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ABSTRACT. We have investigated the effects of the modédielical transmembrane peptide ActieK o-

amide (Lz4) on the thermotropic phase behavior of aqueous dispersions of 1,2-dielaidoylphosphatidyle-
thanolamine (DEPE) to understand better the interactions between lipid bilayers and the membrane-spanning
segments of integral membrane proteins. We studied in particular the effegt and. three derivatives
thereof on the liquid-crystalline lamellar {}—reversed hexagonal (fiphase transition of DEPE model
membranes by differential scanning calorimetry &#el nuclear magnetic resonance spectroscopy. We
found that the incorporation ofzk progressively decreases the temperature, enthalpy, and cooperativity
of the L,—H, phase transition, as well as induces the formation of an inverted cubic phase, indicating
that this transmembrane peptide promotes the formation of inverted nonlamellar phases, despite the fact
that the hydrophobic length of this peptide exceeds the hydrophobic thickness of the host lipid bilayer.
These characteristic effects are not altered by truncation of the side chains of the terminal lysine residues
or by replacing each of the leucine residues at the end of the polyleucine copg with. a tryptophan
residue. Thus, the characteristic effects of these transmembrane peptides on DEPE thermotropic phase
behavior are independent of their detailed chemical structure. Importantly, significantly shortening the
polyleucine core of b4 results in a smaller decrease in thg-H, phase transition temperature of the
DEPE matrix into which it is incorporated, and reducing the thickness of the host phosphatidylethanolamine
bilayer results in a larger reduction in the-tH; phase transition temperature. These results are not
those predicted by hydrophobic mismatch considerations or reported in previous studies of other
transmembrane-helical peptides containing a core of an alternating sequence of leucine and alanine
residues. We thus conclude that the hydrophobicity and conformational flexibility of transmembrane peptides
can affect their propensity to induce the formation of inverted nonlamellar phases by mechanisms not
primarily dependent on lipietpeptide hydrophobic mismatch.

The complex mixture of lipids present in prokaryotic and monoglycosyl diacylglycerol and zwitterionic PE components
eukaryotic cell membranes typically forms only a liquid- prefer inverted hexagonal and cubic phases, and certain
crystalline lamellar (L)! phase under physiologically relevant anionic phosphorylated glycolipid components prefer the
conditions (—2). However, the individual lipid classes normal micellar phase6( 7). Similarly, in eukaryotic
present in such membranes can form either lamellar or membranes, the zwitterionic PC and sphingomyelin com-
nonlamellar phases when dispersed in excess wates)( ponents and the anionic phosphatidylserine component prefer
In prokaryotic cell membranes, the uncharged diglycosyl the lamellar phase, the zwitterionic phospholipid component
diacylglycerol and anionic phosphatidylglycerol and cardio- PE prefers the K phase, while the anionic, complex
|Ip|n components prefer the lamellar phase, their uncharged g|ycosph|ngo||p|d (gang“oside) Components prefer the nor-
mal micellar phase at neutral pH and physiological ionic
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nuclear magnetic resonance; PE, phosphatidylethanolamine; DEPE, i
dielaidoylphosphatidylethanolamine; DPEPE, dipalmitelaidoylphos- The phase that a fully hydrated membrane lipid prefers

phatidylethanolamine; L, lamellar liquid-crystalline; |, lamellar gel; under a given set of conditions can be rationalized by
Hy, inverted (or reversed) hexagonal, liquid-crystalline lamellar considering the geometric packing of lipid molecules in
inverted hexagonal transition temperature;, LAc-K2-L.4-K-amide; ; i i ;

