A-amide and (iii) the flexibility of long side chains such as lysine

aK' represents a residue with a shortened lysine side chain, derivedand the_lr. ability to "snorkel” may be sensitive to the nature
from L-2,3-diaminopropionic acid, with only one methylene group in Of the lipid headgroup.
the side chain. See Figure 3 for the chemical structure of the side chains  In this study, we use mismatch-dependent effects on the
for all flanking residues. lipid phase behavior as a tool to obtain information on the

behavior of different flanking residues at the lipid/water

normally only form bilayers, organizing into a lamellar interface and on how this behavior depends on the lipid
liquid-crystalline (L) phase. Remarkably, it was found that system. For this purpose, we investigated the effects of
incorporation of relatively short WALP and KALP peptides peptides with a leucine/alanine helical core and a range of
could completely alter the lipid organization, provided that different flanking residues on phase behavior in PE, and PE/
they were present at sufficiently high concentration. More- PG, model membranes usid$ NMR spectroscopy. The
over, the effects on phase behavior were found to be results indicate that the different peptides all promote
dependent on the extent of hydrophobic mismatch. When formation of nonlamellar phases in these lipid systems in a
the hydrophobic length of the peptide was slightly smaller mismatch-dependent manner. The effective hydrophobic
than the hydrophobic thickness of the lipids, so-called length of the peptides was different for charged and aromatic
negative mismatch, both types of peptides induced anresidues, but, within these categories, appeared to be
isotropic, probably cubic phase, but when the peptides wereindependent of the precise chemical nature of the side chain.
even shorter, they induced a reversed hexagongligHase  Surprisingly, the effective hydrophobic length of the KALP
(68, 20. One striking difference was observed between peptides was found to be much smaller in PE and PE/PG
WALP and KALP peptides in PC: KALP peptides behaved systems, than that previously found in PC. These results are
as if they had a slightly shorter hydrophobic length than discussed with regard to the energy cost of lysine snorkeling
WALP peptides with the same total number of amino acid in relation to the energy cost of the formation of nonlamellar
residues®). This was ascribed to a difference in the preferred phases in different lipids.
positioning of the flanking residues at the membrane/water
interface, with the tryptophan side chains in the WALP MATERIALS AND METHODS
peptides mostly being localized near the carbonyl region of
the lipids, and the lysine side chains in the KALP peptides
“snorkeling”, i.e., stretching toward the aqueous phase so Peptides were synthesized using 9-fluorenylmethoxycar-
that the positively charged amino groups become localized bonyl (Fmoc) tBu solid-phase peptide synthesis and purified
in a more polar environment. From these studies, it is clear as described elsewheré, (7, 2Q. The sequences of the
that the interaction of flanking residues with the lipid/water peptides used are shown in Table 1.
interface can be an important factor in determining the 1,2-Dielaidoylsnglycero-3-phosphoethanolamine (18:1
effective hydrophobic length of transmembrane peptides. PE), 1,2-dipalmitoleoyknglycero-3-phosphoethanolamine

To date, effects of WALP peptides, but not of KALP (16:1-PE), 1,2-dioleoyknglycero-3-phosphoethanolamine
peptides, have been investigated in two other lipid systems(18:1.-PE), and 1,2-dioleoy$n-glycero-3-phosphoglycerol
besides PC. These are 18PE, which undergoes an,lto (18:1-PG) were purchased from Avanti Polar Lipids Inc.
reversed hexagonal (i phase transition at elevated tem- (Alabaster, AL). Trifluoroacetic acid (TFA) and 2,2,2-
peratures 21), and a 18:(PE/18:1-PG (7:3 molar ratio) trifluoroethanol (TFE) were obtained from Merck (Darm-
mixture, which undergoes an,lto cubic phase transition stadt, Germany). All other chemicals were of analytical
and mimics the lipid composition iEscherichia colicell grade. Water was deionized and filtered with a Milli-Q Water
membranes22). In both lipid systems, it was shown that purification system from Millipore (Bedford, MA). Different
WALP peptides, at sufficiently high concentration, can affect buffers were used for different pH values of the samples.
phase behavior in a qualitatively similar manner as describedThe buffer with pH 5.4 contained 25 mM R{morpholino)-
above for PC system@1{—23), suggesting that these effects ethanesulfonic acid (MES), buffers with pH 7.4 contained
25 mM Tris or 10 mM PIPES, and the buffer with pH 8.9

1 Abbreviations: 18:2PE, 1,2-dielaidoykn-glycero-3-phosphoet-  contained 25 mM Tris. For pH 7.4 samples, no differences
hanolamine; 18 &PE, 1,2-dioleoylsn-glycero-3-phosphoethanolamine;  were noted between samples prepared with buffer containing

18:1-PG, 1,2-dioleoylsn-glycero-3-phosphoglycerol; 1&:PE, 1.2-  Tyig or PIPES. All buffers contained 100 mM NaCl and 0.2
dipalmitoleoylsnglycero-3-phosphoethanolamine; CD, circular dichro-

ism; Hy, inverted hexagonal; 1, isotropicylLlamellar liquid-crystalline; mM ethylenedinitrilotetraacetic acid (EDTA).

