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ABSTRACT. Lateral segregation in biological membranes leads to the formation of domains. We have studied
the lateral segregation in gel-state model membranes consisting of supported dipalmitoylphosphatidylcholine
(DPPC) bilayers with various model peptides, using atomic force microscopy (AFM). The model peptides
are derivatives of the Ac-GWWL(ALWWA-Etn peptides (the so-called WALP peptides) and have instead

of tryptophans, other flanking residues. In a previous study, we found that WALP peptides induce the
formation of extremely ordered, striated domains in supported DPPC bilayers. In this study, we show that
WALP analogues with other uncharged residues (tyrosine, phenylalanine, or histidine at pH 9) can also
induce the formation of striated domains, albeit in some cases with a slightly different pattern. The WALP
analogues with positively charged residues (lysine or histidine at low pH) cannot induce striated domains
and give rise to a completely different morphology: they induce irregularly shaped depressions in DPPC
bilayers. The latter morphology is explained by the fact that the positively charged peptides repel each
other and hence are not able to form striated domains in which they would have to be in close vicinity.
They would reside in disordered, fluidlike lipid areas, appearing below the level of the ordered gel-state
lipid domains, which would account for the irregularly shaped depressions.

Interactions between lipids and membrane proteins are The positively charged residues lysine and arginine are
generally known to have a major effect on the structure and enriched at the hydrophilic side of the interfacial region of
function of biological membranes. An important aspect in transmembrane domains, (7) and in the segments flanking
the function and biogenesis of membrane proteins are thetransmembrane-helices 2, 3). Following the positive inside
interactions between the amino acids flanking the hydro- rule, they are preferentially located on ttis-side of mem-
phobic transmembrane domain, and the hydrophebic branes,12), where they associate with anionic phospholipids
hydrophilic interfaces in the membrane. (13), fulfilling a topology-determining role 14). When

It has been found that in integral membrane proteins with flanking a hydrophobiei-helix in transmembrane model pep-
single- or multiple-spanning transmembrane helices, the tides, lysines showed a distinct preference for the hydrophilic
interfacial region is enriched in aromatic residués-3). side of the interfacial region, close to the phosphate groups
Especially tryptophans and tyrosines are abundant in theOf the surrounding lipid bilayers).
interface, and they are genera”y thought to have an anchoring To gain more |nS|ght in these interfacial interactions, model
(4, 5 and stabilizing 6, 7) function. Moreover, it has been  peptides have been uséd (5, 1§. An example of synthetic
suggested that aromatic residues are essential for the propefodel peptides are the so-called WALgptides {7). These
folding and assembly8j, and functioning of integral mem-  peptides consist of an alternating alanine-leucine stretch,
brane proteinsg, 10. Tryptophan residues were found to forming a hydrophobiax-helix, which is flanked on both
be located at the hydrophobic side of the interfacial region, Sides by two tryptophans.
near the carbonyl/glycerol groups of the surrounding phos- Recently we have studied supported DPPC gel-state bi-
pholipids 6, 11). layers containing WALP peptides with atomic force micros-
copy [AFM (18)] (19). AFM offers the possibility to image
supported bilayers under aqueous conditions with a high
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AFM on DPPC Bilayers with Model Peptides

resolution 20—22). We found that the majority of the pep-
tides segregated, together with some lipids, forming ex-
tremely ordered striated domains, in an otherwise predomi-
nantly flat bilayer. Overall, the length of the peptides and/
or lipids did not influence this peculiar behavior. Previously,
Mou and co-workers 23) found comparable results on
gramicidin A (GA), which also clustered together with some
lipids in ordered domains. Like WALP peptides, GA has
tryptophan residues located at the hydrophetigdrophilic
interface of the surrounding lipid bilayer.

To determine whether the formation of ordered striated
domains is a general property of transmembrane peptides
or whether it is unique for peptides containing tryptophans

as flanking residues, we have studied DPPC bilayers contain-

ing the WALP analogues YALP, FALP, KALP, and HALP.
These peptides also consist of an alanine-leucine stretch, bu
are flanked by tyrosines, phenylalanines, lysines, or his-
tidines, respectively, instead of tryptophans. Those amino
acids are known to have different preferences for the
hydrophobie-hydrophilic interface in membranes5). Since
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Table 1: Amino Acid Sequences of the Model Peptides and of
Porcine SPC

peptide amino acid sequence
WALP21 Ac-GWWL(AL)sWWA-Etn
YALP21 Ac-GYYL(AL);YYA-amide
FALP21 Ac-GFFL(AL)FFA-amide
WALP23 Ac-GWWL(AL)sWWA-Etn
KALP23 Ac-GKKL(AL) sKKA-amide
P23 Ac-GHHL(AL)sHHA-amide

porcine SPE€  N-LRIPCCPVDLKRLL(V) -L(V)JVGALLMGL- C

aN-terminal cysteines are palmitoylated, postitively charged residues
are denoted in boldface type, and the hydropheblelical segment
is underlined [from 24)].

of 35 amino acids (sequence listed in Table 1), was isolated
from lung lavage Z5) and was a kind gift of Dr. E. J. A.
1i/eldhuizen. 2,2,2-Trifluoroethanol (TFE) was from Sigma
(St. Louis, MO). For all experiments, MilliQ water was used.