Por, AC-GKoLacK - A-amide: WlorW. AC-KaW-L - W-K ~amide: various aggregates, which can in turn be Qescrlbed b.y.a
L24DAP, Ac-(DAP)-L,-(DAP)-amide; Rs, Ac-K»-G-LisKo-A-amide: packing parameter or shape_ factor characteristic of the lipid
DAP, L-2,3-diaminopropionic acid. molecule under these conditions (see 1@&nd 10). For a
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series of different phospholipids having the same number that of the most common lipid species present in most
and type of hydrocarbon chains, this parameter is in turn eukaryotic and prokaryotic membrand3.(Many previous
determined primarily by the optimal area occupied by the studies have shown that DEPE is an excellent matrix for
polar headgroup at the lipiewater interface. If the confor-  investigating the relative effects of lipophilic additives on
mations of the various phospholipid polar headgroups are lipid lamellar/nonlamellar phase behavior (see t&fand
generally similar, the optimal area occupied by the polar references therein). Other studies have shown that naturally
headgroups should be approximately proportional to head-occurring peptides such as alamethicin, gramicidin A, and
group size T, 11—13). However, second-order but neverthe- gramicidin S all promote nonlamellar phase formation when
less potentially important interactions can also affect the incorporated into DEPE dispersion27(-30). Moreover,
optimal headgroup area and thus the effective shape of therecent experiments with the WALP peptides have shown that
lipid molecule, including attractive hydrogen-bonding and synthetic a-helical transmembrane peptides may have a
electrostatic interactions with adjacent polar headgroups. profound effect on the lamellar/nonlamellar phase behavior
With liquid-crystalline PE bilayers, the combination of the of DEPE, depending on the mismatch between the hydro-
relatively small size of the polar headgroups and their phobic length of the peptide and the hydrophobic thickness
capacity for electrostatic and hydrogen-bonding attraction of DEPE bilayers §1).
to adjacent polar headgroups results in significant negative In this study, we investigate the effects of thenelical
curvature stress, which is the driving force behind their transmembrane peptide;4.and other structurally related
propensity to form kl phases at higher temperatures. The peptides on the —H, phase equilibrium of a DEPE matrix.
modulation of both lipid packing and curvature stress by The examined structural derivatives were used to evaluate
inclusions, such as proteins and peptides, can markedly affecseveral hypotheses related to the effects of pepfiged
the lamellar/nonlamellar phase behavior of lipid membranes hydrophobic mismatch on the lamellar/nonlamellar phase
(for reviews, see refd3 and 14). behavior of phospholipid model membranes. First, with the
The synthetic peptide J and its analogues have been peptide L,-DAP, the two pairs of capping lysine residues
successfully used as a model of the hydrophobic transmem-at the end of k4 have been replaced with the lysine analogues
branea-helical segments of the integral membrane proteins DAP, in which three of the four side chain methylene groups
(15, 16). These peptides are composed of a long sequencehave been removed. This peptide was used to test the so-
of hydrophobic leucine residues capped at both the N- andcalled snorkel model first suggested by Segrest eBa).tp
C-termini by two positively charged, relatively polar lysine explain the behavior of positively charged residues in the
residues. The polyleucine core of these peptides forms aamphipathic helixes present at the surfaces of blood lipo-
hydrophobiax-helix that is intended to span the lipid bilayer, proteins and later extended to transmembraselices by
while the somewhat polar positively charged lysine residues von Heijne et al. 3). According to the transmembrane
at the N- and C-termini serve to anchor these termini to the peptide version of the snorkel model, the long, flexible
bilayer surface and to inhibit lateral aggregation. The hydrophobic side chains of lysine or arginine can extend
a-helical conformation and transbilayer orientation of these along the transmembrane helix so that the terminal charged
peptides within lipid bilayers have been proven by a moiety can reside in the lipid polar headgroup region while
combination of CD 4), FTIR (17—19), X-ray diffraction the a-carbon of the amino acid residue remains well below
(20), and fluorescence quenchinglj measurements. DSC  (or possibly above) the membraneater interface, even
(15, 17) and?H NMR spectroscopicl(5, 22, 23) studies also ~ when the hydrophobic length of the peptide is considerably
indicate that the incorporation of these peptides into PC anddifferent from that of the host lipid bilayer. Because of the
PE bilayers broadens the gdiquid-crystalline phase transi-  shorter spacer arms between the charged group and the
tion and reduces its enthalpy. It has also been demonstratedx-carbon of DAP, the peptide k-DAP is expected to be
that the effects of these peptides on PC bilayers are dependerless accommodating to hydrophobic mismatch and any
on both the sign and magnitude of the mismatch betweeneffects of such mismatch on the thermotropic phase behavior
peptide hydrophobic length and membrane hydrophobic of its host lipid bilayer should be exaggerated.
thickness {7). However, comparable hydrophobic mismatch ~ Second, to investigate the importance of interfacially
effects are not observed whensfs incorporated into PE  located tryptophan residues with respect to the effects of
bilayers @4). In addition,’H NMR spectroscopic studie2%) transmembrane peptides on their host lipid bilayer, we have
have shown that in the rotational motion of;Rbout its examined the effect of the peptide WW on the lamellar/
long axis perpendicular to the membrane plane is severelynonlamellar phase behavior of DEPE membranes. WL
restricted in the gel state but quite rapid in the liquid- is an Ly, derivative in which the residues Leu-3 and Leu-26
crystalline state. Finally, ESR) results show that a closely  are replaced with tryptophans. The preference of tryptophan
related peptide, 44, exists at least primarily as a monomer and tyrosine residues for membrane pelapolar interfaces
in liquid-crystalline PC bilayers, even at relatively high is found to be one of the common features of natural
peptide concentrations. membrane proteins3d). Previous studies have shown that
In this study, the synthetic phospholipid DEPE was used interfacially localized typtophan residues are necessary for
as the primary matrix lipid to study transmembrane peptide the promotion of kl phases by the peptide gramicidin A
lipid interactions generally and the effect of these peptides and that N-formylation of these trytophan residues com-
on the L,—Hy phase equilibrium in particular. This lipid is  pletely and reversibly blocks the capacity of gramicidin A

