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ABSTRACT. To better understand the mutual interactions between lipids and membrane-spanning peptides,
we investigated the effects of tryptophan-anchored hydrophobic peptides of various lengths on the phase
behavior of 1,2-dielaidoylphosphatidylethanolamine (DEPE) dispersions, @¥mguclear magnetic
resonance and small-angle X-ray diffraction. Designdttlical transmembrane peptides (WALPeptides,

with n being the total number of amino acids) with a hydrophobic sequence of leucine and alanine of
varying length, bordered at both ends by two tryptophan membrane anchors, were used as model peptides
and were effective at low concentrations in DEPE. Incorporation of 2 mol % of relatively short peptides
(WALP14—-17) lowered the inverted hexagonal phase transition temperafujeo{ DEPE, with an
efficiency that seemed to be independent of the extent of hydrophobic mismatch. However, the tube
diameter of the Il phase induced by the peptides was clearly dependent on mismatch and decreased with
shorter peptide length. Longer peptides (WALP2Y) induced a cubic phase, both below and abhye
Incorporation of WALP27, which is significantly longer than the DEPE bilayer thickness, did not stabilize
the bilayer. The longest peptide used, WALP31, hardly affected the lipid’s phase behavior, and appeared
not to incorporate into the bilayer. The consequences of hydrophobic mismatch between peptides and
lipids are therefore more dramatic with shorter peptides. The data allow us to suggest a detailed molecular
model of the mechanism by which these transmembrane peptides can affect lipid phase behavior.

Biological membranes act as permeability barriers, defin- of bilayer and nonbilayer lipids, to maintain a certain
ing cells and intracellular compartments. The membrane nonbilayer-forming propensity in their membranés-7).
lipids provide this permeability barrier by arranging them- This suggests that the presence of a certain amount of
selves in a bilayer structure. However, biological membranes nonbilayer lipids is essential for structural and/or functional
often also contain lipids that on their own do not form properties of the membrane.
bilayers when dispersed under physiological conditidrs ( Nonbilayer lipids are characterized by a smaller effective
4). Instead t.hese lipids organize in nonlamellar structures, gize of their headgroup compared to the area occupied by
such as cubic phases or the inverted hexagor)all@ha_sg. their acyl chains, resulting in a negative spontaneous
We will refer _to these lipids simply as nonbilayer lipids. monolayer curvature4( 8. A possible rationale for the
Several organisms have been shown to regulate the amo“ntﬁnportance of nonbilayer lipids is that their presence in
membranes causes a curvature stress, which affects lipid
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1 Abbreviations: NMR, nuclear magnetic resonanceg; lamellar

liquid crystalline; Ls, lamellar gel; H, inverted hexagonal; DEPE, 1,2-

dielaidoylphosphatidylethanolamine; DOPE, 1,2-dioleoylphosphati-  Alternatively, it has been proposed that the ability of the

dylethanolamine; PC, phosphatidylcholine; TFA, trifluoroacetic acid; lipids to form nonlamellar phases may be important for
functional membrane processes, which require local and

transient deviation from the bilaye2@, 21). An example is

TFE, 2,2,2-trifluoroethanoll,, gel to liquid-crystalline phase transition
temperatureTy, lamellar liquid-crystalline to inverted hexagonal phase
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membrane fusion22). Since proteir-lipid interactions are induced changes in the tube diameter, which are directly
likely to be involved in such processes and since it is known related to changes in the spontaneous curvature of the
that proteins can affect lipid phase behavior (for a review, systems4). In addition, DEPE allows investigation of the
see23), an understanding of the nature of protein-induced intriguing possibility that a positive mismatch (hydrophobic
changes in lipid phase behavior may be the key to understandength of the peptide larger than the bilayer thickness) might
these membrane processes. However, little is known aboutstabilize a bilayer relative to a nonbilayer phase. To achieve
the mechanism by which proteins affect membrane lipid a range of mismatch situations varying from negative to
organization. positive, WALP analogues consisting of 131 residues

In this study we want to investigate in molecular detail were used. Their effects on the DEPE phase behavior were
how transmembrane proteins are able to modulate lipid phaseexamined by*'P NMR spectroscopy and small-angle X-ray
behavior. This can be conveniently examined by studying diffraction. It was found that the peptides strongly affect the
the interactions between peptide models of membrane-phase behavior of DEPE even at low concentrations. The
spanning protein domains and phospholipid model mem- type of induced phase was determined by the extent of
branes. Especially nonbilayer lipids will be suited for such mismatch, but peptides with lengths longer than the thickness
studies, due to their inherent nonbilayer phase forming of DEPE did not stabilize the bilayer phase. Molecular
propensity. The synthetic phospholipid 1,2-dielaidoylphos- mechanisms will be discussed by which a peptide/lipid
phatidylethanolamine (di C18:PE; DEPE) has been used hydrophobic mismatch can promote the observed changes
as a model nonbilayer lipid2d—26), because it undergoes in lipid organization.
gel to liquid-crystalline and bilayer to inverted hexagonal
(Hy) phase transitions at experimentally convenient temper- MATERIALS AND METHODS
atures of about 37 and 5&, respectively Z7). Materials 1,2-Dielaidoylphosphatidylethanolamine (DEPE)