NMR, nuclear magnetic resonance; PC, phosphatidylcholine; PE,

phosphatidylethanolamine; PG, phosphatidylglycerol; PIPES, pipera- Methods

zine-1,4-bis(2-ethanesulfonic acid); P/L, peptide to lipid molar ratio; . . L.

TFA, trifluoroacetic acid; TFE, trifluoroethanol; Tris, tris(hydroxym- Sample PreparatlonThe peptldellpld samples for NMR
ethyl)aminomethane. were prepared by a mixed-film method as follows. Stock

Materials
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solutions were prepared of the lipids in chloroform, and the  Sucrose Gradient Density Centrifugatidducrose gradi-
amount of lipid was checked by a phosphate assay. Theents were prepared from a stock solution of 17.5% (w/v)
concentration of stock solutions was usually approximately sucrose in Milli-Q water. Gradients were prepared with
5 mM. Typically 20umol of lipid was used for each sample. sucrose concentrations from 5.5 to 17.5% in steps of 1.5%,
The peptide was dissolved in TFA and dried to a film under and from 10.5 to 14.5% in steps of 0.5%. Centrifugation
a stream of nitrogen and subsequently dissolved in-0.5 was performed using an SW41 Ti rotor on a Beckman-L5
mL of TFE. The sample was dried to a film in a rotavapor 65 ultracentrifuge at 1500@Cfor 22 h.

and resolubilized in TFE. This procedure was repeated twice, Determination of PeptideLipid AssociationAfter sucrose

to ensure that as much TFA as possible was removed fromgradient density centrifugation, the bands were isolated. To
the sample. The concentration of WALP peptide in stock minimize the amount of sucrose in the samples, each band
solution was determined by the absorbance at 280 nm usingwas dispersed in about 25 mL of Milli-Q-water and
an extinction coefficient of 21 300 M cm™ (7), and the centrifuged in a 60 Ti rotor in a Beckman L5-65 ultracen-
concentration of other peptides was determined on weighttrifuge at 40000 for 30 min. The pellet was then dissolved
basis. Appropriate volumes of fresh peptide solution and in 3 mL of TFE. After further dilution (3:20) in TFE, a CD
TFE, adding up to a volume of 1 mL, were added to the spectrum was measured using a Jasco J-810 spectropola-
lipid solution. The mixture was vortexed and dried to a film rimeter. The spectra were baseline-corrected using the CD
in a rotavapor. The samples were further dried overnight spectrum of a sample of a similar amount of lipids in TFE.
under vacuum. The dry lipid film was hydrated with +.5 The peptide concentration was estimated from a calibration
mL of buffer and transferred to thick-walled 8 mm glass sample of KALP23 and lipid with known peptide concentra-
tubes. In some cases, samples with ¢ or 18:1:PE were tion, dissolved in TFE.

prepared using a lyophilizing method described previously

(22). No difference was seen between samples prepared USINGRESULTS

the mixed film or the lyophilization method.

The samples were then centrifuged 3 times for 20 min at  18:14-PE and 18:2PE/18:1-PG lipid systems undergo a
15 000 rpm in an SS34-rotor with a Sorvall RC-2B centrifuge transition from a liquid-crystalline Lphase to an dphase
between 4 and 20C. Between the centrifugation steps, the or an isotropic phase, respectively, at elevated temperatures
supernatant was removed, and the peptigad pellet was (24, 29. Previously it was shown that incorporation of low
again dispersed in buffer. After the final centrifugation step, concentrations of WALP peptides in either of these lipid
enough supernatant was left to ensure that the NMR samplesystems results in a lowering of the phase transition tem-
contained excess water. The samples were frethmaved, perature, while at high peptide concentrations the type of
by subsequent freezing in an ethanolf&pbath and thawing  phase that is induced is determined by the extent of mismatch
in a water bath at approximately 5C, at least 10 times  between peptides and lipid2Q, 21). Therefore, in the present
before measurements. Samples were sealed under a nitrogestudy, a high peptide to lipid molar ratio (P/L) of 1:10 was
atmosphere and stored -a20 °C. used for all peptidelipid systems investigated to ensure that

3P NMR Spectroscop§'P NMR experiments were carried mismatch-induced effects on lipid phase behavior dominate
out on a Bruker MSL 300 NMR spectrometer at 121.4 MHz. over the effect of lowering the phase transition temperature.
The sample temperature was regulated using a BrukerAll measurements were performed at temperatures at which
B-VT1000 temperature controller. Experiments were per- the lipids by themselves form lamellar)Lphases. The phase
formed using a one-pulse experiment with a&AC pulse, behavior of the systems was studied usitg) NMR.