well-suited for these studies because is-L, and L,—Hj to induce H phase formation in dioleoylphosphatidylcholine
phase transition temperatures occur at experimentally con-model membranes36—37). In addition, recent studies of
venient temperatures~B7 and~65 °C, respectively J)] the WALP model transmembrane peptides (for details on

and because its hydrocarbon chain length closely matcheghe structures of these peptides, see B%sand45) have
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shown that these peptides can promote the formation of
inverted nonlamellar phases in PC and PE model membranes
and that interfacially localized tryptophans markedly enhance
their capacity to do so3@, 38—40).

Finally, to address more directly the issue of peptide
hydrophobic mismatch on membrane lamellar/nonlamellar
phase behavior, we have studied the effect of theeptide
on the lamellar/nonlamellar phase equilibrium of DEPE and
have also examined the effect of the longer peptides such as
Lo4 on the lamellar/nonlamellar phase behavior of DPEPE.
The R peptide is a structural analogue of,Rvith a shorter : L -
hydrophobic polyleucine core (16 rather than 24 leucine 30 40 o 60 70
residues), and DPEPE is a shorter chain homologue of DEPE  Temperature, €
which forms bilayers with a reduced hydrophobic thickness. rHISsL,Jt?gti}n:g t?i%gf;&')rt‘r%gig?hzgg ggﬁg(]/?or(%(f)t;%rﬂggngrg?sop?gﬁsrigsn .
In contrast to previous findings \,N'th the WALP and KALP of DEPE in the absence of peptide. The thermograms that are shown
transmembrane peptldes, we find no evidence for hydrO- were acquired at scan rates of 30/h.
phobic mismatch effects playing the major role in determin-
ing the effects of by and related peptides on the+tH RESULTS
phase equilibrium of the host PE matrix.

Endothermic Heat Flow ——

DSC thermograms illustrating the thermotropic phase
MATERIALS AND METHODS bghawor of aqueous Q|sper5|ons of DEP_E are show!’n in
Figure 1. In the heating mode, two fairly cooperative

The peptides R, Lss L.+DAP, and W-LrW were endothermic phase transitions occur. The more energetic

synthesized and purified using the solid phase synthetic Phase transition centered near°€7corresponds to the;e
methodology and the high-performance liquid chromato- L. phase transition, and the less energetic phase transition
graphic procedures described by Zhang et 4l).(Phos- ~ Ceéntered near 65C corresponds to the (=Hy phase
pholipids were obtained from Avanti Polar Lipids Inc. transition (see re8 and references therein). In the cooling

(Birmingham, AL) and used without further purification. rr]gde,btlhehhi—La p'hage. transition gf DEPESSP):hibitS cr:)n-
Lipid/peptide vesicle suspensions were prepared as follows.>'@¢raP€ ysteresis, being centered neaiG8vhereas the

The lipid and peptide were codissolved in methanol in a clean !“‘_Lﬁ phase transition exhibits less hysteresis but is split

glass test tube in proportions appropriate for the required into two overlapping components. The splitting of the cooling

lipid:peptide ratio. The solution was concentrated with a E)t()gtehr(\a/(r—:ﬂ vgi];ht?r?e h;(i,_gr Sggjﬁtggagzgcg 4)h:rs], drﬁsoegfsen
stream of nitrogen to a small volume-Q.1 mL), and ' PP

approximately 4 mL of benzene was added. The sample wasto be the result of domain inhomogeneities in the sample

then frozen with dry ice and acetone and lyophilized in vacuo (44). Although we will briefly discuss the effects of
. y yop . incorporating the various transmembrane peptides studied
overnight. The powdery sample that was obtained was