Vesicle PreparationThe peptides were dissolved either
in TFE or in a mixture of chloroform and methanol (3:1;

these peptides share the same hydrophobic alanine-leucin&/V), both yielding similar results, and added to DPPC

segment, solely the effect of different flanking residues on
the aggregation behavior of transmembrane peptides in DPP

bilayers could be determined. DPPC was chosen becausd

DPPC bilayers have previously been extensively character-
ized by AFM and because it is a well-known, naturally
occurring phospholipid, abundant in, for example, pulmonary
lung surfactant.

We studied these systems with AFM and found that the

peptides containing uncharged flanking residues were able

to induce the formation of striated domains in supported
DPPC bilayers, whereas the peptides containing positively
charged residues induced homogeneously distributed, ir-
regularly shaped depressions in the bilayer, and never striate
domains. To explain this difference in morphology, circular
dichroism (CD) and differential scanning calorimetry (DSC)

measurements were done on several systems containin%own at 20

WALP analogues. To rule out that interactions between the
bilayer and the substrate cause the observed morphology
freeze-fracture electron microscopy (EM) was performed
on large multilamellar vesicles containing WALP or KALP.
EM images of such vesicles showed bilayers with a mor-
phology comparable to the supported bilayer systems.

MATERIALS AND METHODS

1,2-Dipalmitoylsn-glycero-3-phosphocholine (DPPC) was
purchased from Avanti Polar Lipids (Alabaster, AL) and used
without any further purification. WALP21, YALP21, and
FALP21 consist of 21 amino acids in total. They contain a
hydrophobic alanine-leucine stretch of 15 amino acids

dissolved in a chloroform/methanol (3:1; v/v) mixture. The

cobtained peptide/lipid mixtures contained 1, 2, or 5 mol %

eptide in lipid. These mixtures were dried in a rotary
evaporator followed by overnight storage under high vacuum.
To the dried mixed films was added 1.25 mL of 20 mM
NacCl solution. In the case of the HALP23 peptides, a 10
mM Tris buffer with 20 mM NacCl, pH 9, or a 10 mM HAc
buffer with 20 mM NacCl, pH 5, was used. For oriented CD
measurements, pure MilliQ water was added. The hydrated
film was shortly heated to 50C and vortexed, to promote
vesicle formation. After 10 cycles of freezéhawing (thaw-
ing at 50°C), large multilamellar vesicles (MLVs) were
btained. Small unilamellar vesicles (SUVs) were made by
onicating a suspension of MLVs in a bath sonicator
(Branson, Danburry, CT) at maximum power for at least 30
min, at 50°C. Possible remaining large vesicles were spun
800 for 1 h, at 4°C. The supernatant containing
SUVs was used for the preparation of supported bilayers.

' Preparation of Supported Bilayer§he supported bilayers
were prepared as describe®( 23 using the vesicle fusion
method. Briefly, 75uL of SUV suspension with a lipid
concentration of£0.5 mM was applied onto freshly cleaved
mica (0.d. 10 mm). The vesicles were allowed to adsorb to
the mica for at least 10 h at4C, as described?@). After
rinsing (10 times with 75L of buffer), the sample was
heated to 60C for 60 min, and afterward, the sample was
left to cool to room temperature at ambient conditions and
subsequently rinsed again. In this way bilayers were obtained,
usually containing defects, piercing the bilayer, and with
some unopened vesicles on top. Differences in lipid con-

flanked on each side by 2 tryptophans, tyrosines, or phenyl- centration in the SUV suspensions lead to different substrate
alanines, respectively. WALP23, KALP23, and HALP23 coverages, which was optimized by prolonged or shortened
peptides consist of 23 amino acids, containing a hydrophobic adsorption times or additional heating and rinsing of the
alanine-leucine stretch of 17 amino acids flanked on each sample. This did not affect the observed morphology of the
side by either tryptophans, lysines, or histidines. Table 1 bilayers, but merely promoted the formation of large areas
shows the amino acid sequences of the different peptidesof bilayer without too many defects or unopened vesicles.
we used. The N-terminus and C-terminus are blocked with The latter two yield features in the images, which disturb
an acetyl group and an ethanolamine or amide group,image processing with the AFM software. Supported bilayers
respectively. All peptides were synthesized essentially asof DPPC with 2 mol % of SPC incorporated were prepared
described previouslysj, and were>95% pure, as checked following the above protocol; however, in this case, the SUV
with HPLC. Porcine surfactant protein C (SP-C), consisting suspension had to be diluted 4 times before it was applied
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to mica, to obtain a bilayer without too many unopened (light) and low (dark) lines, with a repeat distance (i.e., the
vesicles on top. All samples were scanned a few hours afterwidth of a low and a high line) of 7.5 0.4 nm, which
preparation. curve at angles of 120