Previously, several peptides were shown to trigger changeswas obtained from Avanti Polar Lipids Inc. (Birmingham,
in the phase behavior of DEPE. Alamethicin induces a cubic AL). 2,2,2-Trifluoroethanol (TFE) and trifluoroacetic acid
phase when incorporated in DEPE). Gramicidin S causes  (TFA) were from Aldrich (Milwaukee, WI). Other reagents
the formation of an isotropic, probably inverted cubic, phase were of analytical grade. The synthetic peptides used are
(28). For these peptides, the mechanism was suggested taeferred to as WALR, with n being the total number of
involve changes in membrane curvature. However, the lackamino acids. The peptide sequences are acetyl-GWW.L-
of known and precisely defined peptide orientations prohib- (AL);WWA-ethanolamine, with = 3.5, 4.5, 5, 6, 7, 8, 10,
ited interpretation of the results on a molecular level. The or 12. The WALP peptides were synthesized using previously
transmembrane channel forming peptide gramicidin A was described method$81,34, with one modification. Based on
shown to affect the phase behavior of DEPE in a different practical considerations, the N-terminal end of the peptides
way, by promoting the formation of an,Hphase 24, 29. was modified from a formylated alanine to an acetylated
Here the mechanism was proposed to be an increase in thglycine @5). Control experiments showed no significant
volume of the membrane hydrophobic coB8); Although differences between peptides with either N-terminus when
gramicidin A does have certain characteristics typical of incorporated in DEPE model membranes.
intrinsic membrane proteins, it is not an ideal model of a 3P NMR Sample PreparatioThe peptides were incor-
membrane-spanning peptide, because it does not adopt aporated into the phospholipid membranes, using a previously
o-helical conformation, and it spans the membrane as adescribed procedur8&3). A lipid film consisting of 30umol
dimer. of DEPE was obtained from a stock solution in chloroform

Recently, a class of hydrophobic, unchargedelical after removal of the solvent using a rotavapor and further
peptides, called the ‘WALP’ peptides, have been designed drying under vacuum. The lipid was then hydrated with 0.5
(31). As with gramicidin dimers, a transmembrane orientation mL of distilled water, and dispersed by rigorous vortexing
is stabilized by the presence of tryptophan membrane anchorsat around 40°C, where DEPE is in the liquid-crystalline
at both ends of the WALP peptides. The effect of incorpora- bilayer (L,) phase. The peptide was dissolved in up to 100
tion of WALP peptides on the phase behavior of phosphati- uL of TFA, quickly dried under a flow of nitrogen, and
dylcholine (PC) membranes, which by themselves are unabledissolved in 1.0 mL of TFE. To remove residual TFA, the
to form nonlamellar phases, has been characterized to someeptide was dried on a rotavapor, and again dissolved in 1.0
detail 31—33). When incorporated at high peptide concen- mL of TFE. After determination of the concentration by
trations into PC model membranes of greater hydrophobic measuring the absorbance at 280 nm, and further dilution as
thickness than the peptide hydrophobic length (negative required, 0.5 mL of peptide solution in TFE was added to
mismatch), WALP peptides induce the formation of nonbi- the hydrated lipid. To mix the peptide and lipid, the sample
layer phases. An [dphase is induced in the case of a large was vortexed rigorously. Next, approximately 10 mL of
negative mismatch, and an isotropic phase is observed for adistilled water was added, and the sample mixture was

smaller negative mismatch. lyophilized. The dried sample was then transferred to a 7.5
Since the WALP peptides can modulate lipid organization, mm diameter Pyrex tube, and hydrated with approximately
since they form well-oriented transmembranéelices 81), 1.5 mL of buffer (100 mM NacCl, 25 mM Tris-HCI, 1 mM

and since their lengths can be systematically varied, they EDTA, pH 7.4). The tubes were centrifuged for 15 min at
are useful for understanding peptide influence on lipid phase 2700, to spin down the membranes. The supernatant liquid
behavior at the molecular level. As a nonbilayer lipid, DEPE was removed, and the spun down material was resuspended
is expected to be more sensitive to the WALP peptides thanin approximately 1.5 mL of buffer. Typically a total of three

is phosphatidylcholine. The fact that DEPE adopts an H such centrifugation steps were done. After the final centrifu-
phase at high temperature allows investigation of mismatch- gation step, the supernatant was not removed completely,
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but was kept at a volume approximately equal to the pellet A
size to ensure full hydration of the sample. The resulting

NMR sample was stored under nitrogen. To fully homog- | o %A

enize the peptide/lipid mixture, it was freezthawed ap-

proximately 15 times, by subsequent freezing in a O

ethanol bath and thawing at about 4D. Before the actual 1% A

NMR measurements, the samples were further equilibrated

by slowly cycling them 3 times over the temperature range | 4 %J\‘

between 20 and 6€C, over a period of approximately 1 h

per cycle. o 4
3P NMR MeasurementsThe 3P NMR measurements

were performed on a Bruker MSL 300 spectrometer, at 121.5

MHz, as described previousl31). Between 1500 and 5000

free induction decays were accumulated. An exponential

multiplication was applied before the Fourier transformation,

resulting in a 100 Hz line-broadening. All spectra were scaled

to the same height for plotting. Since multipha¥ie NMR —————— R Ay e o

spectra are basically summations of the signals of lipids in Peptide-to-lipid molar ratio Peptide-to-lipid molar ratio

the different phases, it was possible to determine the amountFicure 1: Effect of WALP16 on DEPE polymorphism. (&SP

of each phase by subtracting spectra obtained for samplesNMR spectra of DEPE liposomes containing 0, 1, and 4 mol %

containing a single type of phase from spectra showing WALP16, measured at 30, 40, 50, and ®0. (B) Amount of