. S F i on the L—L, phase transition, the focus of this study is on
hydrated by vigorous vortexing in a buffer [50 mM Tris and the effeLéts of Ft)hese peptides on the-H, phase transi)t/ion.
tlhoeo Dmsl\é ,e\zlfpcelri(nagnZSA)c]) gtr;irgg%?)::rsezo%?;;%% ZF?;g of DSC heating thermograms illustrating the general effects

P of these transmembrane peptides on t hase
lipid were analyzed with a Microcal-VP-DSC high-sensitivity Pep heLa p

. . , transition of aqueous dispersions of DEPE are shown in
microcalorimeter (Microcal Software Inc., Northampton, pigre 2. The thermograms were obtained from preparations

MA) operating at scan rates near 30'h except where noted. composed of DEPE and the peptidg nd are typical of
Data were normally acquired during three cycles of heating ,4se exhibited by mixtures of DEPE with all of the peptides
and cooling scans and were analyzed with the Origin yseq in this study. It is clear that the incorporation of
software package (Microcal Software Inc.). The reported jncreasing quantities of 4 progressively decreases the
transition midpoints represent the temperatures at which 5O%midpoint temperature and enthalpy and markedly increases
conversion occurs based on the areas of the DSC peaks. Aline width (i.e., decreases the cooperativity) of the-L,

of the DSC experiments reported here were carried out twice, phase transition of DEPE. Essentially identical effects on
and the results of each set of experiments were very similar.ihe Ls;—L, phase transition of DEPE were observed upon
For the®'P NMR spectroscopic experiments, samples typi- incorporation of peptides &-DAP and W-L,W (data not
cally containing 10 mg of lipid were dispersed in the same presented). These results are qualitatively similar to those
buffer used for the DSC experiments by three cycles of observed upon incorporating comparable amounts of the
vigorous vortexing at temperatures near*&and cooling  closely related peptide,Rinto linear saturated PC and PE
to 0 °C. Samples were then cooled to temperatures near Opjlayers (L6, 25) and thus confirm that the three peptides
°C prior to initial data acquisition in the heating mod& being studied here are being efficiently incorporated into the
NMR spectra were recorded with a Varian Unity 300 PE matrix.

spectrometer (Varian Instruments, Pala Alto, CA) operating DSC thermograms illustrating the general effects of these
at 121.42 MHz for®'P. Data were recorded and processed transmembrane peptides on thg-H, phase transition of
using the data acquisition and data processing parameter®EPE are shown in Figure 3. Again, the thermograms were
described by Lewis et al4@) and were plotted with the  obtained from preparations of DEPE and the peptigeahd
Origin software package. are typical of those exhibited by mixtures of DEPE with-L



Transmembrane Peptides and Lipigdll, Phase Preferences Biochemistry, Vol. 40, No. 3, 2001763

!

0.8

L,-DAP || W-L-W

e
EN

e
5

0.00

Enthalpy, Kcal/Mol

0.0 1L ! ! ! ! ! 1 1 ! 1 L L

Endothermic Heat Flow

0.25 “00 05 10 15 00 05 10 L5 00 05 10 15
0.50 Peptide Concentration, Mol Percent
’ Ficure 4. Effect of peptide concentration on the enthalpy of the
1.00 L,—H, phase transition of DEPE. The enthalpy values that are
1.50 shown were derived from DSC heating thermograms obtained using
h ) . - A a scan rate of 30C/h. The enthalpy values that are shown are the
32 34 36 38 40 average and standard error from three determinations each on two

independently prepared samples. The symbols used for mixtures
of DEPE with each peptide are4(a), L,,DAP (@), and W-Lo,W
FIGURE 2: DSC heating thermograms illustrating the effect of (m).
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rate of 30°C/h.
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Ficure 3: DSC heating (A) and cooling (B) thermograms illustrat-
ing the effect of the incorporation of peptideslon the L,—Hj Ficure 5: Effects of peptide concentration on thg-tH, phase
phase transition of DEPE. The thermograms that are shown weretransition temperature of DEPE. The data were obtained from
acquired at scan rates of 3€/h and at the indicated peptide heating (white symbols) and cooling (black symbols) thermograms
concentrations (mole percentage). acquired at scan rates near @'h. The symbols used for mixtures
of DEPE with each peptide are;4(a or A), L,,-DAP (® or O),