Atomic Force MicroscopyThe sample was mounted on Figure 1B depicts an image of a supported DPPC bilayer
an E-scanner, which was calibrated on a standard grid, of awith 2 mol % WALP21 incorporated, also showing striated
Nanoscope Il (Digital Instruments, Santa Barbara, CA). A domains. The domains appear2A above the level of the
quartz flow cell was used without the O-ring. All samples bilayer and consist of lines with a repeat distance of#.6
were scanned with oxide-sharpened tips with a spring 0.6 nm. In the gel-state bilayer outside the striated domains,
constant of 0.06 N/m, as estimated by the manufacturer line-type depressions can be seen, which were also observed
(Digital Instruments, Santa Barbara, CA). Scans were for the WALPs with other lengths. They are thought to
recorded with a scan speed of 6 lines/s and at a minimal consist of disordered, fluidlike lipids and peptides being
force where the image was stable and clear, which wasexcluded from the solidified DPPC domairkd).
usually smaller than 500 pN. All images shown are flattened To determine whether these striated domains are only
raw data. All bilayers were imaged at room temperature. induced by peptides with a hydrophobic segment flanked

Oriented Circular DichroismCD measurements on ori- by tryptophans, peptides containing other aromatic flanking
ented lipid bilayers containing either WALP23 or KALP23 residues were incorporated in DPPC bilayers and imaged
were performed following the procedure of de Jongh et al. by AFM. In YALP21, the flanking residues consist of
(26). SUVs with a lipid concentration of5 mM with 2 tyrosines. In supported DPPC bilayers, containing 2 mol %
mol % peptide in lipid, in MilliQ water, were prepared as YALP21, striated domains can be seen (Figure 1C). The lines
described above. On a CD quartz cuvette u0of water in these domains have a repeat distance of4.6.4 nm;
was applied and subsequently heated t6@0To the warm they are straight and seem to curve at defined angles (usually
droplet was added 2680 uL of vesicle suspension and kept  120°).
at 60°C under humid conditions for 20 min. Then the sample  Incorporation of FALP21, which has phenylalanines as
was left at 60°C to dry, and after cooling, CD spectra were flanking residues, also led to the formation of striated
recorded on a Jasco J-600 spectropolarimeter with a scarflomains (Figure 1D), with a repeat distance of 821.0
speed of 20 nm/min, with 0.2 nm resolution, 1 nm bandwidth, M. The lines in these striated domains are curled and do
and 1 s response time. not curve at defined angles.

Differential Scanning CalorimetryFor DSC measure- Occasionally areas were observed appearing below the

ments, MLVs with a lipid concentration of 5.0 mM, prepared €vel of the bilayer. An example is given in Figure 1E, which
as described above, were used. The samples were degass&foWs @ DPPC bilayer with 2 mol % YALP21. These lower
prior to use; 50QuL vesicles were injected in the sample &r€as sometimes appeared as flat roundish domains in the
cell of a MCS (Microcal Inc., Northampton, MA). Thermo- bilayer (Figure 1E), as thick lines, situated in the gel-state

grams were recorded between 15 and@Gt a scan rate of bilayer outside the striated_ dpmains (F.igure 1E), a_nd in the
60 °C/h (upscan) and 45C/h (downscan). case of YALP21, also within the striated domains (not

shown). Figure 1F shows the profile of this bilayer at the
line drawn in Figure 1E. This height profile shows that these
areas are approximately 2 nm below the surface of the
bilayer. We assume that these lower areas consist of peptide
and fluidized lipids, which would indeed appear about 2 nm
below the level of a gel-state bilayer.

In conclusion, it can be said that apparently not only
WALP peptides containing tryptophans as flanking residues,
but also WALP analogues containing other aromatic residues
have the ability to induce the formation of striated domains.
RESULTS Another class of amino acids with the ability to anchor

transmembrane segments are the positively charged lysines.

Morphology of Supported Bilayers Containing Peptides. KALP23 peptides consist of 23 amino acids in total, with
Images of pure DPPC bilayers as observed by AFM generally the hydrophobic segment flanked by lysines. KALP23 has
look smooth with defects piercing the bilayerd( 23, 27, been shown to behave as if it has a hydrophobic length
28). Large defects can be used to measure the bilayer heightcomparable to the shorter peptide WALP21, to the extent
which is usually found to be 6 nm. This corresponds to the that they have the same mismatch-dependent destabilizing
thickness of a gel-state DPPC bilayer with a thin layer of effect on the lamellar phase of liquid PCS).(We found,
water, which is generally assumed to be present betweenhowever, that in DPPC bilayers, KALP23 peptides induce a
the bilayer and the substratglj. When examining these  completely different morphology than WALP peptides, and
bilayers more closely, occasionally shallow cracks can be striated domains were never seen.
observed 19). In DPPC bilayers with 2 mol % KALP23 incorporated,