a 1.3 s relaxation delay time, a 25 kHz spectral width, 1024 WALP and KALP PeptidesThe 3P NMR spectra of
data points, and gated proton-noise decoupling. Between18:1-PE/18:1-PG lipids with and without peptide are shown
1500 and 6000 scans were collected. Spectra were processeith Figure 1. Without peptide, the spectrum shows the
using the WIN-NMR software from Bruker on a personal characteristics of phospholipids in the lamellar liquid-
computer by DC offset correction, zero-filling to 2048 data crystalline (L,) state, with a high-field peak and low-field
points. Some’P NMR experiments were performed on a shoulder 26, 27. The intensity of the shoulder is lower than
wide-bore Bruker Avance 500 NMR spectrometer at 202.5 for a randomly oriented lipid dispersion, which indicates a
MHz, using a 13.4«s 90 pulse a 2 srelaxation delay time, macroscopic alignment of the lipid phase in the magnetic
a 100 kHz spectral width, 2048 data points, and gated proton-field as previously describe@2, 28. The3'P NMR spectrum
noise decoupling. A total of 3000 scans were collected. of 18:1-PE/18:1-PG with WALP16 has a reversed asym-
Spectra were processed on the spectrometer, zero-filled tametry, with a high-field shoulder and a low-field peak, typical
16 384 data points. For all NMR spectra, an exponential for lipids in an inverted hexagonal (jphase 26, 27. The
window function corresponding to a line broadening of 100 longer peptides WALP19 and WALP23 induce a phase
Hz was applied prior to Fourier transformation. Before the giving rise to an isotropic line shape. This line shape can be
actual NMR measurements, the 18E samples were induced by a number of different phases where the lipids
further equilibrated by slowly cycling them 3 times over the undergo isotropic motions causing an averaging of the NMR
temperature range between 20 and®°@0 over a period of  signal. Itis likely that the isotropic phases found in this study
approximatef 1 h per cycle. Unless stated otherwise, the are cubic phases, as was shown for the isotropic phases
temperature for measurements was 80 for 18:1-PE/ formed by pure 18 &PE/18:1-PG and induced by WALP
18:1-PG or 16:1-PE samples and 43C for 18:1-PE peptides in DEPE 21, 22. The even longer peptide
samples to avoid any gel phase present in the samplesWALP31, as used in a previous study, was not included in
Samples were allowed to equilibrate at the measurementthe present study because it does not fully associate with
temperature for at least 30 min before measurements. the lipids @1, 22. The results indicate that introduction of
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WALP16 WALP19 WALP23 WALP16 WALP19 WALP23
Pure lipid KALP23 KALP31 Pure lipid KALP23 KALP31
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FIGURE 1: 3P NMR spectra from 18:APE/18:1-PG (7:3 molar FicuRe 2: 3P NMR spectra from 18;8PE samples without and
ratio) samples without and with incorporated peptide. All samples \yith incorporated peptide. All samples contain excess buffer, and

contain excess buffer, and the peptide/lipid molar ratio is 1:10. The e peptide/linid molar ratio is 1:10. Th
identity of the added peptide is indicated above the spectra. The4q ogpl P! l0/is 1:10. The spectra are recorded at

spectra are recorded at 26.

a significantly shorter effective hydrophobic length than

different length WALP peptides into 18:PE/18:1-PG ~ WALP peptides with the same total length.
results in the formation of nonlamellar phases in a peptide For the KALP peptides, the effective hydrophobic length
length dependent way, consistent with previous results atmay be influenced by the ability of the long and flexible
lower peptide concentration23). lysine side chains to stretch out and snork@l 29. To

KALP peptides are similar to WALP peptides, but the investigate this potential role of snorkeling, it is possible to
residues flanking the hydrophobic core of the peptide are use peptides in which the lysine side chains are replaced by
positively charged lysines instead of aromatic tryptophans a shorter analogue, with only one methylene group instead
(Table 1). Because the shorter KALP16 and KALP19 of four in lysine (L2). This shorter side chain should not be
peptides are water-soluble and have been found not toable to snorkel. In Figer 3, the®’P NMR spectra are shown
incorporate into lipid bilayersd), they were not included in  of KALP23 and the modified peptide’ KLP23 (Table 1) in
the present study. As shown in Figure 1, when KALP23 is 18:1-PE/18:1-PG (Figure 3A,B) and 18PE (Figure
incorporated in 18 3PE/18:1-PG, it induces formation of = 3F,G). At the top of the figure, the chemical structures of
an H, phase, while KALP31 induces an isotropic phase. This the normal and shortened lysine side chains are shown. No
indicates that also for KALP peptides there is a mismatch- difference in the phase behavior induced by the two peptides
dependent effect on lipid phase behavior. However, the was found in these lipid systems. This suggests either that
effective hydrophobic length of KALP peptides appears to the lysine side chains do not snorkel, or that the effective
be significantly shorter than that of corresponding WALP length of KALP23, even in the case of snorkeling, is still
peptides, since KALP23 has a similar effect as WALP16 short enough to induce an,tphase. To further compare
and the effect of KALP31 is similar to that of WALP19 or the effective hydrophobic length of the two peptides, we
WALP23. therefore used a PE lipid with a slightly shorter acyl chain,

