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ABSTRACT Membrane microdomains (‘‘rafts’’) that sequester specific proteins and lipids are often characterized by their
resistance to detergent extraction. Because rafts are enriched in sphingomyelin and cholesterol, raft bilayers are thicker and
have larger area compressibility moduli than nonraft bilayers. It has been postulated that rafts concentrate proteins with long
transmembrane domains (TMDs) because of ‘‘hydrophobic matching’’ between the TMDs and the thick raft bilayers. However,
previous detergent extraction experiments with bilayers containing raft and nonraft domains have shown that the peptides P-23
and P-29, designed to have single TMDs matching the hydrocarbon thicknesses of detergent soluble membranes and detergent
resistant membranes, respectively, are both localized to detergent soluble membranes. Those results imply that both peptides
are preferentially located in nonraft domains. However, because the detergent solubilizes part of the bilayer, it has been unclear
whether or not detergent extraction experiments provide an accurate indication of the location of peptides in intact bilayers. Here
we use confocal microscopy to examine the distribution of these same peptides in intact bilayers containing both raft and nonraft
domains. At 20�C and 37�C, P-23 and P-29 were both primarily localized in fluorescently labeled nonraft domains. These
confocal results validate the previous detergent extraction experiments and demonstrate the importance of bilayer cohesive
properties, compared to hydrophobic mismatch, in the sorting of these peptides that contain a single TMD.

INTRODUCTION

Cell plasma and Golgi membranes are thought to contain

small microdomains or ‘‘rafts’’ that are enriched in specific

lipids and proteins (1,2). Due to their ability to sequester

these membrane components, rafts have been shown to be

involved in many key cellular functions, including signal

transduction (3–7), membrane fusion (8–10), organization of

the cytoskeleton (11,12), lipid sorting (13–15), protein

trafficking (1,16–20), and localization and activity of specific

membrane channels (21–23). Rafts have also been shown to

exist in lipid bilayers containing lipid compositions approx-

imating those of plasma membranes (24–27). In both natural

and bilayer membranes, rafts have been characterized by

their insolubility at low temperatures in detergents such as

Triton X-100 (7,24,28–30), and it has been found that

detergent resistant membranes (DRMs) are enriched in spe-

cific lipids, including sphingomyelin (SM) and cholesterol

(1,15,31–33).

A fundamental question about membrane rafts concerns

the mechanisms by which raft components are distributed in

the plane of the membrane. Because of the similarity in

composition of rafts in cell membranes and lipid bilayers,

bilayer systems are currently being used to analyze the

molecular interactions responsible for the sorting of lipids

and proteins between raft and nonraft bilayers (34–37). In the

sorting of transmembrane proteins, a recent theoretical anal-

ysis (38) considers two key factors in the differences be-

tween rafts and nonrafts: 1), bilayer thickness, and 2), bilayer

material (cohesive or elastic) properties. DRMs extracted

from lipid mixtures have hydrocarbon cores ;25% thicker

than those of detergent soluble membranes (DSMs) (35), and

the area compressibility modulus (Ka) of SM/cholesterol

bilayers is ;7 times that of typical nonraft phosphatidyl-

choline (PC) bilayers (39–41).

Bilayer thickness is thought to be a factor in protein-lipid

interactions because of the effects of ‘‘hydrophobic match-

ing’’ between the bilayer hydrocarbon thickness and the

length of the transmembrane domain (TMD) of the protein

(42). That is, due to the energetic cost of exposing either

hydrocarbon or hydrophobic amino acids to water, the most

energetically favorable interaction between a bilayer and

a transmembrane protein occurs when the bilayer hydrocar-

bon thickness matches the length of the protein TMD (38).

The bilayer material properties are expected to be important

in sorting transmembrane proteins for two main reasons.

First, the incorporation of a protein into a bilayer requires the

creation of volume by the separation of adjacent lipid

molecules in the plane of the bilayer. For SM/cholesterol

bilayers with large cohesive energies (large values of Ka),

more energy is required to separate adjacent lipid molecules

than for typical unsaturated PC bilayers (lower values of Ka)

(43). It has recently been shown that the free energy of

partitioning of specific water-soluble peptides into electri-

cally neutral bilayers is a linear function of Ka (43,44).

Second, theoretical treatments indicate that the energetic cost

of bilayer deformation caused by hydrophobic mismatch

between bilayer and protein TMD depends on bilayer elastic

properties (38,45).