WALP peptides induce striated domains in supported homogeneously distributed areas, appearing below the level
DPPC bhilayers19), and this was found for peptides with a of the bilayer, can be seen in the form of irregularly shaped
length of 19, 23, and 27 amino acids (WALP19, WALP23, small areas, meandering lines, and points. In Figure 2A, a 1
and WALP27). An example of such a domain in a DPPC x 1 um area of such a bilayer is depicted, and Figure 2E
bilayer with 2 mol % WALP23 is given in Figure 1A, shows the height profile of the line drawn in the image of
showing that the striated domains consist of ordered high Figure 2A. The depth of the depressions depended on the

Freeze-Fracture Electron MicroscopySamples of MLVs
with a lipid concentration of 10 mM with 2 mol % peptide
in lipid were sandwiched between two hat-shaped copper
holders and rapidly frozen in propane cooled in liquid
nitrogen using a KF80 plunge freezing device (Reichert Jung,
Vienna, Austria). After fracturing, platinum/carbon replicas
were made in a BAF400 (Bal-tec, Baltzers, Liechtenstein).
Replicas were observed with a CM10 Electron Microscope
(Philips, Eindhoven, The Netherlands) operated at 80 kV.
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Ficure 1: AFM images of striated domains induced in supported DPPC bilayers by uncharged model peptides. (A) DPPC with 2 mol %
WALP23; (B) DPPC with 2 mol % WALP21; (C) DPPC with 2 mol % YALP21; (D) DPPC with 2 mol % FALP21; (E) occasionally lower
areas were seen, as shown here for DPPC with 2 mol % YALP21; (F) cross section of the line drawn in (E). All bilayers are scanned in
20 mM NaCl. All scale bars are 100 nm.
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Ficure 2: AFM images of supported DPPC bilayers with model peptides incorporated. (A) DPPC with 2 mol % KALP23, scanned in 20
mM NaCl, scale bar 200 nm; (B) DPPC with 1 mol % KALP23, scanned in 20 mM NaCl, scale bar 200 nm; (C) DPPC with 2 mol %
HALP23, scanned in 10 mM HAc, 20 mM NacCl, pH 5, scale bar 200 nm; (D) DPPC with 2 mol % HALP23, scanned in 10 mM Tris, 20
mM NaCl, pH 9, scale bar 100 nm; (E) cross section of the line drawn in (A).

width of these depressions: the wider the holes, the deepempoints were present, but the fraction of area appearing below
they were. The small holes and the point- and line-type the level of the bilayer was smaller (Figure 2B), compared
depressions had a maximum depth ef2lnm. The largest  to the bilayers with 2 mol % KALP23 (Figure 2A). In
holes had a depth of 6 nm, which indicates that at least in bilayers with 5 mol % KALP23, more irregular shaped lower
some cases the depressions pierce the bilayer. areas were seen (data not shown) than in the bilayers with 2
When 1 mol % KALP23 was incorporated, again homo- mol % KALP23; thus, the fraction of lower area is dependent
geneously distributed, irregular lower lines, small areas, andon the concentration of the peptide. Since the height
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differences between the bilayer and the lower areas were gg
small, it was not possible to quantify the amounts of lower
area with the existing AFM software.

The morphology of bilayers containing peptides with
lysines as flanking residues differs distinctly from the
morphology of bilayers containing peptides with aromatic
flanking residues (Figure 1). It could be that the observed
difference is due to specific properties of lysines, or that
positively charged residues in general induce the described
morphology. To distinguish between these two possibilities, 0 b |
we studied HALP23. In HALP peptides, the flanking residues ﬁ%—
are histidines, which are protonated at low pH and depro-
tonated at high pH. These peptides offer the possibility to 25 . : .
image bilayers with positively charged peptides (HALP at 188 200 220 240 260
low pH) and bilayers with the same peptide, but uncharged wavelength (nm)

