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ABSTRACT. Sphingolipid/cholesterol-rich rafts are membrane domains thought to exist in the liquid-ordered
state. To understand the rules governing the association of proteins with rafts, the behavior of a model
membrane-inserted hydrophobic polypeptide (LW peptide, acel-KsAL sWoK -amide) was examined.

The distribution of LW peptide between coexisting ordered and disordered lipid domains was probed by
measuring the amount of LW Trp fluorescence quenched by a nitroxide-labeled phospholipid that
concentrated in disordered lipid domains. Strong quenching of the Trp fluorescence (relative to quenching
in model membranes lacking domains) showed that LW peptide was concentrated in quencher-rich
disordered domains and was largely excluded from ordered domains. Exclusion of LW peptide from the
ordered domains was observed both in the absence and in the presence38f 26l % cholesterol,
indicating that the peptide is relatively excluded both from gel-state domains (which form in the absence
of cholesterol) and from liquid-ordered-state domains (which form at high cholesterol concentrations).
Because exclusion was also observed when ordered domains contained sphingomyelin in place of DPPC,
or ergosterol in place of cholesterol, it appeared that this behavior was not strongly dependent on lipid
structure. In both the absence and the presence of 25 mol % cholesterol, exclusion was also not strongly
dependent upon the fraction of the bilayer in the form of ordered domains. To evaluate LW peptide
behavior in more detail, an analysis of the effects of domain size and edges upon quenching was formulated.
This analysis showed that quenching can be affected both by domain size and by whether a fluorescent
molecule localized at domain edges. Its application to the quenching of LW peptide indicated that the
peptide did not preferentially reside at the boundaries between ordered and disordered domains.

In many eukaryotic cell membranes, it is now believed rich domains has also been demonstrated using model
that domains rich in unsaturated phospholipids coexist with membranes 11, 15—-17). These observations have been
lipid rafts, liquid-ordered domains that are rich in both explained by the ability of tightly packed, ordered-lipid
relatively saturated sphingolipids and sterols. The associationdomains to accommodate saturated-lipid anchad3. (In
of proteins with rafts has been implicated as essential for acontrast, covalently linked prenyl groups, which have
variety of cellular processe&<7). Thus, understanding the  structures that should prevent their packing tightly within
principles that govern how lipids and proteins associate with ordered-lipid domains, are not likely to contribute to the
rafts is important for understanding raft function. Some of association of proteins with raftd4, 18, 19).