When WALP and KALP peptides are incorporated into 16:1-PE, which has a phase transition from anghase to
18:1-PE lipids at P/L= 1:10, a nearly identical effect on an H, phase around 46C (24). At 30 °C, where the pure
lipid phase behavior is seen as in the PE/PG mixture. As lipid is in the L, phase (not shown), incorporation of both
shown in Figure 2, pure 18:PE lipids form a lamellar (L) KALP23 and KALP23 peptides leads to the formation of
phase, while an I phase is induced by WALP16 and an an isotropic phase, as shown in Figure 3K,L. As a control,
isotropic phase by WALP23. WALP19 induces mainly an the short WALP16 peptide was mixed with 16RE, and
isotropic phase although an,Hphase component is also the 3P NMR spectrum gave a line shape typical of an H
observed in the NMR spectrum. These results are consistenphase (data not shown), demonstrating the capability of
with previous results obtained at lower peptide concentrations16:1-PE to form H, phases when short peptides are
(21). As also shown in Figure 2, KALP23 induces an H incorporated. Since both KALP23 andA(LP23 induce an
phase and KALP31 an isotropic phase. These results indicateH; phase in the slightly longer 18:PE, the mismatch-
that for both the WALP and the KALP peptides their dependent effects on phase behavior are sensitive to a very
effective hydrophobic length in 18:PE is similar to that ~ small change in acyl chain length. Together, the results
in 18:1-PE/18:1-PG. For KALP peptides, this implies that indicate that the effective hydrophobic lengths of both
in 18:1-PE/18:1-PG the behavior of the peptiedipid peptides are similar and therefore that the lysine side chains
systems is dominated by mismatch effects rather than byof KALP23 are not snorkeling in PE or in PE/PG lipid
electrostatic interactions between the positively charged systems.
lysines and the negatively charged PG. Furthermore, it can Other Charged Peptidesio further investigate the im-
be concluded that in both lipid systems KALP peptides have portance of the flanking residues, peptides with other charged
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CH, <|:Hz ® CE:_:NHZ E__é_o
® NH; ® NH, NH, o
KALP23 K'ALP23 RALP23 HALP23 DALP23
40 0 40 40 0 40 40 0 40 40 0 40 40 0 40
ppm ppm ppm ppm ppm

Ficure 3: 3P NMR spectra of mixtures of lipids and charged peptides. Upper row: -P&E118:1-PG mixed with (A) KALP23, (B)
K'ALP23, (C) RALP23, (D) HALP23, (E) DALP23. Middle row: 18:PE mixed with (F) KALP23, (G) KALP23, (H) RALP23, (I)
HALP23, (J) DALP23. Lower row: 16&PE mixed with (K) KALP23, (L) KALP23, (M) RALP23, (N) HALP23, (O) DALP23. The
peptide/lipid molar ratio is 1:10 in all samples. The 18E/18:1-PG and 16:&PE samples were measured at°8) while the 18:PE
samples were measured at 45. The chemical structures of the side chains of the flanking residues are shown above the spectra.

residues were synthesized. The amino acid sequences of thenly one band was found, at a position expected for lipids
peptides are shown in Table 1. Peptides using as flankingand bound peptides7 and containing, within the margin
residues arginine (RALP23 peptide), histidine (HALP23), of error, the total amount of peptides used in the samples.
and aspartic acid (DALP23) were introduced into the lipid The results indicate that specifically the DALP23 peptides
systems, and the spectra are shown in Figure 3. Strikingly, do not incorporate well into the lipids but form some kind
the spectra in Figure 3R) and 3Kk-O demonstrate that in  of aggregates. Thus, the peptide may be present in too low
PE lipids, all charged peptides induce the same phasea concentration in the lipid system to induce lghase
behavior. Therefore, they all appear to have the sameformation and instead may induce an isotropic phase by
effective length, and the chemical structure of the flanking simply lowering the phase transition temperati28)(The
residue side chains seems not to be important for the effectivelack of membrane association of DALP23 is likely to be a
hydrophobic length in PE systems. In 18HE/18:1-PG, result of repulsive electrostatic forces between the negatively
all the positively charged peptides also induce anpHase charged aspartic acid residues and the negatively charged
(Figure 3A-D). However, in this lipid, the negatively PG lipids. This is in agreement with the observation that in
charged DALP induces an isotropic phase (Figure 3E). PE lipid systems DALP23 does behave similar to the
Previously it has been observed that DALP23 has a low positively charged peptides.
affinity for E. coli lipid vesicles, in contrast to WALP23 or The potential importance of charge on the flanking residues
KALP23 (9). We therefore investigated the association of was further investigated by monitoring the effect on phase
DALP23 with the E. coli mimicking system 18&PE/ behavior of HALP23. Histidine has aKkp value of about
18:1-PG using sucrose density gradient centrifugation. This 6.5, and it is therefore possible to change the charge of the
resulted in one diffuse upper band and a pellet (data not HALP peptide by a change of the pH of the buffer used in
shown). The upper band was localized at the position of purethe lipid—peptide sample. Samples were prepared with
lipids, and was found to contain less than 10% of the total KALP23 and HALP23 in 18:4PE/18:1-PG at a pH of 5.4
amount of peptide, based on analysis of the spectral intensityand 8.9, and thé'P NMR results are shown in Figure 4.
from CD measurements. The rest of the peptide was foundWithout peptides, the lipids form a lamellar phase at both
in the pellet. In contrast, for all positively charged peptides, high and low pH (Figure 4A,B). The intensity of the shoulder
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0 o o
. ) . : FiIGURE 5: 3P NMR spectra at 30C of two peptides incorporated
FiIGURE 4: 3P NMR spectra of 18 2PE/18:1-PG (A) without ; ; :
peptides at pH 5.4, (%) without pceptides Jgt pH( 8).9, (©) with in the same system of 18:PE/18:1-PG (molar ratio 7:3) with a