(HALP, at high pH). . ) . Ficure 3: Circular dichroism spectra of 2 mol % WALP23 (a)
In Figure 2C, a DPPC bilayer with 2 mol % HALP23'is  and 2 mol % KALP23 (b) in oriented DPPC gel-state bilayers.
shown, made and imaged at pH 5 (in HAc buffer). Under
these circumstances, the HALP23 peptides are positively The morphology induced by KALP23 is not unique for
charged. Small irregular shaped areas and lines, and ocdysine-flanked peptides, but is also induced by HALP23,
casional points appeared below the level of the bilayer, when the histidine residues are positively charged. We also
yielding a morphology comparable to bilayers containing used AFM to study supported DPPC bilayers containing a
KALP23 peptides (Figure 2A). naturally occurring, positively charged protein, pulmonary
Figure 2D depicts an image of a DPPC bilayer with 2 mol surfactant protein C (SP-C). This small hydrophobic, pre-
% HALP23, made and imaged at pH 9 (in Tris buffer). dominantlyo-helical protein contains three positively charged
Uncharged HALP23 peptides give essentially the same residues (Table 1). Supported DPPC bilayers with 2 mol %
results as the WALP23 peptides, in that line-type depressionsSP-C incorporated also contained many irregularly shaped
are formed along with striated domains. The repeat distancedefects (data not shown), resembling the morphology of
of the lines in the striated domains is &51.3 nm, which bilayers containing positively charged model peptides.
is comparable to the repeat distance of the lines in the Preliminary results on bilayers containing model peptides
domains induced by WALP23. However, as in the case of flanked by another positively charged residue, arginine, also
FALP21 (Figure 1D), the pattern formed by the lines in the gave comparable results (data not shown). Thus, we conclude
striated domains induced by HALP23 is not as ordered asthat this morphology is typical for supported DPPC bilayers
in the WALP23 domains (Figure 1A), and the lines seem containing positively charged WALP analogues.
more curled. Since peptides with uncharged histidines as flanking
Bilayers containing WALP23 peptides, or KALP23 pep- residues can also induce the formation of striated domains,
tides made and scanned in the presence of the Tris bufferwe propose that the induction of striated domain formation
(pH 9) or HAc buffer (pH 5), always gave the same results is typical for uncharged WALP analogues.
compared to the ones obtained in the presence of 20 mM Orientation of Peptides in the BilayeMVALP23 and
NaCl (Figures 1A and 2A). Thus, the observed difference KALP23 are known to adopt a transmembrane orientation
in morphology of HALP23 containing bilayers at different in DMPC bilayers in the fluid phase (at 3€) (5); however,
pHs is not induced by the components of the buffers used. this is not necessarily the case in DPPC bilayers in the gel
In additional experiments, vesicles with 2 mol % HALP23 phase. To determine whether the observed difference in
at pH 5 had been left to adsorb to mica, and subsequentlymorphology induced by the uncharged and the charged
the protocol was changed by rinsing the sample with Tris peptides is due to a different orientation of the peptides in
buffer (pH 9). After heating, rinsing, and scanning in Tris the bilayer 29), we performed CD measurements on oriented
buffer, pH 9, striated domains were observed (data not bilayers with WALP23 or KALP23 incorporated.
shown). These domains were, however, smaller and more In Figure 3, CD spectra are shown of oriented lipid layers
connected and homogeneously distributed than the oneswith a peptide concentration of 2 mol %. The spectra of both
observed in bilayers completely made and imaged at pH 9. WALP23 (curve a) and KALP23 (curve b) show a maximum
When vesicles made and left to adsorb at pH 9 were at 195 nm, while the crossover point is at 213 and 210 nm,
subsequently treated with HAc buffer (pH 5), irregular cracks respectively. This is characteristic for-helices oriented
were observed in the bilayer surface, comparable to Figureparallel to the beam of incoming light and, in this case,
2C, occasionally together with large flat areas appearing 1 perpendicular to the bilayer plan2g). In agreement with
nm below the surface of the bilayer (data not shown). previous experiments with WALP23 and KALP23 incorpo-
Apparently the formation of the striated domains could be rated in DMPC, the line-shape of the spectrum of WALP23
manipulated by changing the pH, i.e., the charge of the in oriented bilayers deviates somewhat from the spectrum
HALP23 peptides, when the pH is changed before heating of KALP23 in the 226-240 nm region, which is attributed
the adsorbed vesicles. When the pH was changed after thdo the tryptophan side-chain chromophores in WALP pep-
adsorbed vesicles had been heated, the bilayers becamédes 6).
unstable, making it impossible to obtain clear and reproduc- According to our CD measurements, both WALP23 and
ible images. KALP23 form ana-helix with a transmembrane orientation,

A.U.
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Table 2: Thermodynamic Parameters of Pure DPPC and DPPC
with 2 mol % Incorporated Model Peptides, As Measured with DSC

no HALP23, HALP23,
peptide WALP23 pH9 KALP23 pH5
Ty main C) 415 40.7 40.8 39.8 39.8
Ty pre CC) 35.1 33.9 34.7 - 33.8
ATy, main CC) 0.6 1.7 0.8 4.0 25
enthalpy (%) 100 91 92 91 87

Thermograms of DPPC with uncharged peptides (WALP23
and HALP23 at pH 9) incorporated show a small downward
shift of the main transition temperature, of less thatCl

DPPC and a small increase in width of the main endothermic peak

_—‘/\J (ATy). The relative enthalpy has decreased about 10%,
compared to the pure lipids. These effects on the thermo-
dynamic parameters are typical for the so-called type 3
proteins 82), indicating that the peptides mainly interact with
the hydrophobic part of the lipid bilayer.
Thermograms of DPPC with positively charged peptides
.—/\Jk HALP23, pH 9 (KALP23 and HALP23 at pH 5) incorporated show a slightly

heat flow

larger downward shift of 1.7C and a significant increase
in width of the main endothermic peak, compared to the

WALP23 uncharged peptides. The pre-transition peak of DPPC with

HALP23 at pH 5 is also shifted to a lower temperature, while

HALP23, pH 5 the pre-transition peak of DPPC with KALP23 incorporated
___,’__—___/\ KALP23 has almost disappeared. As in the case of uncharged pep-
tides, the relative enthalpy has decreased about 10%. This