these principles have been defined for liplghid interaction. In general, transmembrane (TMyroteins also would not
In particular, tight packing between relatively saturated lipids be expected to have the ability to pack tightly with lipids in
and cholesterol is a key feature that stabilizes raft formation ordered domains and thus should be excluded from lipid rafts.
(8, 9). When these lipids pack tightly, they form the Triton A |ack of detergent insolubility has been used to show that
X-100-insoluble liquid-ordered stat®,(10-12). the TM protein bacteriorhodopsin is excluded from liquid-
Certain principles governing the association of proteins ordered domaini vitro (15). In addition, Van Duyl et al.
with rafts have also been elucidated. Cell-derived detergent-recently demonstrated by detergent solubility that a hydro-
resistant membranes, which are believed to arise from rafts,phobic peptide with an alternating Ledla sequence was
are especially enriched in proteins anchored to membranes
by saturated acyl chaing3, 14). Strong association of such
proteins with detergent-insoluble sphingolipid/cholesterol-
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excluded from ordered domains regardless of the extent ofand cholesterol were purchased from Avanti Polar Lipids
any hydrophobic mismatch between bilayer width and (Alabaster, AL). Androstenol was purchased from Sigma
polypeptide lengthZ0). Chemical (St. Louis, MO). Ergosterol was purchased from
Spectroscopic approaches avoiding potential artifacts aris-Fluka Chemical (Ronkonkoma, NY). NBD-PE and rhodamine-
ing from detergent-based methods are also valuable for suchPE were purchased from Molecular Probes (Eugene, OR)
studies. In bilayers lacking cholesterol, fluorescence quench-or Avanti Polar Lipids. LW peptide, acetylM/oLgAL WK -
ing by nitroxide-labeled lipids has been used to show that amide, was purchased from Research Genetics, Inc. (now
several different polypeptides are excluded from ordered- Invitrogen, Carlsbad, CA). It was purified by reverse-phase
gel phases21—23). In a notable energy transfer study, high-pressure liquid chromatography using an 2-propanol/
Polozova and Litman found that at high cholesterol levels water gradient as described previougly)( A fraction (about
rhodopsin is depleted from ordered domains and enriched20%) of the purified peptide molecules contained a one Leu
in disordered domains containing a highly polyunsaturated deletion. The interaction of this slightly shorter peptide with
lipid (having 22:6 acyl chains)2d). lipid is likely to be very similar to that of the full-length
Nevertheless, some TM proteins are believed to associateL W peptide. Diphenylhexatriene (DPH) was purchased from
with lipid rafts (25, 26). In certain cases, the binding of such  Sigma-Aldrich (St. Louis, MO). Lipid concentrations were
proteins to gangliosides, which are believed to be raft- determined by dry weight, and peptide concentrations were
associated, may result in raft associati@, (28). In other ~ determined by spectrophotometry using a molar absorptivity
cases, covalent linkage of TM proteins to saturated acyl value at 280 nm of 5560 M cm™ per Trp residue. Lipids,
chains is necessary for raft associatidd, (29—35). How- DPH, and peptide were dissolved in ethanol and stored at
ever, attachment to saturated acyl chains may not be the only—20 °C until use.
factor in the raft association of such proteins. For example, Preparation of Multilamellar Vesicles (MLVEthanolic
caveolin-1 associates with ordered domains, yet mutationssolutions of lipids and peptide were allowed to warm to room
that prevent the attachment of saturated acyl chains to it dotemperature fol h prior to use. Samples were prepared by
not prevent its association with raft8g). In addition,  mixing appropriate volumes of lipids and peptide or DPH
changes in the amino acid sequence of TM segments ininto 12 x 75 mm disposable glass tubes, using calibrated
influenza hemagglutinin can abolish raft association without glass capillary pipets. After mixing, the samples were dried
altering palmitoylationg7), and a quenching study suggested under N, after which 20uL of chloroform was added to
that a hydrophobic mismatch may affect the partition of each tube. Samples were then redried, first witraNd then
gramicidin A between gel and fluid phase3g]. under high vacuum for 1 h. Samples containing DPH were
In this paper, we investigated the behavior of a simple covered to protect them from light during the drying
25-residue hydrophobic peptide (LW peptide) to explore the processes. To form MLV, 80@L of PBS (10 mM Na
interaction, or lack of interaction, of membrane proteins with phosphate, 150 mM NaCl, pH 7.4), warmed to-55 °C,
rafts. To provide a strong fluorescence signal, LW peptide was added to each sample. They were then immediately
was designed with two Trp at the N-terminal boundary plus placed into a water bath (at 585 °C), covered, and
two Trp at the C-terminal boundary of its hydrophobic incubated for 10 min. The samples were transferred to a
sequence. LW peptide is a member of the well-studied multi-tube vortexer (VWR Scientific, West Chester, PA),
polyLeu class of peptides. This class of polypeptides forms placed in a 56-55 °C chamber, and agitated vigorously for
stable TM helices39—43). The distribution of LW peptide ~ 2—4 min. The samples were removed, briefly individually
between domains was determined by measuring its intrinsicvortexed while exposed to room temperature, and finally
Trp fluorescence when it was inserted into model membranesallowed to cool. In rare cases in which the lipids did not
containing both disordered domains that were enriched in adisperse well after vortexing, samples were sonicated for
fluorescence quenching lipid and quencher-depleted ordered6—10 s in a bath sonciator (model G112SP1T, Laboratory
domains. These experiments revealed that LW peptide wasSupplies, Hicksville, NY). Prior to measurements, samples
relatively excluded from ordered domains under a variety were incubated at room temperature for at least an additional

of conditions. 45 min. Samples containing DPH were covered to protect
Lipid domain size can be drastically dependent on the them from light during this period.
exact experimental conditions44), and rafts may be Preparation of Ethanol Dilution VesicleEthanol dilution

extremely small in cellsAS, 46). Therefore, we also analyzed  vesicles were prepared similarly to MLV, except that after
the impact of domain/raft size on quenching. This analysis the initial drying with N,, 16 uL of ethanol was added to
showed that the quenching method should both be able tOredisso|Ve the Samp'es_ Next, 7& of PBS warmed to 56
detect very small rafts and be able to determine whetherss°C was added to each sample, and they were then placed
molecules concentrate at raft boundaries. Our study indicatesp g 50-55 °C bath for 5 min. As above, the samples were
that fluorescence quenching should be a useful way 10 priefly vortexed manually and then allowed to cool to room