4 : total peptide/lipid molar ratio of 1:10. (A) WALP16/WALP23 1:1
KALP23 at pH 5.4, (D) with KALP23 at pH 8.9, (E) with HALP23 .
at pH 5.4, and (F) with HALP23 at pH 8.9. The spectra are recorded (mol/mol), (B) WALP23/KALP23 1:1 (mol/mol), (C) WALP23/

at 30°C. In samples with peptide, the peptide/lipid molar ratio is K'ALP23 1:1 (mol/mol), (D) WALP23/KALP23 1:3 (mol/mol).
1:10.

suggesting that the'RLP peptide cannot adapt its effective

is low due to a macroscopic alignment in the magnetic field. hydrophobic length to fit in an isotropic phase, and therefore
KALP23, which is positively charged at both these pH causes an fdphase component. Thus, the hydrophobic length
values, induces anjHphase at both high and low pH (Figure seems to be more or less fixed for WALP ant?KP, but
4C,D). In contrast, HALP23 induces an ghase at pH 5.4,  flexible in KALP, most likely due to the possibility of
where it is positively charged (Figure 4E), but an isotropic snorkeling.
phase at pH 8.9, where it is uncharged (Figure 4F). These Unfortunately, it turned out to be impossible to physically
results indicate that the presence of a charge on the flankingseparate the hexagonal and isotropic phases of the mixed
residues can indeed be important for the phase behaviorpeptide samples by sucrose density gradient centrifugation,
induced by the peptides in 18:PE/18:1-PG. and therefore the peptide content of these phases could not

Phase Separation and Snorkelinghe results show a be determined. However, the fact that they could not be
striking difference between the effects on phase behavior, separated suggests that the peptide concentration is similar
and hence the effective hydrophobic length, of peptides with in both phases. In an attempt to estimate the peptide
charged flanking residues and the effects of WALP peptides, distribution between the different phases, samples using
which have aromatic amino acids as flanking residues. This K'ALP23/WALP23 molar ratios of 1:1 (Figure 5C) and 3:1
raises the possibility that a mismatch-dependent macroscopidFigure 5D) were used. The spectra in Figure 5C and 5D
phase separation can be induced by combining two peptidesare consistent with an approximately 3-fold increase of the
with different lengths in one type of lipid system. To H, phasefisotropic phase ratio in the 3:1 mixture as compared
investigate this possibility, experiments were performed on to the 1:1 mixture. This supports the interpretation that
mixtures of peptides in 18;1PE/18:1-PG. When WALP16 combining peptides of different effective length can result
and WALP23 were mixed in this lipid system, a superposi- in a phase separation, where the shorter peptide is located
tion of an H, phase and an isotropic phase was seen in thein the H, phase and the longer peptide in the isotropic phase.
31P NMR spectrum (Figure 5A). Since WALP16 by itself
induces an ki phase in 18:¢PE/18:1-PG, while WALP23 DISCUSSION
induces an isotropic phase (Figure 1), this suggests that
indeed phase separation occurs with WALP16 being enriched In this study, we investigated the effect of different
in the H, phase and WALP23 being enriched in the isotropic flanking residues in transmembrane model peptides on the
phase. phase behavior of systems with non-bilayer-forming lipids.

In a similar way, we can expect a phase separation whenFirst, we will compare our results on the effects of aromatic
KALP23 and WALP23 are mixed in 1&PE/18:1-PG, and charged flanking residues with those previously found
since KALP23 on its own induces an,kbhase in this lipid in PC systems to obtain a general picture of the lipid
system (Figure 1). However, only one isotropic phase is dependency of the interactions of flanking residues with the
observed in this mixture (Figure 5B). Thus, it appears that lipid —water interface. Based on these results, we will discuss
KALP23 is incorporated into the isotropic phase, therefore the role of snorkeling of lysine side chains.
acting as if it is effectively longer than when it is alone in Effects of WALP PeptideBreviously it was shown in PC
18:1-PE/18:1-PG. A likely explanation is that the length systems, using both WALP peptides of different lengths and
of this peptide is not rigid but that it can be increased by lipids with different acyl chain lengths, that nonlamellar
snorkeling of lysine side chains to match the hydrophobic phases can be induced in a mismatch-dependent way at P/L
thickness of the lipid environment in the isotropic pha&e (= 1:10 (7). Here we show that at the same P/L ratio WALP
If snorkeling were responsible, then it would be more difficult peptides induce similar nonlamellar phases in PE systems
or even impossible for the 'RLP23 peptide to fit in the  and in PE/PG systems. In Table 2 the nonlamellar phases
isotropic phase. Indeed, a mixture o/ P23 and WALP23 induced by WALP peptides in the different lipid systems
in 18:1-PE/18:1-PG again shows two phases (Figure 5C), are summarized.
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Table 2: Schematic Overview of the Type of Nonlamellar Phase
Induced by PeptideLipid Hydrophobic Mismatch in Phospholipid
Systems, Found in Different Studfes