! y T y T T T T ] behavior is more like the behavior described for type 2

20 30 .40 50 60 proteins 82), which indicates that the positively charged

temperature (°C) peptides also interact with the hydrophilic lipid headgroup

Ficure 4: DSC heating curves of vesicles of (from top to bottom) region. The results we obtained on the pqsmvely charged
pure DPPC in 20 mM NaCl; DPPC with 2 mol % HALP23 in 10 peptides are comparable to the ones obtained by the group

mM Tris, 20 mM NaCl, pH 9; DPPC with 2 mol % WALP23 in  Oof McElhaney on similar peptides in saturated diacyl-PCs
20 mM NaCl; DPPC with 2 mol % HALP23 in 10 mM HAc, 20  (33).

mM NaCl, pH 5; and DPPC with 2 mol % KALP23 in 20 mM In conclusion, the DSC data show that both charged and
NaCl. uncharged peptides shift the phase transition temperatures
of DPPC to lower values, which is indicative of a dis-
ordering effect of the peptides on the lipids. Furthermore,
the DSC data indicate that the positively charged pep-

in planar DPPC gel-state bilayers. Thus, the observed
difference in morphology between supported DPPC bilayers
with uncharged and positively charged peptides is not duet- it DPPC bil than th h )
to a different orientation of the peptides in the bilayer. t:ggz glos urb C bilayers more than the uncharged pep
Inflqence of Peptides on Lipid Thermotropic Phase Morphology of Vesicles Containing Peptiddhe mor-

Behavior. To understand how uncharged and charged pep- ppologies shown thus far have been observed in supported
tides can induce such different morphology in DPPC bilayers, pjanar bilayers. To examine the possible influence of the
even though they both form a transmembranbelix, we  sojig support on the observed morphologies, we studied
aimed to obtain more insight in the peptielgpid interactions multilamellar vesicles containing 2 mol % WALP23 or
of the different systems. Therefore, the effects of WALP23, ka| p23. These vesicles were quenched from room tem-
KALP23, and HALP23 on the thermotropic phase behavior perature (below the main phase transition temperature),
of DPPC were studied using differential scanning calorimetry freeze-fractured, and imaged by electron microscopy (EM).

(DSC)' @0). . ~ Pure DPPC vesicles, as observed by fredracture EM,
In Figure 4, the thermograms of DPPC vesicles containing showed smooth featureless planes (data not shown).
2 mol % WALP23, KALP23, or HALP23, at pH 9 and 5, In the fracture plane of vesicles of DPPC with WALP23

are depicted, together with the thermogram of DPPC vesiclesincorporated, smooth featureless areas can be seen (denoted
containing no peptide. The quantification of the thermody- with a white arrow in Figure 5A), which are thought to be
namic parameters of these peptide/lipid and pure lipid DPPC domains. Between these smooth areas, rough domains
systems is listed in Table 2. were observed. In some cases, in the structure of these
The thermogram of pure DPPC shows a small, broad domains, ordered lines were visible as shown in Figure 5A
endothermic peak with a maximum at 35@, ascribed to (denoted with a black arrow). The repeat distance of these
the pre-transition, from the tilted solid to the ripple phase, lines was found to be 7.& 0.8 nm, which is in excellent
and a large, narrow endothermic peak, with a maximum at agreement with the repeat distance of the lines found in the
41.5°C, ascribed to the main, ripple-to-fluid transition. This striated domains in the supported bilayers. Hence, it can be
is characteristic for the phase behavior of DPBQ)( said that the formation of ordered striated domains is a
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Ficure 5: Electron microscopy images of freezigactured vesicles of (A) gel-state DPPC with 2 mol % WALP23, in 20 mM NacCl, scale
bar 125 nm; and (B) gel-state DPPC with 2 mol % KALP23, in 20 mM NacCl, scale bar 250 nm.