sequence/structure of TM proteins and the nature of their

association with lipid rafts. Fluorescence Quenching Experimeitssicle samples for

thermal scanning experiments contained:0 total lipid
EXPERIMENTAL PROCEDURES (phospholipids plus sterol) plus 6-2 mol % peptide and/
or 0.25 mol % DPH. Unless otherwise noted, these samples
Materials. Dipalmitoylphosphatidylcholine (DPPC), di- were prepared by the MLV procedure described previously.
oleoylphosphatidylcholine (DOPC), brain sphingomyelin, In most cases, DPPC- or SM-containing samples with
1-palmitoyl-2-(12-doxyl)stearoylphosphatidylcholine (12SLPC), quencher £ samples) contained a 2:1:1 (mol/mol) [DPPC
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or SM])/DOPC/12SLPC mixture with or without 25 mol % the sample solution, and the fluorescence was read 2 min
sterol. Corresponding samples without quenchesémples) after the samples reached the desired temperature.
contained 1:1 DPPC/DOPC with or without 25 mol % sterol. Sucrose Gradient Centrifugatio@ucrose gradient cen-

In other experiments, lipid compositions of 3:1 mol:mol  trifugation was used to analyze the behavior of vesicles
DPPC/12SLPC ané, samples of 3:1 DPPC/DOPC were prepared by ethanol dilution. One preparation of vesicles
used. For both the 2:1:1 and the 3:1 compositions, control cgntained a 10@M 1:1 DPPC/DOPC or 3:3:2 DPPC/DOPC/
samples, which contained quencher but which could not form chglesterol (mol/mol) mixture plus 5 mol % LW peptide and
domains, were also prepared. These contained a 3:1 mixturey 25 mol % rhodamine-PE. It was dispersed in 2.5 or 10%
of DOPC/12SLPC with or without 25 mol % sterol. (w/v) sucrose. A second preparation of vesicles lacking
Corresponding contrdt, samples contained DOPC with or peptide contained 1G@M 1:1 DPPC/DOPC or 3:3:2 DPPC/
without 25 mol % sterol. For each lipid composition, DOPC/cholesterol plus 0.5 mol % NBD-PE. It was also
background samples were prepared identically, except with- dispersed in 2.5 or 10% (w/v) sucrose. (In other experiments,
out peptide or DPH. Samples containing peptide or DPH sjmijlar samples with or without peptides were prepared with
were generally prepared in quadruplicate. (In some casesthe DPPC replaced by an equivalent amount of DOPC.) After
DPH Samples were prepared in duplicate.) Fluorescence |n400[u|_ of the peptide_containing and peptide_|acking prep-
each sample was measured at“Z3to assess sample-to-  arations were mixed, the external sucrose concentration was
sample variation, and the quadruplicates were then pooled.increased to 20% (w/v) with solid sucrose. The samples were
The fluorescence in pooled samples was then measured at ghen loaded on a 106L cushion of 50% (w/v) sucrose and
series of increasing temperatures as described next. Pooling;venayed with 3.6 mL of a 180% (w/v) linear sucrose
samples was found to significantly reduce the variability of gradient. Samples were centrifuged for 17 h at 38 000 rpm
fluorescence intensities observed relative to that when in a Beckman u|tracentrifuge using a SW 60 S\Ninging bucket
individually prepared samples were used. Prior to pooling rotor. Fractions of 20@L were removed sequentially from
the samples, the standard deviations of the fluorescencethe hottom of the tube. Trp fluorescence in each fraction
intensities for the four individual samples generally ranged \was measured at an excitation wavelength of 280 nm and
between 5 and 10% of the averaeor F, values. In the  emission wavelength of 340 nm, NBD fluorescence was
unusual cases in which a larger variation was observed, themeasured at an excitation wavelength of 470 nm and
experiments were usually repeated with an additional set of emjssion wavelength of 530 nm, and rhodamine fluorescence
pooled quadruplicates, and values for the two pooled setsyas measured at an excitation wavelength of 565 nm and
were averaged. Background values were found to be largelyemission wavelength of 585 nm. Control vesicle samples
temperature independent and so only monitored at the lowesiyjth and without each fluorophore showed that there was
(starting) temperatures. Background values for peptide no significant contribution of any fluorophore to the back-

experiments were subtracted from the sample fluorescenceyround fluorescence intensity for any other fluorophore.
intensities beford-/F, values were calculated. In the case

of DPH experiments, backgrounds had a negligible fluores- RESULTS
cence intensity.