Recent experiments have been performed to test the role of

hydrophobic mismatch in the sorting of transbilayer peptides
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into or out of bilayer rafts (34,35). These experiments used

sets of peptides with single bilayer spanning regions with

TMD lengths matching the measured hydrocarbon thick-

nesses of DRM bilayers or DSM bilayers (Fig. 1). Detergent

extraction experiments indicated that, independent of peptide

length, transbilayer peptides were enriched in DSMs com-

pared to DRMs (34,35). However, one potential problem

with these previous experiments is their reliance on detergent

extraction to determine the localization of the transmem-

brane peptides in raft or nonraft bilayers. In addition to

breaking up the bilayer, it has been shown that Triton may

create ordered domains in homogeneous fluid bilayers (30).

Therefore, one wonders whether the detergent extraction pro-

cedure provides an accurate picture of the localization of the

peptides in intact bilayers containing both raft and nonraft

bilayer microdomains (35).

In this study, we use confocal microscopy with fluo-

rescently labeled lipids and peptides to determine the dis-

tribution of transbilayer peptides in intact giant unilamellar

vesicles (GUVs) composed of 1:1:1 dioleoylphosphatidyl-

choline (DOPC)/SM/cholesterol, a well-characterized lipid

system, that has been shown to contain both raft and non-

raft bilayers (25,27,46–48). We examined the GUVs at two

temperatures, room temperature (20�C) and physiological

temperature (37�C), since there appears to be a phase tran-

sition in this system near physiological temperature (27).

Comparisons of data from detergent extraction (34,35) and

these confocal experiments with intact bilayers should pro-

vide information on 1) the effects of detergent on raft orga-

nization, and 2) the relative importance of bilayer thickness

and cohesive properties on the in-plane sorting of peptides

with single TMDs.

MATERIALS AND METHODS

Materials

Brain SM, DOPC, and cholesterol were purchased from Avanti Polar Lipids

(Alabastar, AL). Cholesterol infinity reagent, Triton X-100, Sephadex G-50,

and Hepes were purchased from Sigma Chemical (St. Louis, MO). The

CBQCA Protein Quantification Kit and the fluorescent lipid probe 3,39-
dilinoleoyloxacarbocyanine perchlorate (DiO-C18:2) were obtained from

Molecular Probes (Eugene, OR).

The vesicles used in our studies contained 1:1:1 DOPC/SM/cholesterol

because this (or similar mixtures of these lipids) forms bilayers containing

rafts and nonrafts (25,27,46–48), and the composition and bilayer thickness

have been obtained for DRMs and DSMs (33). The two peptides used were

P-23 (KKG(LA)4W(LA)4KKA), which contained 23 amino acids with

a central hydrophobic stretch of 17 amino acids, and P-29 (KKG(LA)5LW

(LA)5LKKA), which contained 29 amino acids with a central hydrophobic

region of 23 amino acids (Fig. 1). P-23 and P-29 were chosen since their

hydrophobic lengths match the hydrocarbon thickness of DSMs and DRMs,

respectively, of the DOPC/SM/cholesterol system (35). The peptides were

synthesized and purified by the Micro Protein Chemistry Facility at the

University of North Carolina (Chapel Hill, NC) as described previously (35).

For confocal microscopy experiments some of the P-23 and P-29 peptides

had rhodamine conjugated to the amino terminus of each peptide using the

5-TAMRA-OH reagent (Biosearch Technologies, Novato, CA) solubilized

in dimethylformamide (5 mg/ml) along with 10 mg of 1-hydoxy-7-

azabenzotriazole. That solution was activated by the addition of 10 ml of

diisopropylcarbodiimide for 2 min and then added for an overnight reaction

to the previously dried peptide-containing resin. The resin was washed with

dimethylformamide, and the peptide was cleaved from the resin and

deprotected in the usual fashion.

Methods

Detergent extractions at 20�C used standard procedures as described in

detail previously (33). In brief, peptide/lipid mixtures (1 mg peptide/10 mg

total lipid) were codissolved in chloroform/methanol, rotary evaporated to

dryness, hydrated, treated with 1% Triton X-100 for 30 min, and then

centrifuged. The phospholipid, cholesterol, and peptide contents of the

supernatant (DSMs) and resuspended pellet (DRMs) were determined as

described previously (35).