characteristic feature of these peptide/lipid systems and isDISCUSSION

n_ot induced by the_ substrate onto which the supported We have imaged supported DPPC bilayers with incorpo-
bilayers were deposited. rated model peptides containing various flanking residues.
The fact that in the freezefractured vesicles the pat- |t was found that the uncharged peptides induce ordered,
tern of the domains seems not as ordered as in the supstriated domains in which the peptides are thought to reside
ported samples, could be due to the ordering effect of mica, with some disordered lipids. The positively charged peptides
which has a hexagonal lattice, possibly directing the hex- induced irregularly shaped depressions. These morphologies
agonal order in the striated domains. However, if this were also seen with EM in unsupported Systems_ We will
were the case, all domains within one area should havefirst discuss the morphology of bilayers containing uncharged
their pattern lined up in the same direction, and this is not model peptides, containing aromatic flanking residues, and
always the case. Furthermore, if mica could direct the order then the morphology of bilayers containing positively
in the striated domains, also the domains in bilayers charged flanking residues.
containing FALP21 and HALP23 (at high pH) should ex-  |n a previous study, we showed that WALP peptides in-
hibit hexagonal order, which is, again, not the case. Instead,duce line-type depressions and striated domains in supported
the amount of order in a striated domain seems to be pppC bilayers, and that the size and amount of the striated
dependent on the flanking residues and the length of the domains were dependent on the concentration of the peptide
peptides. (19). In that study, we proposed a model of the molecular
Figure 5B depicts a fracture plane of a DPPC vesicle with organization of both line-type depressions and the striated
2 mol % KALP23 incorporated. In such vesicles, lines with domains. Upon cooling the bilayer during the vesicle fusion
a width of about 10 nm could be seen, with the same irregular protocol, from above to below the phase-transition temper-
pattern as observed for the supported bilayers containing 2ature of DPPC, the lipids probably start to solidify at dif-
mol % KALP23 (Figure 2A), although the distance between ferent “nucleation-sites” in the bilayer. This implies the
the lines is larger. Furthermore, the lines are not homoge- formation of different lipid patches, and in one patch, the
neously distributed through the bilayer, but clustered in large lipids could be tilted in a different direction than in another.
domains (denoted with a black arrow in Figure 5B). Outside In the boundaries between different lipid patches, the lipids
these domains, smooth surfaces are visible (denoted with aare assumed to be in a disordered, fluidlike state. In pure
white arrow in Figure 5B), presumably consisting of pure DPPC bilayers, these boundaries are merely vaguely visible
lipid domains. Domains as seen in the vesicles with WALP23 (19). In the presence of peptides, these peptides would be
were never observed. Note that the scale bar in Figure 5A isexpelled from the rigidly packed, gel-state DPPC domains
125 nm, and in Figure 5B, 250 nm. and end up in the boundaries between the patches, where
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Ficure 6: Proposed models for the molecular organization of bilayers with model peptides incorporated. The tilted packing of DPPC is
disturbed by the presence of the peptides, depicted as black coiled springs. Uncharged peptides segregate, together with some lipids in
striated domains in which peptide arrays flanked by fluidlike lipids appear as low lines, separated by less-tilted lipids, appearing as high
lines in the AFM images. A cross section is depicted in (A), and (B) shows a top-view (lipids are depicted gray; peptides are depicted
black). Charged peptides repel each other and thus cannot be forced in arrays. They either segregate with fluidlike lipids between the small
gel-state patches (C, cross section; and D, top-view) or are accommodated in the disordered lipids, bordering holes that pierce the whole
bilayer (E, cross section; and F, top-view).