For experiments in which DPPC concentration was varied, Quenching Analysis of the Partitioning of a Fluorescent
ethanol dilution vesicles were prepared as described previ-Molecule between Ordered and Disordered Domains in Lipid
ously. Samples contained 5 total lipid (phospholipids Bilayers.Both domain formation and polypeptide association
plus sterol) and 2 mol % LW peptide dispersed in PBS. The With specific lipid domains were assayed using fluorescence
sample volume was 800L. Samples, with or without 25  quenching (9, 10, 18, 21, 48, 49)). In this approach, the
mol % cholesterol, contained various mixtures of DPPC and partitioning of a fluorescent molecule is probed by the use
12SLPC or DOPC and 12SLPC. Correspondigamples of lipid vesicles containing a mixture of ordered and
contained DOPC in place of the 12SLPC. For each lipid disordered domains. The vesicles contain lipids such as
composition, background samples were prepared identically, DPPC or sphingomyelin (SM), both of which tend to form
except without peptide. Their fluorescence was subtractedordered domains at room temperature, and 12SLPC, a lipid
from the sample fluorescence intensities beféffe, values ~ that carries a fluorescence quenching nitroxide group and
were calculated. Fluorescence in each sample was measurethat prefers to form and/or partition into disordered domains
at 23°C. (10). Because of 12SLPC-induced quenching, fluorophores

F|uorescence Measuremerﬁuorescence emission Spec- I’eSiding W|th|n 1ZSLPC-I’ICh disordered domainS ﬂuoresce
tra were measured on a Spex 212 Fluorolog fluorimeter usingWeakly, whereas those in the ordered domains, which are
10-mm excitation path length, 4-mm emission path length 12SLPC-poor, fluoresce more strongBi( 38, 50).
semimicro quartz cuvettes. Peptide fluorescence was mea- Experimentally, both the presence of domains and the
sured at an excitation wavelength of 280 nm and emission partitioning of a fluorescent molecule between ordered and
wavelength of 340 nm. DPH fluorescence was measured atdisordered domains are assessed by comparing quenching
an excitation wavelength of 359 nm and an emission in samples containing lipid domains to quenching in analo-
wavelength of 427 nm. Excitation slits were set at 2.5 mm gous control lipid mixtures that form homogeneous bilayers
(4.5-nm band-pass) for peptide or 1.25 mm for DPH. lacking domains. It has been previously shown that a
Emission slits were set at 5.0 mm. Temperatures were molecule associating to a significant degree with 12SLPC-
adjusted using a variable temperature water bath connectediepleted ordered domains is quenched less, and thus exhibits
to a sample holder through which the bath solution circulated. stronger fluorescence, in samples containing a mixture of
When desired, sample temperatures were monitored with anordered and disordered domains than in a homogeneous
electronic thermometer using a narrow probe placed within bilayer containing the same amount of 12SLPCI(0, 49).
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i o ) containing or lacking ordered domains and various sterols. Quencher-
Ficure 1. Quenching of DPH fluorescence in lipid mixtures containing vesicles were composed of LW peptide and (circles)
containing or lacking ordered domains and various sterols. Quencher-:1:1 ppPC/DOPC/12SLPC (mol/mol) or (triangles) 3:1 DOPC/

containing vesicles were composed of DPH and (circles) 2:1:1 125 pC with (A) 25 mol % cholesterol, (B) no sterol, (C) 25 mol
DPPC/DOPC/12SLPC (mol/mol) or (triangles) 3:1 DOPC/12SLPC o4 ergosterol, or (D) 25 mol % androstenol. Samples contained

with (A) 25 mol % cholesterol, (B) no sterol, (C) 25 mol % MLV at a concentration of 5@M lipid with 2 mol % LW peptide

ergosterol, or (D) 25 mol % androstenol. Samples contained MLV and were dispersed in PBS. Experiments were performed as
at a concentration of 50M lipid with 0.25 mol % DPH and were  gescribed in Figure 1.