For confocal microscopy experiments, GUVs on the order of 20–40 mm

in diameter were made by the procedures of Akashi et al. (49) with slight

modifications. The same lipid-peptide mixtures used for the detergent

extraction experiments were used in the confocal experiments, except that

the lipids contained 0.1% DiO-C18:2 and the peptides included 4%

rhodamine-labeled peptide. The lipid-peptide was dissolved in chloroform/

methanol, evaporated on a Teflon plate under vacuum for 3 h, covered with

FIGURE 1 Schematic drawing showing peptides P-29 (KKG(LA)5LW

(LA)5LKKA) and P-23 (KKG(LA)4W(LA)4KKA) where the lengths of the

hydrophobic a-helices were designed to closely match the hydrocarbon

thicknesses obtained from x-ray diffraction (35) of DRMs and DSMs from

1:1:1 DOPC/SM/cholesterol bilayers. For each peptide, the white central

box corresponds to the transbilayer region and the hatched boxes correspond

to the hydrophilic regions. Cholesterol molecules are drawn as open ovals,

and phospholipids are depicted with wavy hydrocarbon chains and circular

headgroups (shaded headgroups represent SM and open headgroups re-

present DOPC). Van Duyl et al. (34) used similar peptides with tryptophans

rather than lysines in the hydrophilic regions. This figure, redrawn from

McIntosh et al. (35), was used with permission.
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0.1 M sucrose in distilled water (internal medium), and incubated over night

at 37�C. The resulting ‘‘lipid cloud’’ that detached from the Teflon was

collected in plastic tubes and prepared for the microscope observation by

diluting with 0.1 M glucose in distilled water (external solution), placing on

a microscope slide, and covering with a glass coverslip. Since the inside of

the vesicles contained sucrose and the outside contained the lower density

glucose, the GUVs sank to the microscope slide.

The GUVs were observed with a 633 NA 1.4 Plan Apochromat oil

objective on a LSM 510 Meta Zeiss Confocal Microscope (Jena, Germany).

Configurations for double channel excitation and the choice of emission of

the fluorochromes were made to prevent cross talk, and the two colors were

scanned simultaneously. The green DiO lipid labels were observed with the

use of a 488 nm filter, whereas the rhodamine-labeled peptides were

observed with a 543 nm filter. Specimen temperature was controlled using

a Zeiss P-insert LabTek stage, and the temperature at the sample was verified

with a small thermocouple. Quantification of lipid and peptide probe

colocalization was performed with the Zeiss LSM AIM 3.2 Enhanced

Colocalization software. This software gives overlap coefficients between

0.0 and 1.0, with 1.0 representing the maximum overlap of the two probes.

This overlap coefficient gives a measure of the colocalization of lipid and

peptide probes, independent of their localization in raft or nonraft bilayer.

RESULTS

The 1:1:1 DOPC/SM/cholesterol dispersions were fraction-

ated into a supernatant (DSMs) and pellet (DRMs) by

treatment with 1% Triton X-100 at 20�C.Most of the peptide,

either P-23 or P-29, was located in the DSMs. That is, when

normalized to the total lipid (phospholipid plus cholesterol) in

each domain, the molar ratio of peptide in the DSMs to the

DRMs was 6.0 and 5.5 for P-23 and P-29, respectively.

Previously, we (35) found that the comparable molar ratios of

peptides in DSMs toDRMswere 9.8 for P-23 and 6.2 for P-29

at 4�C and 3.9 for P-23 and 1.7 for P-29 at 37�C. Thus, for
either P-23 or P-29, at all temperatures tested more peptide

was found in DSMs than in DRMs, and the results at 20�C
were between those obtained at 4�C and 37�C.
GUVs were made containing rhodamine-labeled peptide

and the green fluorescent lipid DiO-C18:2, which contains

two unsaturated hydrocarbon chains. DiO-C18:2 has been

shown to partition preferentially into liquid-disordered, non-

raft bilayers (50).

Fig. 2 shows confocal images recorded at 20�C of three

DOPC/SM/cholesterol GUVs containing the green DiO-C

18:2 and the red rhodamine-labeled P-23. In the left-hand

column, intensely green-labeled microdomains contrasted

with unlabeled or lightly labeled microdomains. The in-

tensely labeled regions were identified as nonraft bilayer

since the ratio of labeled to unlabeled bilayer increased when

the ratio of DOPC to cholesterol was increased (data not

shown). As seen in the middle and right-hand columns, the

same microdomains that preferentially contained DiO also

contained the P-23 label. There was a strong colocalization

of the peptide with the DiO-C18:2, as the labeled peptide-

labeled lipid (red-green) overlap value was 0.9 for P-23.