. g HE WALP16-induced ki phase at 40°C as a function of peptide
signals from multiple lipid phases. Subsequently, the per- concentration. The line represents a linear fit to the data. (C)

centage of each phase could be detgrmined by Comparin%exagonal phase tube diameters determined by small-angle X-ray
peak areas before and after subtraction. The experimentabiffraction for the DEPE/WALP16 system at 4G (open symbols,

error in these percentages was estimated to be 5%. dashed line) and 6@3 (filled symbols, solid line) as a function of
Small-Angle X-ray MeasurementSmall-angle X-ray  Peptide concentration.

measurements were performed on samples that had been L ,

characterized b§*P NMR. Following the recording of the low-field peak, a high-field shoulder, and a width reduced

3P NMR spectra, the buffer was replaced by water in several PY @ factor of 2. The temperature dependence offA&IMR

centrifugation steps by removing the supernatant and dispers SP&ctra was found to be consistent with previously published
ing the samples in water. Next, the rinsed sample was transition tgmperatures.of DEPE_c_n‘ approximately’G#for
lyophilized from water. The samples were rehydrated in a the ogel to liquid-crystalline transition temperatufie ) and
small excess of water, cycled several times between 20 and® °C for the liquid-crystalline to i phase transition
60°C, pelleted, and transferred with some excess water into €MPerature ) (27).

1 mm glass capillaries. Small-angle X-ray diffraction experi- ~ Figure 1A also show$P NMR spectra of DEPE samples
ments were carried out with an 18 kW Rigaku Rotaflex containing 1 and 4 mol % WALP16 (with respect to lipid).
RU300 rotating anode generator and a 2D MarresearchEven at the lowest peptide concentration (1 mol %), a
imaging plate detector with a plate diameter of 180 mm and Significant promotion of ki phase formation is observed.
a pixel size of 15Qum x 150 um. Monochromatic Cu K At 40 and 50°C, the NMR spectrum consists of a
radiation ¢ = 1.54 A) was achieved by a flat germanium Ccombination of components representative of gnphase
(111) crystal. The spot size, defined by three sets of vertical @hd an hl phase. The presence of 4 mol % WALP16 results
and horizontal slits, was approximately 0.8 m0.8 mm. in larger amounts of [iphase at all temperatures. Also below
Temperature variationstl °C) were done by increasing the the regular gel to liquid-crystalline transition temperature, a
temperature. Peak positions were accurately determined bysmall Hi phase component is observed.

Gaussian fits after background subtraction. The obtained Figure 1B shows that the amount of WALP16-induced
repeat distances were used to calculate thepkse tube  Hy phase at 40C, as determined from th8P NMR data,

604

N
3

Amount of H, phase (%)
5 a

o
© &=

diameters using the equation: is linearly dependent on the peptide concentration. The
efficiency of H, phase formation is similar to that found
tube diameter= repeat distance 2IV3 previously for gramicidin A in DEPE2Q9). A linear fit of

the data suggests that approximately 6 mol % WALP16

RESULTS would be sufficient to obtain a pure;Hhase at 40C.

WALP16 in DEPE 3P NMR and small-angle X-ray The 3P NMR data suggest that WALP16 induces the
diffraction were used to study the phase behavior of DEPE formation of an K phase at 40C with a well-defined and
dispersions in the absence and presence of the WALPconstant peptide/lipid ratio. This was supported by small-
peptides. As illustrated in Figure 1A, upper row, DEPE angle X-ray diffraction experiments. Figure 1C shows the
without peptide at 30C gives a®'P NMR spectrum with a  evolution of the hexagonal phase tube diameters obtained
high-field peak and low-field shoulder, typical of lipids of the WALP16/DEPE system at 40 and 8D as a function
organized in a bilayer3g, 37). The broadness is indicative  of peptide concentration (selected diffraction patterns will
of a gel phase. At 40 and 5TC, the 3P NMR spectrum be shown below). At 60C, where all lipids are in the H
retains a high-field peak and a low-field shoulder; the smaller phase, the tube diameter decreases steadily with increasing
line width is indicative of a liquid-crystalline bilayer. At 60 amount of WALP16 up to 3 mol %, where it appears to reach
°C, a spectrum typical for an Hphase is observed, with a a minimum. In contrast, at 40C, where the amount of H
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Ficure 3: Signal intensities fromi’P NMR spectra were used to
calculate the relative amounts of induced nonbilayer phases, for
WALP23 samples containing the various WALP peptides. At’@) DEPE
adopts the L phase, with induced isotropic (circles) and, H
(triangles) phases as shown in panel A. At°&) DEPE is in the
WALP27 Hy phase, with an induced isotropic phase (circles) as shown in
panel B.
50 °C, for WALP19 and WALP21, a complex situation is
WALP31 : ! .
observed, with a large amount of isotropic phase and small
et . . . amounts of both L and H, phase. For the longer peptides
40 0 -40 40 O 40 40 0 40 WALP23 and WALP27, at these temperatures only an
ppm isotropic phase coexisting with the, Iphase is observed.
FIGURE 2: 3P NMR spectra of DEPE model membranes containing The amount of isotropic phase in these samples decreases
2 mol % WALP peptides, at 40, 50, and 6G. with peptide length (Figure 3A), until finally only a minor