DAP and W-Ls+W as well. It is clear that the incorporation ~ 2nd W-Lez'W (M or 0).
of these peptides into DEPE vesicles results in a progressivegbserved at higher peptide concentrations are comparable
decrease in thé, as well as a marked decrease in the to those observed upon heating. Consequently, the overall
enthalpy (see Figure 4) and in the cooperativity of the'L  decreases ifi, observed upon cooling are smaller that those
Hu phase transition. The effects of these peptides offthe  gbserved in the corresponding heating experiment. It is thus
of DEPE directly reflect their effects on the lamellar/ clear that these transmembrane peptides all destabilize the
nonlamellar phase-forming propensity of their lipid hosts and |, phase of DEPE relative to its,Hphase, thus promoting
are the primary focus of this study. the formation of the inverted nonlamellar phase at lower

The effect of variations in peptide concentration on the temperatures. It is also apparent that in both heating or
T, of the DEPE matrix is presented in Figure 5. With the cooling mode experiments, these three transmembrane pep-
peptides kg, L24-DAP, and W-L-W, the T, observed upon  tides all induce comparable decreases inThef the host

52 1 L '
0.0 0.5 1.0 1.5

Peptide Concentration (mole %)

heating decreases fairly sharply at lo#Q.25 mol %) levels lipid throughout the entire range of peptide concentrations
of peptide incorporation, and less sharply at the higher that were examined. Thus, the characteristic effects of this
peptide concentrations that were studied (6:2% mol %), class of a-helical transmembrane peptides on both the

where the decreases W, are a nearly linear function of lamellar get-liquid-crystalline and liquid-crystalline lamel-
peptide content. In the cooling mode, the initial decreases lar—nonlamellar phase transitions of DEPE dispersions are
in T, observed at low peptide concentrations are smaller thangeneral and are not significantly affected by the structural
observed upon heating, but the incremental decreasgs in variations of the by peptide examined here.



764 Biochemistry, Vol. 40, No. 3, 2001 Liu et al.

A “ A " B

I § \i
AN

z 0.00 02 0 .\.
=
CHNANC I 0
@ i 60 . 8}
= N 050 = 10 i
2 Il . =
£ N 0.T5 )
-] 58
£ 12t
e————h 25 e
B o 150 sr 1.0 - .

L 1 L I 1 J MM\W

45 S0 55 60 65 70 0.0 0.5 1.0 15 6'0 8'0 1(')0 -]60 0—~—-—~—015—~—a——-—110

Temperature, °C Mol % L,, Temperature, °C Mol % W-L_-W

Ficure 6: Effect of the incorporation of peptide,don the L,—

H, phase transition of DEPE. Panel A shows DSC heating
thermograms of the J—H,, phase transitions exhibited by vesicles
composed of DEPE and the peptidg.F'he thermograms that are
shown were acquired at scan rates ofGth at the indicated peptide
concentrations (mole percentage). Panel B shows a comparison o
the concentration-dependent changes inThef DEPE induced

by the peptides R (W) and Ly, (a).

Previous studies have demonstrated that a significant
peptide-induced enhancement in membrane nonlamellarcompared with the corresponding experiments using DEPE
phase-forming propensity occurs when the lipid hydrophobic so that effects arising from this type of hydrophobic
thickness significantly exceeds the hydrophobic length of the mismatch should be exaggerated. DSC thermograms which
embedded transmembrane peptid¥s 86, 39, 40, 45—48). illustrate the effect of the peptidesd- W-L,W, and Ly
The effects of varying peptide length and lipid bilayer DAP on the L,—H, phase transition of DPEPE are shown
thickness on the lamellar/nonlamellar phase behavior of in the left panel of Figure 7. DPEPE exhibits itstL, phase
peptide-containing PE vesicles were thus examined to transition at temperatures near 20 and its L,—H, phase
determine whether comparable hydrophobic mismatch effectstransition at temperatures near ¥2 (50). The incorporation
are involved in the phenomena reported here. One series ofof these peptides into DPEPE vesicles also causes a marked
measurements involved an examination of the effect of the lowering of theT;, of the DPEPE lipid matrix as well as a
peptide Rs on the L,—H, phase transition of DEPE. The decrease in the enthalpy and the cooperativity of the lipid
mean hydrophobic length ofi? expressed as the length of L,—H, phase transition, results qualitatively similar to those
the polyleucine sequence measured at any point along theobserved with the corresponding DEPE/peptide mixtures.
helix surface (see reff7), is about 26-21 A, approximately ~ Also, the peptide concentration dependence of the peptide-
2[5 of that of the peptidesds, W-Lo>-W, and Los-DAP (30— induced decreases in thigof DPEPE is phenomenologically
31 A), and the hydrophobic length ofdshould therefore  similar to that exhibited by the corresponding DEPE/peptide
be much shorter than the expected hydrophobic thicknessmixtures (Figure 7, left panel), although the magnitude of
of liquid-crystalline DEPE bilayers+29 A; see re#t9). DSC the decrease if, is considerably greater with the DPEPE/
thermograms illustrating the effect of the peptide &h the peptide mixtures. We also note that peptide-induced de-
L,—Hy phase transition of DEPE are shown in Figure 6 (left creases in theJ—L, phase transition temperatures were also
panel). As observed with the other peptides studied here,observed with the DPEPE/peptide mixtures examined here.
the incorporation of increasing quantities gt ihto DEPE However, unlike with the L—H, phase transition, the
results in considerable broadening of thg—H, phase magnitudes of the changes observed were comparable to
transition endotherm. Moreover;, generally decreases as those observed with the corresponding DEPE/peptide mix-
the peptide concentration increases, and as observed withures (data not shown).
the other peptides, this decrease is more pronounced at low Additional calorimetric experiments were performed to
peptide concentrations. However, the reductions Tef evaluate the possible influence of kinetic artifacts on the
observed with the B/DEPE mixtures are significantly  observations reported above. This possibility was suggested
smaller than those of DEPE mixtures containing the longer by the substantial cooling hysteresis which occurs at the H
peptides. This latter observation indicates that despite beingL, phase transition of DEPE (see Figure 1) and by previous
significantly shorter than its host DEPE membrane host, the indications that the kinetics of l=H, phase transitions can
peptide Rsis not as efficient at inducing nonlamellar phase be relatively slow because of the requirement for an
formation in its host lipid membrane as are the longer interconversion between a two-dimensional and a three-