Confocal images of equimolar DOPC/SM/cholesterol

GUVs at 20�C labeled with DiO-C18:2 and P-29 are shown

in Fig. 3. For P-29, there was also a strong colocalization of

the peptide with the DiO-C18:2 as seen in the middle and

right-hand columns. The labeled peptide-labeled lipid (red-
green) overlap value was 0.9 for P-29. On average, the

FIGURE 2 Confocal images of 1:1:1 DOPC/SM/

cholesterol containing rhodamine-labeled P-23 and the

lipid DiO-C18:2. The left column shows the green

fluorescent lipid label DiO, the middle column shows

the rhodamine-labeled P-23, and the right column is

a color-merged image. The three rows show three

different vesicles from the same preparation. All

images were taken at 20�C at the same magnification.
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DiO-C18:2 appeared to label ,½ of the equator in the

presence of either P-23 (Fig. 3) or P-29 (Fig. 4). In some

instances, such as the bottom row in Fig. 2 or the top row in

Fig. 3, the equator contained one large labeled domain. In

other cases, such as the top row of Fig. 2 or the bottom two

rows of Fig. 3, two ormore smaller labeled domainswere seen

in each vesicle.

Confocal experiments were also performed for equimolar

DOPC/SM/cholesterol GUVs at physiological temperature

(37�C). Although many GUVs did not display microdomains

(not shown), we observed clear microdomain organization in

several vesicles, such as the one shown in Fig. 4. InGUVs that

did displaymicrodomains, the labeled nonraft domain took up

a larger fraction of the equator at 37�C (Fig. 4) than at 20�C
(Fig. 3). Although the size and location of the labeled domains

changed as a function of incubation time, at all times therewas

a strong colocalization of DiO-C18:2 and P-29 (Fig. 4), as the

labeled peptide-labeled lipid overlap was 0.8 to 0.9. Micro-

domains were visible for a least 1 h incubation at 37�C.When

the temperature was cooled back to 20�C (data not shown)

there was microdomain reorganization such that almost all

vesicles again displayed microdomains as they did before the

temperature was increased to 37�C (Fig. 4).

DISCUSSION

Previously, we (35) have shown that a large fraction of the

transbilayer peptides P-23 and P-29 are detergent extracted

from lipid vesicles composed of DOPC/SM/cholesterol at

either 4�C (the temperature at which many detergent ex-

tractions are performed) or 37�C. That is, independent of the
peptide length, both of these peptides are enriched in DSMs.

Van Duyl et al. (34) obtained similar results with similar sets

of transbilayer peptides at 4�C. Quantitative analysis of the

concentration of lipid and peptide in DSMs and DRMs

allowed us to calculate partition coefficients and apparent free

energies of transfer of the peptides fromDSMs toDRMs (35).

However, a potential problem with that analysis is that

the detergent breaks up the bilayer and thus might affect the

distribution of peptides and lipids. Here we examined the

distribution of these peptides in intact GUVs by the use of

confocal microscopy.

Because confocal microscopy was more readily performed

at 20�C than at 4�C, we determined here the distribution by

detergent extraction of P-23 and P-29 in DRMs and DSMs at

20�C. We found similar distributions of both peptides at 4�C
and 20�C.
The unsaturated lipid probe DiO-C18:2 clearly demar-

cated nonraft domains, as vesicles containing this probe

always contained both heavily labeled and nearly unlabeled

regions around the vesicles’ equators (Figs. 2–4). At 20�C
both P-23 (Fig. 2) and P-29 (Fig. 3) were highly colocalized

with DiO-C18:2. Since DiO-C18:2 is primarily localized in

nonraft (liquid-crystalline) regions of GUVs (50), this

indicates that both peptides preferentially partitioned into

the nonraft domains of the vesicle.

Although we did not observe rafts in all vesicles at 37�C,
microdomains were clearly visible in some GUVs (Fig. 4).