phase increases with increasing peptide concentration, theSOtropic signal is observed in the presence of the longest
tube diameter stays about constant@4.2 A, independent ~ Peptide, WALP31. Above thedto Hy transition, at 60C,

of the amount of WALP16. The same tendency is observed in all cases two components are observed: thephase,

at 40°C for the lamellar repeat distance 864.5 A, thatis ~ and an isotropic signal. Here, the isotropic component
identical to the one of pure DEPE and stays constant for all initially increases in intensity relative to the,ltomponent,
peptide concentrations investigated. These results suggest thi® an apparent maximum near WALP23, and then it
coexistence at 46C of a peptide-depleted lamellar phase decreases again with increasing peptide length (Figure 3B).
and a peptide-rich phase with a well-defined stoichiom- ~Samples containing WALP31 again only have a minor
etry, similar to that suggested previously for gramicidin A 1SOtropic signal, thereby showing essentially the same phase
in DEPE @4). behavior as pure DEPE.

31p NMR Study of WALP/DEPE MismatcFo study the Small-Angle X-ray Diffraction Study of the Phase Beba
effect of hydrophobic mismatch, WALP analogues with ©f WALP/DEPE After the !> NMR measurements, small-
varying hydrophobic lengths were incorporated into DEPE angle X-ray analysis (SAX) was performed on the samples.
model membranes at a peptide concentration of 2 mol %. Figure 4 shows selepted diffraction patterns of pure DEPE
Figure 2 shows the results 8P NMR measurements on and WALP/DEPE mixtures at 6. In all cases, the X-ray
these peptide/lipid mixtures at 40, 50, and°€X) where we experiments further conflrmed the phase behav_lor of the
focus on the effect of the peptides on thednd H, phases ~ WALP/DEPE systems obtained 5% NMR. Induction of
of pure DEPE. The percentages of the different phases@’ H, phase, coexisting W|th a lamellar phase, was observed
observed in these spectra were determined as described und&€low Ty for the shorter peptides, WALP14 through WALP21,
Materials and Methods. These percentages are shown inhile no H phase induction was observed under these
Figure 3 at 40°C, belowTy, and at 60°C, aboveT,,. conditions for WALP23 or longer peptides (data not shown).

The shortest peptides used are WALP14, WALP16, and N the case of the intermediate and longer peptides (WALP19
WALP17. At temperatures of 40 and 5@, DEPE by itself  t0 WALP27), where thé'® NMR data show peptide-induced
forms a bilayer, but in the presence of these short peptides,fOFmat'On of an isotropic phase,_ a weak dlffractlon peak was
a combination of both anLphase and a peptide-induced Observed that could not be attributed to either theotthe
H, phase is observed. The amount of inducedpHase is  Hi Phase, suggesting that the isotropic phase may be a cubic
about the same for each of these peptide30%). Above one. To verify the latter, a DEPE sample containing 4 mol
Ty, at 60°C, a pure hexagonal phase is observed, similar as %0 WALP23 was prepared, where at 8D the isotropic phase
for the pure lipid. With these peptides, no phases other thaniS the only phase observed. The X-ray diffraction pattern of
bilayer and inverted hexagonal were observed. this phase indeed corresponds to a cubic phase (Figure 4C).

Peptides of ‘intermediate’ and longer length have strikingly Diffraction peaks are spaced in the ratig8: v'3: v4: v6:
different behavior (Figures 2 and 3). Beldly, at 40 and V8: /9, consistent with aPn3m double diamond cubic
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the peptide length on tube diameter, at 40. This is

Ficure 4: Small-angle X-ray diffraction patterns obtained at 60 attrlt?Uteq to a higher local peptide concentration in the
°C for the hexagonal phases of pure DEPE (A) and DEPE Peptide-induced Hphase at temperatures beldw.

containing 4 mol % WALP16 (B) and for then3mcubic lattice Lattice constants for the cubic phase induced by the
of DEPE containing 4 mol % WALP23 (C). Thé{+ k? + 1912 intermediate and longer peptides could not be determined

for hkl indices (withl = O for the hexagonal lattices) versus ; ; ; ;
reciprocal spacings fall on straight lines. The lattice constants accurately due to the biphasic or triphasic nature of the

obtained as the reciprocal slope are 67.0 A (A), 62.5 A (B), and S&mples containing 2 mol % WALP peptides.