Ficure 7: Effects of peptide incorporation on the+H; phase
transition of DPEPE. Panel A shows DSC heating thermograms of
the L,—H; phase transitions exhibited by vesicles composed of
DPEPE and the peptide Wx:W. The thermograms that are shown
were acquired at scan rates of 30/h at the indicated peptide
concentrations (mole percentage). Panel B shows a comparison of
the peptide-induced depression in fheof DPEPE @) and DEPE

(m).

peptides used in this study. dimensional lipid phaseb(l). These issues are particularly
The second series of measurements involved an examinarelevant to this work because the detection and accurate
tion of the effect of the peptidesah, W-Lo»-W, and Ls measurement of the thermodynamic properties of broad,

DAP on the L,—H, transition of DPEPE, a shorter chain weakly energetic phase transitions, such as theH, phase

homologue of DEPE. In these experiments, the peptide transitions exhibited by many of the peptide-containing PE
hydrophobic length (3631 A) will more greatly exceed the  preparations that were examined, require relatively rapid
lipid hydrophobic thickness~25 A; see ref49) when heating or cooling of the sample. Thus, to determine whether
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normalized to reflect variations in the scan rate that was utilized.

68r
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Ficure 9: Effect of scan rate on the,tH, phase transition
temperatures of peptide-fre® @ndO) and peptide-containinga(

of this effect is similar for peptide-free and peptide-containing
DEPE dispersions and is clearly smaller than the observed
peptide-induced changes . We therefore conclude that
the observed peptide-induced decreaser,iare the result
of real shifts in the L—Hy; phase equilibrium and not the
result of kinetic artifacts.

3P NMR spectroscopic measurements were also per-
formed to determine the nature of the various lamellar
nonlamellar phase transitions exhibited by the peptide-
containing vesicles examined in this study. As illustrated in
Figure 10A, aqueous dispersions of DEPE exhibit so-called
axially symmetric®’P NMR powder patterns at temperatures
below the onset of the J—H, phase transition of the lipid.
Such powder patterns are typical of those exhibited by
phospholipid bilayers in which the phosphate headgroup
reorientational motions are fast and axially symmetric on

and ) DEPE vesicles. The data were acquired from both heating the 31P NMR time scale §2). At temperatures above the