9008888

the disordered, fluidlike lipids are present. In this case, the the possibility exists that line formation is induced by
boundaries are clearly visible as line-type depressions. Excesstacking interactions between tryptophans of neighboring
peptide is thought to be accommodated in the striated peptides. However, peptides with other uncharged flanking
domains, which increase in amount and size upon increasingresidues [tyrosine, phenylalanine, and histidine (at high pH),
peptide concentratiol9). The striated domains would exist Figures 1C and 1D, and 2D] also induce the formation of
of arrays of peptide, flanked by disordered fluidlike lipids, striated domains, indicating that no such stacking interactions
forming the dark (low) lines in the striated domains in Figure are involved, and illustrating the nonspecificity of the
1A. These lines are thought to be separated by lipids, which underlying mechanism. We propose that the molecular
are not as fluid as the lipids flanking the peptides, and henceorganization of both line-type depressions and the striated
may be solid enough to have straight acyl chains, but fluid domains, present in bilayers containing YALP21, FALP21,
enough to be less tilted than DPPC in the gel state. Theseand HALP23 (high pH), as depicted in Figures 1C and 1D,
lipids would appear above the level of the bilayer, which and 2D, is the same as in bilayers containing WALP peptides
we assume is the explanation for the presence of the light(see also Figure 6A).
(high) lines in the striated domains in Figure 1A. Figure 6A  The pattern of the striated domains induced by WALP21,
shows a cartoon of a cross section of this proposed modelWALP23, and YALP21 resembles the ripple phase in that
of the molecular organization in the striated domains (on it consists of ripples, and exhibits 3-fold symmetry. However,
the right) next to a gel-state lipid patch (left). Figure 6B since the repeat distance remains constant upon changing
depicts a top-view of this model. The results of the oriented the length of the peptides or lipids, it was concluded
CD measurements indicate that WALP23 peptides are indeedpreviously (L9) that the striated domains do not correspond
in a perpendicular orientation with respect to the plane of to the ripple phase, or any other modulated ph&&. (
the membrane (Figure 3, line a). The finding with freeze  Moreover, on some samples a second bilayer on top of the
fracture EM, that in unsupported DPPC systems containing first bilayer was observed, exhibiting a ripple-phase structure,
WALP23, also striated domains are present (Figure 5A), with with different repeat distances and morphology compared
a repeat distance of 74 0.8 nm, shows that the striated to the striated domains (Rinia et al., unpublished observa-
domains are not induced by the support onto which the tions). Second bilayers have been found more often to show
bilayers are deposited. This also is in agreement with the ripple-phase structure23, 35.
proposed model. The pattern varies for peptides with different flanking
The proposed model involves the preference of the residues. WALP21, WALP23, and YALP21 form domains
peptides to be surrounded by lipid, while the lipids, due to with straight lines, curving at defined angles (Figure-1A
their tight packing in the gel phase, prefer to stay together. C). The flanking residues of these peptides, i.e., tryptophan
The resulting compromise is the formation of lines, clustered and tyrosine, are known to preferentially locate at a specific
together in striated domains. The mechanism underlying this position in the membrane interfacggj, and have a “strong”
model implies that the formation of the striated domains is anchoring potency3(). Striated domains containing FALP21
nonspecific for the peptide. This is supported by the finding and HALP23 (at high pH) consist of curled lines, curving at
of Mou et al. 3) that gramicidin A (GA) also induces the less defined angles (Figures 1D and 2D). The flanking
formation of ordered domains. However, since both GA and residues of these peptides, e.g., phenylalanine and histidine,
WALP peptides contain tryptophans as flanking residues, were found to anchor less strongly compared to tryptophan
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and tyrosine 37). Although the exact mechanism is not be the most favorable for the peptides to reside in these
understood, we suggest that there is a correlation betweerdisordered sites (Figure 6E). A top-view of this organization
the anchoring function of the flanking residues of the peptides is depicted in Figure 6F.
and the order in the pattern of the striated domains in- In both cases, the bilayer is fragmented in small domains
duced by these peptides. The effect of the geometry of theof gel-state lipids. This would decrease the cooperativity of
involved molecules and the difference in tilt between the a phase transition of such a bilayer, and this is reflected in
peptides and the lipids on the formation of striated phasesthe largeATy, of the phase transition of DPPC vesicles
will be investigated soon by using Monte Carlo computer containing positively charged peptides.
simulations 88). Freeze-fracture EM of vesicles containing 2 mol %
Supported DPPC bilayers with KALP23 or HALP23 (at KALP23 revealed meandering lines and occasionally points
low pH) give rise to a completely different morphology in the bilayer. If these lines and points correspond to the
compared to bilayers with uncharged peptides. Striated line-type and pointlike depressions as seen in the AFM
domains were never seen. Since both KALP23 and HALP23 jmages, it is most likely that in these lines and points peptides
(at low pH) are positively charged, and since HALP23 at are/were residing. This suggests that the molecular organiza-
high pH, when it is uncharged, did induce the formation of tion of the pointlike and line-type depressions in bilayers
striated domains, we propose that the different morphology, containing positively charged peptides is most likely as
as seen for KALP23 and HALP23 at low pH, is due to the depicted in Figure 6B.
positive charges of the flanking residues. These charges Athough the EM images of DPPC vesicles with WALP23
would cause the peptides to repel each other, and thereforgncorporated closely resemble the AFM images of the same
the peptides cannot form striated domains in which they systems on mica, the EM results on DPPC vesicles contain-
would have to be in close vicinity. ing KALP23 differ from the AFM images of supported
DPPC bilayers containing 2 mol % KALP23 show ppPC bilayers with KALP23. In the vesicles containing
pointlike and irregularly shaped line-type depressions along KALP23 (Figure 5B), the lines are present in domains outside
with irregularly shaped lower areas, all homogeneously smooth areas of, most likely, pure lipid, whereas in the
distributed over the bilayer (Figure 2A). In bilayers with 1 supported systems, the irregular line-type depressions are
mol % KALP23 (Figure 2B) and 5 mol % KALP23 (data homogeneously distributed over the bilayer (Figure 2A). We
not shown), also pointlike and line-type depressions and suspect that the negative charges of the substrate cause this
lower areas can be seen, but less and more, respectivelygistribution of the positively charged peptides. However,
compared to bilayers with 2 mol % KALP23. Apparently since shielding of the charges, by preparing and scanning
the depressions are dependent on the concentration of theupported bilayers with incorporated KALP23 in the presence
peptide. According to the CD measurements, the peptidesof 10 mM Mg, also yielded bilayer homogeneously
are present in a perpendicular orientation with respect to thedistributed depressions (data not shown), the exact cause of
plane of the bilayer (Figure 3, line b) Since both KALP23 this observed difference remains unclear.
and HALP23 (3.6 nm) are shorter than the thickness of a | conclusion, the results of this study show unexpected
DPPC gel-state bilayer [4.7 nn89)], logically they would  gpjjities of transmembrane model peptides. In DPPC bilayers,
appear below the level of the bilayer. From this, we deduce they organize in domains with characteristic morphologies.
that KALP23 and HALP23 are located in or at the edges of The remarkably different effects of positively charged versus
the depressions. uncharged aromatic residues demonstrate the specific ways

We could not determine the depth of the points, lines, and those residues determine the interactions of transmembrane
lower areas unambiguously, since the depth seemed to varyyeptides with lipids.

with the width of the depressions, most probably because

the tip is not sharp enough to completely reach “the bottom” ACKNOWLEDGMENT

of narrow holes. This means that all the depressions could . :

be as deep as the whole bilayer, as seen for the large We thank G. J. K. van den Berg for skillful technical
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that the depths of the pointlike and line-type depressions areProviding us with WALP21 and WALP23, and Dr. E. J. A.
indeed merely 2 nm deep. Veldhuizen for providing us with SP-C.
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