118.8 A (C).
DISCUSSION

g=4nsing/n

space group having a lattice constant~af19 A. This is ) o ) } )
similar to the alamethicin-induceBn3m cubic phase of In this study it is shown b§'P NMR and X-ray diffraction
DEPE at 60°C (26). experiments that synthetic transmembrarigelical peptides

Lattice Constants as a Function of Peptide Lengigure @t 1-2 mol % concentration can have profound effects on
5 shows the tube diameters of the phases at 40 and 60 the phase behavior of DEPE. The WALP peptides are shown
°C of DEPE containing 2 mol % WALP peptides obtained {0 induce nonlamellar phases, with the type of phase
from the X-ray data. At 40C, where a peptide-induced,H ~ dependent on the extent of mismatch between peptide and
phase is found for WALP14 to WALP21, the tube diameter lipid. Very short peptides induce formation of an Hhase
increases linearly with peptide length up to WALP19 (Figure at temperatures belowi,, and longer peptides induce the
5A). Upon increasing the peptide length from WALP19 to formation of a cubic phase. The longest peptide, WALP31,
WALP21, the tube diameter does not further increase andhas hardly any effect on the phase behavior of DEPE. An
stays approximately constant at a value that is somewhat€XPlanation could be that its larger length causes a reduced
larger than that of pure DEPE at BC. The coexisting  incorporation in the DEPE system and/or the formation of
lamellar phase at 4TC that is observed for all peptides (data 299regates, as will be discussed below.
not shown) has a constant repeat distance of about 54.5 A. The systematic variation of the WALP peptide length,

At 60 °C, where an ki phase is observed independent of together with the observation that the WALP peptides form
the peptide length, a similar trend is observed (Figure 5B). well-oriented transmembrane-helices 81), allows for a
Incorporation of the shortest peptide, WALP14, leads to a detailed examination of their mode of action.
significant reduction in the tube diameter compared to pure Length of Peptides and Hydrophobic Thickness of the
DEPE. The tube diameter increases linearly with peptide Lipid. To understand how the nonbilayer phase induction
length up to WALP19. For the longer peptides, the tube depends on the peptide length, one should have estimates of
diameter at 60°C stays about constant but is now slightly the hydrophobic thickness of both the DEPE and the
smaller than that of pure DEPE. The only exception is membrane-spanning part of the peptides.
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Table 1: Estimated Dimensions of WAbRPeptides of the
Sequence Acetyl-GWWL(ALWWA-ethanolamine, in Whicin Is
the Total Number of Amino Acidsn(= 2i + 7)?

peptide Leu-Ala: G—C, terminal G—C,° inner Trp outer Trp

WALP14 10.4 19.3 20.2 23.2
WALP16 13.4 22.3 23.2 26.2
WALP17 14.9 23.8 24.7 27.7
WALP19 17.9 26.8 27.7 30.7
WALP21 20.8 29.7 30.6 33.6
WALP23 23.8 32.7 33.6 36.5
WALP27 29.7 38.6 39.5 42.5
WALP31 35.6 44.6 45.4 48.4

aGiven are distances between specific atoms in the modeled
peptides: the ¢ carbons of the beginning and end of the Leu-Ala
sequence between the tryptophans [residues hte 3)], the G,
carbons of the terminals (residues Ijpand the indole NH hydrogens
of the inner and outer pair of tryptophans [residues te- (1) and 3
to (n — 2)]. All distances are in angstronsThe actual total backbone
length of the peptides is slightly larger than thesg{C,) values due
to their (mobile) terminal groups, which were not modeled.

FiGurRe 6: Molecular models of the WALP16, WALP23, and From comparing the dimensions of the peptides and lipid,
WALP31 peptides (from left to right) obtained using Insight 1l it can be concluded that the total length of the shortest peptide
v.98.0 (Molecular Simulations Inc., San Diego, CA). Tryptophans will be considerably smaller than the hydrophobic thickness
are colored gray, and their indole NH's are black. Thex.) values of DEPE. For the longest peptides, even the length of the
of the tryptophans were set to (9766) for Trp* and to {150, hydrophobic stretch of leucine and alanine between the
—60) for Trp=2 "1 to get the indole NH's pointing outward. . . .
Models were then refined using Discover (MSI, San Diego, CA). TyPtophans will be significantly larger than the hydrophobic
Bars at 10 A intervals are shown on a 40 A scale. part of DEPE in the L phase. Therefore, it can be concluded
that our systems cover a wide range of mismatch situations,
To estimate the dimensions of the WALP peptides, varying from negative (peptide too small) to positive (peptide
molecular modeling was used. Three peptides (WALP16, too large).
-23, and -31) were modeled as standardhelices. The Induction of Inverted Hexagonal PhaseAs indicated
tryptophans were rotated such that the NH of each indole above, the different peptides have differing extents of (mis)-
ring was oriented toward the membrane/water interface, in matching with the liquid-crystalline bilayer of the pure lipid.
accordance with their suggested role as ‘membrane interfacel he peptide/lipid system reacts to this situation by inducing
anchors’ 88—42). The resulting models were energy mini- the formation of either an Hphase or an isotropic (cubic)
mized and are shown in Figure 6. In these model structures,Phase. We will first discuss peptide-induced, ighase

the distances between the protons of the inner pair and theformation, starting with the shortest peptides.
outer pair of indole NH groups were determined. Also, the ~ The shortest peptides, WALP14, WALP16, and WALP17,

distance between the,Catoms of the outermost C- and have a total € to G, distance (19-24 A) that is shorter
N-terminal amino acids was estimateas well as the length  than the hydrophobic thickness of the DEPE bilaye2§

of the hydrophobic stretch of leucines and alanines inside A_)- Besides the overall length as indicated by the-C,
the tryptophans (see Table 1). distance, the tryptophattryptophan distances are also of