(black symbols) and cooling (white symbols) experiments. The
peptide-containing DEPE sample contained 0.5 mol £ L

calorimetrically determined J{—H, phase transition, the
powder pattern narrows significantly and its shape changes

our results may have been affected by any differential effect abruptly to one characteristic of phospholipid headgroups
of the incorporated transmembrane peptide on the kinetics,undergoing fast orientational motions in an inverted hex-

and thus the apparent temperature, of the-H, phase

agonal assembly5@). As expected, these results are con-

transition as measured by DSC, we carried out a series ofsistent with the conversion of an, Iphase to an kiphase at

experiments in which the scan rate dependencies ofthe

temperatures coinciding with the calorimetrically observed

of peptide-free and peptide-containing DEPE samples wereheating endotherm near 6&. Figure 10 also shows that
compared, and the results of such an experiment are showrthe DEPE/peptide mixtures that were examined begin to
in Figure 8. A comparison of the scan rate dependencies ofexhibit 3P NMR signatures of [iphases at lower temper-

the calorimetrically determinet, values of peptide-free and

atures than with pure DEPE dispersions, in a peptide

peptide-containing DEPE vesicles is presented in Figure 9.concentration-dependent manner. Thus, with mixtures con-
With pure DEPE vesicles, increases in the heating scan ratetaining 0.5 mol % peptide’’P NMR signatures consistent

ranging from 10 to 50°C/h produce a relatively small
increase{1 °C) in the calorimetrically determinem, values.
Slightly larger decreases if, (~2 °C) are observed when

with the retention of lamellar structures are observed at
temperatures near & and powder patterns consistent with
complete conversion to the Hphase are observed at

the scan rate was varied in the cooling mode (see Figure 9).temperatures near 6C (Figure 10B). At peptide concentra-
With the lipid/peptide mixtures, the same increases in heatingtions near 1.5 mol %, ouP NMR spectroscopic data also

scan rate result in a relatively small decreas®.6 °C) in
the apparenty, of the lipid/peptide mixture, and somewhat
larger decreases in the apparditin the corresponding

show that the onset of Hphase formation occurs at
temperatures near 58 and is substantially complete at
temperatures near 60C (Figure 10C), observations in

cooling experiments (Figure 9). These results do indicate thatexcellent agreement with the results of our DSC experiments.

there is a small kinetic component to calorimetrically
determinedT;, values recorded for DEPE and its mixtures

However, the data also show that tH® NMR spectra of
the peptide-containing samples also contain nontrivial con-