WALP- WALP- WALP- WALP- KALP- KALP-

lipid 16 19 21 23 23 31
18:1-PC H° |b — — - -
20:1-PC - Ic I¢ I° I¢ -
22:1-PC H° H,P I¢ I° I¢ —
24:1-PC H® Hi® H® e Hy® -
16:1-PE Hy - - — | |
:|.81(-PEj H|| |/H|| - | H|| |

| |

18:1-PE/PG H; - I Hu

aH, denotes the reversed hexagonal phase, and | denote phases that
give rise to isotropic peaks as observed®dy NMR. Not investigated
systems are marked with-§. ® Data from ). ¢ Data from ). ¢ This
study.

. ) Ficure 6: Lipid/KALP peptide system can compensate for a
In PC systems, a clear mismatch-dependent effect of themismatch in different ways. When the hydrophobic length of the

peptides on phase behavior is seen: the longer the peptidepeptide matches the hydrophobic thickness of the lipids, the peptides
the longer the lipid acyl chain length required to form an can be incorporated into a lamellar phase in both PC and PE
Hy phase. For example, WALP16 induces anghase when  systems. In a PC system (A), changing to a nonlamellar phase is
there are 18 carbons or more in the acyl chains. For difficult. Therefore, when the peptide gets shorter, snorkeling of

. : . lysine side chains is favored and will be the first response of the
WALP19, an acy_l chain length of 22 carbons_ is required for system. Only if the peptide gets even shorter will PC go to a
Hy phase formation and for WALP21 a chain length of 24 nonlamellar phase. For the PE system (B), it is much easier to
carbons, while in this same lipid WALP23 still induces an organize in a nonlamellar phase. Therefore, there is no snorkeling,
isotropic phase. and instead a phase transition takes place already at a small
The results in the present study suggest that these effectgnismatch.

are independent of lipid headgroup composition. As shown . .
in Table 2, WALP16 induces an jHphase in 18:2PC, H, phase. Based on its mismatch-dependent effects on phase

18:1-PE, and 18:1PE/18:1-PG, while WALP19 induces behavior, it can be stated that KALP23 behaves as if it has
an isotropic phase in all three lipid systems. However, in an effective hydrophobic length between that of WALP16

18:1-PE, WALP19 also induces the formation of a small and WALP19.
amount of H phase. A possible explanation for this effect ~ To explain the different apparent hydrophobic length of
is that the trans double bond increases the length of the acylKALP peptides in PC as compared to PE or PE/PG, we
chains compared to a cis double bond, thereby increasingPropose the snorkeling model illustrated in Figure 6. In
the mismatch. Alternatively, it may be related to the fact Figure 6A, the PC case is depicted as proposed previously
that PE has a higher propensity to form anpthase by itself. ~ (6). When the KALP peptide length matches the hydrophobic
The results are consistent with the proposed location of thickness of the lipid bilayer, a lamellar phase is formed.
tryptophan residues of WALP peptides approxima’[e]y at the When a slightly shorter peptide is used, the lysine side chains
lipid carbonyl groups ), and with the proposed model of ~Will snorkel to increase the effective peptide length. The
WALP-induced formation of an thage_ In this modew, alternative way of dealing with a mismatch would be the
the peptides span the lipid bilayer between water tubes, butformation of nonlamellar phases. However, in PC, as a
they do not extend to the lipid headgroup region. In this way, typical bilayer preferring lipid, it is not easy to form such
the available area per lipid headgroup increases, allowingPhases. Therefore, a nonlamellar phase will be formed only
the lipids to form an inverted hexagonal phase where the if the peptide becomes too short and snorkeling does not
curvature is high and the area per lipid headgroup is relatively suffice any longer. In contrast, in PE or PE/PG (Figure 6B),
small. the lipids easily form nonlamellar phases. When the peptide
Effects of KALP Peptides As Compared to WALP Peptides.length matches the hydrophobic thickness of the lipid bilayer,
For KALP peptides, the effect on the phase behavior strongly @ lamellar phase is formed, as in PC systems. However, for
depends on the lipid headgroup composition, in contrast to shorter peptides, even at a small mismatch, instead of
the situation for WALP peptides. As shown in Table 2, in snhorkeling a nonlamellar phase is formed. Apparently, in
PC these charged model peptides also induce nonlamellathese lipid systems, snorkeling is less favorable than forma-
phases in a mismatch-dependent way. For example, KALP23tion of nonlamellar phases to relieve the mismatch. This
induces an isotropic phase in 28RC and 22:4PC butan ~ model is supported by experiments usingAKP23. In this
Hy phase in 24:3PC. Thus, KALP23 induces the same Peptide, the flanking residues have a shortened side chain
nonlamellar phases as WALP21, indicating that in PC compared to lysine that is not able to snorkel. In PC,
systems the effective hydrophobic length of a KALP peptide K'ALP23 behaves as if it is shorter than KALP2Z). In
is slightly shorter than that of a corresponding WALP contrast, the results of the present study show no difference
peptide. Surprisingly, in the present study, it is shown that in effects on phase behavior between KALP23 andilie23
both in 18:1-PE/18:1-PG and in 18:2PE, KALP23 induces  in PE or PE/PG, which both are lipids that are prone to form
the same phases as WALP16. In 18E, however, KALP23 ~ nonlamellar phases.
induces an isotropic phase and thus seems to have a longer There is a free energy cost of snorkeling, since the
effective hydrophobic length than WALP16 that induces an stretching should decrease the conformational entropy of the
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side chain by a considerable amount. We propose that inmismatch effects are dominant over electrostatic interactions.
PC snorkeling takes place because of the high cost of formingHowever, repulsive electrostatic effects do seem to play a
an H, phase in this lipid system. Furthermore, it appears role in the association of the negatively charged DALP23
that in PE or PE/PG lipid systems with a mixture of WALP to bilayers of PE/PG. The low extent of association is likely
and KALP peptides, snorkeling is favorable compared to the to be responsible for the induction of an isotropic phase by
entropy loss involved in phase separation. Although in some this peptide instead of an,Hphase, which requires much
cases snorkeling thus may be the most favorable way of higher peptide concentrations.