: interest. While tryptophans have a preference for the head-
DEPE by itself forms an L phase at low temperatures 44, region, these peptides are so short that it is impossible
and an H phase at higher temperatures. No detailed data g gimyitaneously maintain the transmembrankelix and
on the dimensions of these phases have been published fopgsition all of the tryptophans in the interfacial regions of
DEPE, but they are available for dioleoylphosphatidyletha- the |amellar phase. Therefore, both the total peptide length
nolamine (DOPE). Although these values will be somewhat 44 the tryptophan positions indicate a significant negative
larger for DEPE, which has a trans instead of a cis double ynismatch of these short peptides with thefhase. It was
bond, they will be useful to estimate peptide/lipid mismatch tgund that all three peptides promote, idhase formation
in the DEPE systems. For DOPE in the phase, in excess  pelow the T, of DEPE. The experimentally observed
water, a total bilayer thickness has been reported of 37 A reduction in the tube diameter suggests that these peptides
(43). Subtraction of an estimated headgroup thickness of have a negative spontaneous curvature effect on the lipid
about 11 A ¢4) leaves a minimal hydrophobic core thickness  that is directly proportional to the length of the peptide. This
of about 26 A for DEPE. The dimensions are significantly is consistent with the idea that the peptides are located mostly
smaller in the ki phase. Here, the interaxial bilayer thickness in the hydrophobic core of the Hpohase where they would
for DOPE is 32 A ¢5), leaving an estimated hydrophobic increase the hydrophobic volume of the system and create
core thickness of about 21 A, which is in fair agreement additional space between the headgroups, thereby allowing
with the reported value of 20 A46). an increased curvature for the lipids with decreasing peptide
length. Such a model would be consistent with a recently
2The blockingN-acetyl andC-ethanolamine groups are expected proposed theoretical model of the-tH, phase transitions

to have high rotational mobility56) and are relatively hydrophilic, so ~ induced by short transmembrane peptidie3.(The suggested
they contribute little to the hydrophaobic length of the WALP peptides. location of the peptides is shown schematically in Figure 7.
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When the peptide length is increased to WALP19 and
WALP21, decreasing amounts of; idhase are formed below
Th. WALP19 and WALP21 have total lengths of about27
30 A, which is close to, or slightly larger than, the
hydrophobic thickness of the bilayer26 A). Also the
tryptophans of these peptides are located in the bilayer
interface region. Yet these peptides are still significantly
shorter than the total bilayer thickness37 A).

In contrast to the situation for the shortest peptides, for
WALP19 through WALP27 effectively the same tube
diameters are found in the,Hbhase at 60C (Figure 5). It
is possible that in these cases hydrocarbon packing con-
straints prevent further increases in tube diameter, and that
these longer peptides adapt by ‘tilting’ or ‘kinking’ in the
H, phase. It should be realized, however, that it is increas-
FiGURE 7: Schematic drawing of cross sections showing parts of !ngly unfavorable fpr longer peptld_es to_ be accom_mo_d_ated
inverted hexagonal phases with imbedded peptides. The peptided the Hi phase, since these peptides induce a significant
are shown as dark boxes. The shortest peptide in (A) reduces theamount of isotropic phase (see below). Indeed, the longest
tube diameter by allowing more space between the lipid headgroupspeptide, WALP31, may be excluded from both the bilayer
proba_bly do not fit well in the I phase, and were found to induce neither the bilayer repeat distance nor thettibe diameter
a cubic phase. . . .

is affected by the presence of this peptide.

This figure illustrates how the shortest peptides could take . Energetic Considerationdhe type of phase formed by a

up less space in the headgroup area, resulting in a decreashid u.nder specific conditions _is determined by the relati\_/e
in tube diameter. magnitudes of two counteracting energy components. First

, ) of all, the lipids have a certain inherent curvature. This

Below Ty, the relative amount of jiphase induced by o, ature is determined by the relative sizes of the hydrated
WALP16 increases linearly with peptide concentration, but heaq4roup and the lipid chains. Phosphatidylethanolamines
its dimensions stay constant (Figure 1B,C). These findings ,ove an inherent negative curvature, due to a small head-
are indicative of a well-defined lipid-to-peptide ratio in the group. Forcing these lipids into a flat lamellar phase leads
Hi phase. One may imagine that the lipids arrange them-, 5" certainbending energy favoring the formation of
selves around a lattice imposed by the peptide itself, located;,erted phases such as thg phase. Second, the lipids in

at the shortest distance between neighboring tubes (see alsgy e |1amellar phase are arranged in monolayers of uniform
ref 31). This would effectively take care of the mismatch, thickness, but in the Hphase they are forced into mono-

since the smaller lattice of the,Hphase would allow all |5yers of changing thickness. This increases the energy of
tryptophans of these peptides to interact with the interface |i5igs in the H, phase. This so-calleihterstitial energy