FIGURE 3 Confocal images of 1:1:1 DOPC/SM/

cholesterol GUVs containing rhodamine-labeled P-29

and DiO-C18:2. The left column is the fluorescence

image showing the DiO lipid label, the middle column

shows the rhodamine-labeled P-29, and the right

column is a color-merged image. The three rows

show three different vesicles from the same prepara-

tion. All images were taken at 20�C at the same

magnification.
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At 37�C, P-29 and DiO-C18:2 were colocalized (Fig. 4),

indicating the preference of P-29 for nonraft domains at this

temperature. The labeled nonraft domains occupied a larger

fraction of the equator at 37�C than at 20�C (Fig. 3). As

a function of time, the labeled nonraft domains changed size

and location on the equator of these GUVs, indicating the

transient nature of these microdomains. These observed

transient changes could be either due to movement of entire

microdomains or the movement of individual lipid or peptide

molecules into or out of the domains. These observations on

the temperature dependence of domain formation can be

compared to previous studies of DOPC/SM/cholesterol

bilayers containing fluorescently labeled lipids that showed

as the temperature was raised unlabeled lipid rafts became

smaller until they were nonresolvable with the light

microscope at 37�C (25,27,46). Possible reasons for differ-

ences among these observations are variability in the

hydrocarbon chain composition of the natural brain SM

and possible small variability in lipid composition from one

GUV to another. Veatch and Keller (46) found that the

miscibility temperature depends on the SM chain com-

position and the phospholipid/cholesterol ratio. Moreover,

in our experiments the nonraft microdomains were more

clearly demonstrated with the labeled P-29 (middle column
Fig. 4) than with the DiO lipid label (left-hand column of

Fig. 4).

The confocal experiments on intact vesicles are consistent

with our detergent extraction data (35) in several ways. First,

the confocal experiments show the presence of micro-

domains at both 20�C and 37�C, consistent with the ob-

servations that there are detergent soluble and detergent

insoluble fractions at these temperatures. Second, the

fraction of labeled nonraft domain increased with increasing

temperature (Figs. 3 and 4), as did the amount of detergent

soluble lipid (35). Third, both transbilayer peptides P-23 and

P-29 were preferentially localized in nonraft bilayers (Figs.

2–4) and a large fraction of these peptides were extracted in

DSMs (35). However, by detergent extraction we (35) found

that somewhat more P-29 than P-23 was found in DRMs.

This difference was not detectable by confocal microscopy.

FIGURE 4 Confocal images of 1:1:1

DOPC/SM/cholesterol containing rhoda-

mine-labeled P-29 and DiO-C18:2 taken at

37�C. The left column is the fluorescence

image showing the DiO lipid label, the

middle column shows the rhodamine-

labeled P-29, and the right column is a

color-merged image. The four rows show

the same vesicle imaged with increasing

incubation times at 37�C, as noted on the

left-hand side of the figure.
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Importantly, the confocal and detergent extraction experi-

ments provide complementary data on the sorting of trans-

membrane peptides. The confocal experiments give direct

information for the preference of both P-23 and P-29 for

nonraft bilayers in intact vesicles. However, these confocal

data are relatively nonquantitative and are limited by

sampling problems inherent to most microscopic techniques.

In contrast, the detergent extraction experiments, coupled

with biochemical analyses, provide quantitative data on the

distribution of the lipid and peptide components for large

quantities (milligrams) of sample.

Thus, many of the observations on the sorting of peptides

P-23 and P-29 obtained with detergent extraction experi-

ments were verified by confocal observations of intact vesi-

cles. Importantly, both P-23 and P-29 were preferentially

localized in nonraft bilayers. Since the TMD of P-23

matched the width of the nonraft bilayer, whereas the

TMD of P-29 matched the width of the raft bilayer (Fig. 1), it

appears that hydrophobic matching is not the primary factor

in sorting these peptides in the plane of the bilayer. Rather, in

agreement with previous analyses (34,35,38,51), we argue

that the difference in lipid cohesive (packing) properties

between raft (enriched in SM/cholesterol) and nonraft

bilayers (enriched in DOPC) is an important factor in the

preference of peptides with single TMDs for nonraft bi-

layers. That is, the relatively low area compressibility

modulus of DOPC bilayers compared to SM/cholesterol

bilayers (39,41) makes it energetically favorable for these

transbilayer peptides to partition into nonraft bilayers. For

membrane proteins other factors are also in play, such as

specific amino acid sequences in the TMDs (52) and cyto-

solic domains (53).
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