solving a mismatch situation, it should be stressed that this  The effect of charge was also shown by experiments with
will take place only when the energetic cost of snorkeling is HALP peptides at different pH values. At low pH, when the
lower than that of alternative ways of relieving mismatch. hjstidine side chain is positively charged, HALP23 induces
If the side chains are not snorkeling, then the effective gn H, phase, while at high pH, when the side chain is not
hydrophobic length of the different peptides may be deter- charged, it induces an isotropic phase. A similar effect of
mined by the average position of the backbone atoms of theHAL P23 has been observed in PED), which was ascribed
flanking residues at the Iipidlwater interface. If it is assumed to the side chain in its neutral form tolerating an anchoring
that the G of tryptophan in WALP peptides are located close position closer to the hydrophobic core of the membrane than
to the carbonyl groups of the lipids, while,®f lysine  the positively charged side chain. This would result in an
residues in KALP are located close to the phosphate group,increase in effective length, comparable to the situation for
then one might expect a difference in the effective length WALP peptides. We speculate that the same explanation

between WALP and KALP peptides of approximately 8 A,
because the phosphate groups are approxignatlfurther
apart than carbonyls3(Q). One residue in ano-helix
corresponds to 1.5 A in peptide length, and therefore 8 A
would correspond to five or six amino acids. In this view, it
can be expected that KALP23 in the absence of snorkeling
has an effective hydrophobic length corresponding to WALP17
or WALP18, in agreement with the experimental observa-
tions.

Effects of Peptides with Other Charged Flanking Residues.
Our results show that all charged model peptides (KALP23,
K'ALP23, RALP23, HALP23, DALP23) behave identically
in PE systems, in that they all induce ap phase in 18:4
PE and an isotropic phase in 16RE. Since the acyl chains
of these lipids differ only little in length, this result indicates
that the effective hydrophobic length of all the charged
peptides must be quite similar. This implies that if lysines
do not snorkel, neither do the arginine side chains of
RALP23. Furthermore, there appears to be no specific
interaction between the zwitterionic PE lipid headgroups and
the flanking residues of the different peptides, but rather a
general tendency of charged groups to be localized in the
polar headgroup region.

In 18:1-PE/18:1-PG lipids, it can be expected that
electrostatic interactions between the negatively charged P
lipids and charged flanking residues in the peptides may
influence the effects of the peptides on lipid phase behavior.

Role of Electrostatic Interaction®E/PG mixtures as used
in this study have a high charge density, due to the presenc
of the negatively charged PG. This could be expected to
interfere with H, phase formation, since in the iphase the
headgroups are closer together than in a bilayer, resulting in
larger repulsive electrostatic forces. Yet these mixtures easily

€

holds for the effects of pH variation on the behavior of HALP
in PE/PG.

In this study, all positively charged peptides behave
similarly. Preliminary experiments with peptides where the
flanking residues are phenylalanine (FALP) or tyrosine
(YALP) suggest that also all peptides with aromatic flanking
residues behave similarly in the lipid systems used in this
study (Strandberg and Killian, unpublished data). In contrast,
recent experiments in PC systems on the effects of the same
peptides show a much more complex behavat).(This is
presumably caused by the fact that it is more difficult for
PC lipids to form nonlamellar phases. Therefore, in PC
systems but not in the lipid systems investigated here, the
phase behavior may be very sensitive to details of the
interactions of side chains with the lipids.

Implications for Biological System$wo general observa-
tions can be made from our results. The first is that
mismatching peptides can induce and/or promote the forma-
tion of nonlamellar phases. This effect has also been observed
for biologically relevant peptides, such as synthetic peptides
corresponding to signal sequenc@$)(or transmembrane
parts of proteinsg). The concentrations at which the peptides
exert these effects can be very low, depending on the

Gtendency of the lipids to adopt nonlamellar phases by

themselves. This could be important for processes such as
membrane fusion and spontaneous insertion and translocation
of proteins 82—35). Our results suggest that such processes
could be modulated by hydrophobic mismatch, and that the
efficiency will depend on a variety of factors, including
extent of mismatch, nature of the lipids, and amino acid
composition of the peptide.