with the transmembrane peptides. However, the magnitudetributions from a resonance peak at the so-called isotropic
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frequency (Figure 10B,C) and that the relative intensity of lipid matrix. There were also indications that WALP-31 (the
this peak increases with increasing peptide concentration.longest of the WALP peptides used) may not be completely
The structural basis of the appearance of this signal is uncleamiscible with the |, and H, phases of dielaidoyl or dioleoyl
at this time but could, in principle, be an indication of the phospholipids, presumably because its hydrophobic length
presence of small fast tumbling vesicular structures or three-greatly exceeds the probable hydrophobic thickness of these
dimensionally ordered lipid structures such as inverted cubic lipids, especially at temperatures above Tag40, 47). In
phases%3), most likely the latter. Nevertheless, it is clear these respects, the behavior of the WALP peptides contrasts
that such structures form only a small fraction of the overall sharply with that of our dilysine-anchored peptides, which
phospholipid population throughout most of the range of cause a significant enhancement of the nonlamellar phase-
peptide concentrations that were examined and that theforming propensities of their host PE membranes under
dominant structural change being monitored in our calori- conditions where peptide hydrophobic length is either
metric experiments is in fact the,EH,, phase transition of =~ comparable to or significantly greater than the expected
the PE matrix, even at the highest peptide concentrationshydrophobic thickness of the liquid-crystalline lipid mem-
that were tested. brane hosts. Interestingly, Killian and co-workers also
demonstrated that some dilysine-anchored model transmem-
DISCUSSION brane peptides (KALPs) can also induce the formation of
The most important finding of this study is that small nonlamellar phases under conditions where membrane
amounts of the three-helical transmembrane peptides4L hydrophobic thickness greatly exceeds peptide hydrophobic
W-Lo-W, and L,,-DAP) significantly lower the k—H, length 89). However, the KALP peptides were shown to
phase transition temperature of the PE matrixes into which be less potent inducers of nonlamellar phase formation than
they insert and that this effect is qualitatively and quantita- the corresponding WALP analogues, and evidence of non-
tively comparable when each of these three peptides islamellar phase formation was only obtained when the KALP
incorporated into the same PE matrix. Peptide-induced peptides were incorporated into membranes composed of
promotion of lipid nonlamellar phase formation has been the unsaturated phospholipids with very long chains. The authors
subject of many theoretical considerations (see 3&fs36, therefore concluded that the induction of nonlamellar phases
54, and 55 and references therein) and has been observedby the WALP and KALP series of peptides was driven by
experimentally in lipid bilayers containing the amphipathic the hydrophobic mismatch stress which occurs when mem-
o-helical peptide alamethicin2g), the channel-forming  brane hydrophobic thickness significantly exceeds peptide
antimicrobial peptide gramicidin A (ref5, 35, 36, and48 hydrophobic length, and the difference between the non-
and references therein), and the cycBiesheet-forming  lamellar phase-inducing properties of comparable WALP and
antimicrobial peptide gramicidin $29), and has recently =~ KALP peptides was ascribed to differences in the affinities
been observed in lipid bilayers containing a number of of the anchoring tryptophan and lysine residues for the
synthetic tryptophan-anchored transmembrane peptides, thgpolar—apolar interfacial regions of their membrane hosts
“WALP” peptides @5—47). However, the mechanism(s) (39). In these studies, we also demonstrate that dilysine-
whereby such peptides induce or otherwise potentiate theanchored transmembrane peptides can enhance the non-
formation of nonlamellar phases in their host lipid matrixes lamellar phase-forming propensity of their PE membrane
is currently unknown, and it is not clear whether our hosts. However, as shown below, our data cannot be
experimental observations are mechanistically comparablerationalized within the framework of the hydrophobic
to any of the previously reported instances of peptide-induced mismatch effects described by Killian and co-workers.
enhancement of lipid nonlamellar phase formation. The We have clearly demonstrated here that our dilysine-
mechanistic basis for the peptide-induced enhancement ofanchored peptides gk, W-L,»-W, and L,,-DAP) significantly
lipid nonlamellar phase-forming propensity is an unresolved enhance the lamellar/nonlamellar phase-forming propensity
issue which is under active investigation in many laborato- of DEPE model membranes under conditions where peptide
ries. hydrophobic length exceeds membrane hydrophobic thick-
It is interesting to compare the general findings of these ness. Moreover, the magnitude of this effect increases when
studies with the spectroscopic and X-ray diffraction studies these same peptides are incorporated into a thinner membrane
of Killian and co-workers, who examined the effects of (see Figure 7, right panel) and decreases when a shorter
various ditryptophan-anchored, 45—47) and dilysine- peptide is incorporated into the DEPE matrix (see Figure 6,
anchored 39) transmembrane peptides on the lamellar/ right panel). These observations are the opposite of the
nonlamellar phase behavior of phospholipid bilayers. These hydrophobic mismatch effects reported by Killian and co-
authors demonstrated that the tryptophan-anchored (WALP)workers. The basis of these phenomenological differences
peptides markedly enhance the nonlamellar phase-formingbetween our results and those obtained in studies of grami-
propensities of their host membranes under conditions wherecidin A and of the WALP and KALP series of peptides is
the lipid bilayer hydrophobic thickness significantly exceeds not clear. However, some of these differences could arise,
the hydrophobic length of the peptidéd( 45—47), observa- in part, from the different methodologies employed in the
tions similar to those reported in comparable studies of the different laboratories. For example, the decreases imthe
interaction of gramicidin A with phospholipid bilayerss, of DEPE observed in our DSC experiments6(-8 °C at
35, 36, 48). They also demonstrated that the peptides WALP- peptide concentrations near 1.5 mol %) are smaller than the
27 and WALP-31 were considerably less efficient at promot- temperature resolution of the comparatie NMR spectro-
ing nonlamellar phase formation in DEPE and DOPE/DOPG scopic studies performed by Killian and co workersl(Q
membranes40, 47), presumably because their hydrophobic °C; see re#40), and it is therefore possible that the peptides
lengths more closely match the hydrophobic thickness of the WALP-27 and WALP-31 could have had effects comparable
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to those observed by us that were not detected in these earliefsnorkel effect” of the terminal lysine residues in modulating

studies. Whether these differences are the cause of, orthe effects a hydrophobic mismatch between peptide hydro-

significant contributors to, the phenomenological differences phobic length and membrane hydrophobic thickness, mainly

noted above remains to be determined. because the effects of our peptides on the lamellar/nonlamel-
Our studies also show that the extent of destabilization of lar phase behavior of their host membrane do not appear to

the L, phase relative to the Hphase of DEPE is not affected be primarily governed by hydrophobic mismatch effects in

by the replacement of each of the leucine residues at theany case. Consequently, these experiments do not provide a

ends of the hydrophobic core of4with tryptophan residues, crucial test of whether the flexible side chains of lysine

or by replacing each of the two positively charged lysine residues near the ends of transmembrane peptide helices can

residues at the two ends of4with the shorter side chain  alter the effective hydrophobic lengths of such peptides.

but still positively charged amino acid analogue DAP. Thus,
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