region. Such an arrangement might in addition stabilize the e refore counteracts the bending energy. Both energies are
Hy _phasg by partially relle\_/mg acyl chain packl_ng constra|r_1ts, dependent on the temperature of the system. At théoL
which arise from the requirement for a nonuniform effective 1 "nhase transition temperature, the bending and interstitial
length of the acyl chains around the tubes in this phage (  gnergies are balanced, allowing the transition to occur. Below
Together, the results indicate that these shorter peptidesys temperature, the larger interstitial energy prevents the
effectively partition into the Il phase belowy. Consistent  ¢5rmation of the hexagonal phase.
with this, we find experimentally that none of these peptides  1he presence of the WALP peptides changes the energetics
has any effect on the lamellar repeat spacing of DEPE in 4 the [ipid phase transition. In addition to the above-
the L, phase at 40C, indicating that the persisting lamellar  entioned energies governing the behavior of the lipids
phase is essentially depleted of peptide. themselves, a new energetic component has been added. The
When the temperature is raised abdyefor DEPE with interaction energy of the peptide with the lipid is dependent
WALP14 through WALP17, the system is monophasic, and upon the lipid environment. This energy is dominated by
consists only of il phase. In this case, as was shown for the preference of the peptide’s hydrophobic residues for the
WALP16, the tube diameter of the peptide-containing H hydrophobic core of the bilayer, combined with the prefer-
phase decreases with increasing peptide concentration (Figure@nce of the tryptophans for a location within the lipid
1C). Thus, the peptide now mixes with all lipids in thg H interface.
phase, thereby changing the lattice with increasing peptide To estimate the energies, one has to combine theory and
concentration until a minimum tube diameter is obtained. measurements. This involves combining equations to calcu-
The above is probably also true for the other short peptides,late the two energies (eqs 3 and 7 from #8) with
WALP14 and WALP17. In all cases, at 4C the systems  experimental results for tube diameter, intrinsic monolayer
are biphasic with the jHphase containing essentially all of curvature, and bending modulus (Figures 2 and 5 from ref
the peptide and with dimensions imposed by the peptide, 49). These data are available for DOPE, but not for DEPE.
whereas at 60C the peptides dilute in the Hphase of For DOPE, an estimate was obtained of a net energy
DEPE. This would explain the steeper slope of the reduction difference between the,and the H phase of~7 x 10%?
of the tube diameter with peptide length at’®as compared J per meter of tube length. With an estimated 20 lipids per
to 60 °C (Figure 5). circumference and an approximate lipid area of 60 this
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would give~0.2 kJ/mol energy difference between the two then occur belowly,? It has been suggested that thetb
phases. These estimates were obtained@fC, at which H, phase transition of DEPE involves intermediate lipid
temperature DOPE is close to the halfway point between structures which could evolve either to a cubic or to an H
the Ly — L, and L, — Hy transition temperatures. For DEPE, phase, depending on the circumstances, but that in pure
a similar halfway point occurs at 4%C. The results show  DEPE the formation of an jHphase is kinetically favored
that at this temperature the shortest peptides induce a(50). Similar to what has been proposed for the DEPE/
hexagonal phase in DEPE, in which per peptide molecule alamethicin system2@), the longer peptides might perturb
~14 lipids are present{28% H, phase at a 1/50 P/L ratio). the DEPE bilayer enough to relieve the kinetic hindrance
Thus, extrapolating the energetics obtained for DOPE to the [e.g., by lowering the bilayer rupture tensidt)] of forming
situation for DEPE, the presence of 1 peptide would the lower energy cubic phase, which would then trigger the

correspond to an energy difference~a3 kJ/mol for the~14 induction of nonlamellar structures below.
lipids it affects. This energy is small compared to the energy At T < Ty, as the peptide length increases from WALP19
of a single hydrogen bond. through WALP23, the peptides will better match the bilayer

It might be tempting to ascribe the effect of the peptides thickness in the k phase, and partitioning into the bilayer
to the hydrogen bonding by the tryptophan’s indole will become less unfavorable. This may explain the slight
protons, but these contribute only partially to the tryptophan’s decrease of the amount of isotropic phase with peptide length.
interfacial preference. Modified tryptophans that are unable In the cubic phase, the hydrophobic ‘bilayer’ thickness can
to hydrogen bond still display a preference for an interfacial be expected to be smaller than in ap thase and larger
location @9). than in an H phase. Abovéy, a bilayer is no longer present,

Although these energetic factors are important in deter- and partitioning of these intermediate length peptides in the
mining the phase transition, one should keep in mind that isotropic phase will thus be increasingly more favorable than
kinetic factors also play a role. Specifically, kinetic reasons in the H, phase. Therefore, in this case the amount of
have been implicated in preventing the formation of cubic isotropic phase may be expected to increase with peptide
phases in PE system58(). The peptides change not only length from WALP19 to WALP23, as indeed was observed.
the energetics of the phase transition, but also its kinetics. The still longer peptide WALP27 has a total length of
This could be especially important for the longer peptides, about 39 A that is slightly exceeding the total thickness of
which were found to induce a cubic phase. the bilayer ¢37 A). In the modeled conformation, this