A second observation from our results is that mismatching

can organize into an Hphase upon incorporation of short ~Peptides can cause a macroscopic phase separation in order
mismatching peptides, which can be either neutral, as in theto surround themselves with lipids in a phase where the best
case of WALP, or positively charged, as in the case of KALP matching is obtained. The mechanism by which this phase
or RALP. This is consistent with previous studies on separation occurs may be similar to that in processes involved
gramicidin, where it was found that the peptide could induce in protein sorting in biological systems, which were sug-
H, phase formation in pure charged lipid systems such asdested to be mismatch-dependedf-39).

PG or phosphatidylserine and charged gramicidin analogues As a first step in the process of mismatch-based sorting,
were found to induce i phase formation in PC3(Q). it can be expected that transmembrane peptides or proteins
Importantly, in the present study, we have shown that become preferentially surrounded by lipids with best match-
incorporation of neutral or positively charged peptides in pure ing hydrophobic length. In membrane systems containing
PE has very similar effects as in PE/PG, indicating that different lipid lengths, such microdomain formation could
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be an alternative to the macroscopic phase separation as12. Liu, F., Lewis, R. N. A. H., Hodges, R. S., and McElhaney,

found in the present study [se8)(and references cited R. N. (2001)Biochemistry 40760-768. _
therein]. 13. Lew, S., Ren, J., and London, E. (20@ipchemistry 39

. . . 9632-9640.
In cases of negative mismatch, as studied here, the 14 wmall, s, Broadbridge, R., Sharma, R. P., Lee, A. G., and East,

effective hydrophobic length of the peptides is determined J. M. (2000)Biochemistry 392071-2078.
both by the length of the hydrophobic stretch of the peptide 15. Landolt-Marticorena, C., Williams, K. A., Deber, C. M., and
and by the “anchoring” positions of the flanking residues in Reithmeier, R. A. F. (1993). Mol. Biol. 229 602-608.

the lipid bilayer. For long, charged side chains, the possibility 16.£/§)n1(|3—|7e_ijln§é G. (1994Annu. Re. Biophys. Biomol. Struct.

of snorkeling can also affect the hydrophobic length. Our 17 arkin, 1. T., and Brungen, A. T. (1998Biochim. Biophys.
results show that whether snorkeling indeed occurs depends  Acta 1429 113-128.

on the molecular details of the system and on whether 18. Demmers, J. A. A,, van Duijn, E., Haverkamp, J., Greathouse,
energetically more attractive alternatives are available. This ~ D. V., Koeppe, R. E., Il, Heck, A. J. R., and Killian, J. A.

PO ; T : (2001)J. Biol. Chem. 27634501-34508.
sensitivity to the system could explain some findings in the 19. Rinia, H. A.. Kik. R. A.. Demel, R. A.. Snel. M. M. E., Killian,

Iiterelltl_Jre..qu example, §norl_<eling was proposgd to exp_lain J. A., van der Eerden, J. P. J. M., and de Kruijff, B. (2000)
the lipid binding of amphipathic helices from apolipoproteins Biochemistry 395852-5858.

(29, 40, but others did not observe snorkeling in NMR-  20. De Planque, M. R. R, Boots, J.-W. P., Rijkers, D. T. S,,
determined structures of these peptides in SDS miceles ( lélisokc?wrgrﬁ){isli'r;\(/ls:ujbhq ?trtgzt?g%ﬁb ﬁéa\{ibaﬁ‘;‘d Killian, J. A. (2002)
42). It should .b(.a noted that in these studies p_ept_|des lie 21.Van der Wel, P. C. A,, Pott, T., Moreih, S., Greathouse, D.
parallel to the lipid surface, and therefore snorkeling inthese v/ "koeppe, R. E., II, and Killian, J. A. (200®iochemistry

peptides is perpendicular to the helix axis, which may result 39, 3124-3133.

in a different lipid dependence. 22. Morein, S., Koeppe, R. E., Il, Lindblom, G., de Kruijff, B.,
In any case, it is clear that the possibility of snorkeling . ?(’?”diaﬁ'”'\?n'&J-N'fgr(ezigog)B'\?;nh)ése-r\3/-\/;82;73"5\48& Planque
does allow some flexibility t_o the_hydrophoblc_ Iength_ of M. R. ’R., G?eathous'e, D. V.. and Kdeppe, R = (1999)’
transmembrane segments with lysines as flanking reS|d}JeS- Peptide influence on lipids. iGramicidin and related ion
This would allow modulation of the effective hydrophobic channel-forming peptide@Novartis Foundation Symposium

length of such segments and hence of their behavior in a  225), pp 176-187, Wiley, Chichester, U.K.
biological system. 24. Epand, R. M. (1990Fhem. Phys. Lipids 5227—230.
25. Killian, J. A., de Jongh, A. M. P., Bijvelt, J., Verkleij, A. J.,
and de Kruijff, B. (1990)EMBO J. 9 815-819.
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