Induction of Isotropic (Cubic) Phaseln addition to peptide would have its tryptophans so far apart that they
inducing a small amount of Hphase, WALP19 and would be slightly outside the headgroup region if the peptide
WALP21 induce a significant amount of isotropic phase. would span the membrane with the helix axis parallel to the
Also the longer peptides, WALP23 and WALP27, induce membrane normal. Normally, when a peptide is longer than
an isotropic phase, but these peptides do not promgte H the lipid, one would expect it to induce a positive spontane-
phase formation. For WALP23, the isotropic phase could ous curvature on the system. However, given the negative
be identified by X-ray diffraction as n3mcubic phase  spontaneous curvature of DEPE alone, WALP27 might lead
(Figure 4C). It is likely that also for the other peptide/lipid to a smaller negative curvature, thereby inducing thed
systems this isotropic phase represents a cubic phase. Firsgubic phase transition. Belowy, WALP27 could be
in phase diagrams such a cubic phase is generally foundexpected to prefer partitioning into the bilayer relative to
between an |.and an H phase, as observed in the present the cubic phase, more so than its shorter analogues. This
study. In all cases, it showed a strong hysteresis (the samplesvould lead to a further decrease in the amount of isotropic
required freezing to remove the isotropic signal), as is signal, which was indeed observed. However, als® at
characteristic of the cubic phase. Furthermore, in all samplesTy, the amount of isotropic phase relative to the phase
in which 3P NMR showed an isotropic signal, a weak X-ray appears to decrease slightly for WALP27 relative to WALP23,
reflection was observed (data not shown), that could not be which would be counter to the trend belol. A possible
attributed to an L or H, phase. Finally, the induction of a  explanation is that WALP27 may be rather long to fit well
cubic phase has been observed previously in DEPE, byinto either the cubic phase or the, phase, and that as a
alamethicin 26), in the presence of DMPE with a PEG550 response it could partially aggregate or not fully associate
chain covalently attached to its headgro&d)( and after with the lipid. Indeed the longest peptide, WALP31, does
rapid temperature cyclinggg, 53. not significantly affect the lipid’'s phase behavior and is most

Let us first discuss the peptide-induced formation of a likely not incorporated into the bilayer due to the large
cubic phase for the intermediate length peptides WALP19 positive mismatch (see below).
through WALP23. These peptides would be still shorter than  Lack of Bilayer Stabilization by Longer Peptide&n
the total bilayer thickness>@37 A), and have their tryp-  important observation was that a positive mismatch did not
tophans located at the interface below the phosphates. Thdead to bilayer stabilization. Even in the presence of the
formation of a cubic phase upon incorporation of these longest peptides, nolphase was observed at temperatures
peptides could be due to mismatch-induced effects on theabove Ty. Yet it is known that lysophosphatidylcholine,
lipid spontaneous curvature. DEPE itself has a negative which has a positive spontaneous curvature, can counteract
spontaneous curvature. While the shortest peptides, WALP14the negative spontaneous curvature of phosphatidylethano-
through WALP17, will further increase this negative curva- lamine and stabilize bilayer formatioB4). Apparently this
ture, thereby promoting Hphase formation, incorporation  does not happen for a positive curvature induced by peptide/
of longer peptides might progressively decrease the spon-lipid mismatch. Instead, the longest peptide, WALP31,
taneous curvature of the system, thus favoring the formationappears to react to the mismatch by not incorporating in the
of a cubic phase relative to an,Hbhase. Why would this  membrane. Such behavior was recently demonstrated by
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sucrose density gradient centrifugation experiments for that transmembrane peptides are able to disrupt the bilayer
WALP31 in mixtures of DOPE and dioleoylphosphatidylg- organization in biological membranes, in ways that critically
lycerol (S. Morein, R. E. Koeppe Il, G. Lindblom, B. de depend on the extent of matching between the peptide length
Kruijff, and J. A. Killian, manuscript submitted), as well as and the bilayer thickness, and on the spontaneous curvature
in phosphatidylcholine bilayers (M. R. R. de Planque, E. of the lipids. These same types of protein/lipid interactions
Goormaghtigh, R. M. J. Liskamp, R. E. Koeppe Il, and J. may play a role in the biological functioning of, for example,
A. Killian, manuscript in preparation). In these cases, the signal sequences and fusion peptides, which is believed to
peptides were found to segregate out of the bilayer asinvolve the transient formation of nonlamellar structures (see,
peptide-rich aggregates together with a small number of e.g., 23, 55. Signal sequences and fusion peptides have
lipids. Itis likely that the same behavior occurs for WALP31 lengths that normally would not allow them to completely
in DEPE in the present study, as supported by the lack of span the membrane, similar to the shorter WALP peptides.
effect of this peptide offy and the H tube diameter. The In view of the results obtained here, it would be interesting
small isotropic signal observed in both the bilayer and H to see whether and how the optimal functional length of such
phases of WAL31/DEPE mixtures may then be representativepeptides depends on bilayer thickness and membrane lipid
of lipids in such peptide-rich aggregates. curvature.

In contrast to WALP31, the somewhat smaller WALP27
clearly is at least partially associated with the lipids and ACKNOWLEDGMENT
appears to be present both in thephase and in the isotropic e thank Prof. Ben de Kruiff for helpful discussions and
phase abov@y. However, also for this peptide no stabiliza-  for critically reading the manuscript.
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