dispersed in PBS. Samples were heated, and at each temperature

the fluorescence in quencher (12SLPC)-containing vesiElean(d - .
in quencher-freeR.) vesicles, in which 12SLPC was replaced by t@ining DOPC and 12SLPC (triangles) atZ3. The control

DOPC, was measureBIF, values were calculated after subtraction Mixtures form bilayers in a homogeneous disordered fluid
of the fluorescence in background samples lacking the fluorophore. state over the entire temperature range u€ed @). Thus,

the weak quenching of DPH fluorescence in the DPPC-

In contrast, a molecule residing only in the 12SLPC-rich containing samples relative to control samples confirmed that
disordered domains is quenched more strongly in a samplethe former contained domains at low temperature. At higher
containing a mixture of domains than in a homogeneous temperatures, quenching in the DPPC-containing samples
bilayer. A more detailed discussion has been presentedincreased to levels equivalent to that in the control samples,
elsewhereq, 10, 18, 21, 48, 49). showing that domains in the DPPC-containing samples

Domain Formation in DPPC-Containing Bilayer®re- disappeared. High-temperature abolishes domains due to the
liminary studies (not shown) indicated that the partitioning melting of ordered domains and the mixing of their lipids
of LW peptide between ordered and disordered domainswith those in the disordered domair@).(Combined with
could be assessed with maximal sensitivity in a mixture of previous studies of similar lipid mixture9) these results
2:1:1 (mol/mol) DPPC/DOPC/12SLPC. At room tempera- showed that at low temperatures DPPC-containing samples
ture, we found previously that this mixture forms bilayers contained DPPC-rich ordered domains in equilibrium with
containing nearly equal amounts of DPPC-rich ordered DOPC/12SLPC-rich disordered domains.
domains and 12SLPC/DOPC-rich disordered domal@ ( The difference between quenching in the DPPC-containing
However, we had not examined the behavior of this lipid and control mixtures illustrated in Figure 1 also showed that
composition under the wide range of conditions used in the the thermal dependence of quenching was significantly
studies described next. To do so, we evaluated quenchingaffected by the presence of 25 mol % sterol. Relative to
of DPH fluorescence. (DPH is useful for such experiments bilayers lacking sterol (Figure 1B), in the presence of
because it partitions about equally well between most typescholesterol and ergosterol there was less quenching at 23
of ordered or disordered domains and so will not perturb °C and a higher temperature for the transition from a domain-
domain formation 21, 51).) Fluorescence quenching was containing (weaker quenching) to a domain-lacking (stronger
assessed from the parametéi~, which is the ratio of guenching) state (Figure 1A,C). Overall, the degree of
fluorescence in samples containing quencher (12SLPC) toordered domain formation at 2& and the thermal stability
that in samples in which quencher is replaced by DOPC. A of ordered domains decreased in the order ergosterol
low F/F, value corresponds to a high degree of quenching. >cholesterol> no sterol> androstenol. This ranking is in

Figure 1 illustrates the quenching of DPH fluorescence in good agreement with that found previously in similar lipid
multilamellar vesicles (MLV) formed from 2:1:1 DPPC/ mixtures containing 15 mol % sterdd,(52).
DOPC/12SLPC mixtures with or without 25 mol % sterol. Partitioning Behaior of LW Peptide between Ordered and
In each case, high&i/F, values were observed in the DPPC- Disordered Domains: Effect of Sterdlext, quenching was
containing mixtures (circles) than in control mixtures con- used to study the behavior of LW peptide. Figure 2 shows
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the temperature dependence of the fluorescence quenchin@A,D) or in small unilamellar vesicles prepared by ethanol
of LW peptide incorporated into MLV having the same dilution (Figure 3B,E). Other experiments showed that LW
compositions as in the DPH studies described previously. peptide also associated with disordered domains when DPPC
In all cases, at 23C, F/F, was lower in DPPC-containing  was replaced by sphingomyelin (SM), a natural component
domain-forming samples (circles) than in the homogeneousof lipid rafts with phase behavior similar to that of DPPC
control samples that lacked DPPC (triangles). As the (10) (Figure 3C). It should be noted that a thermal depen-
temperature was increased, quenching in the DPPC-containdence of the quenching of the LW peptide similar to that
ing samples decreased, finally reaching values close to thatobserved with 2 mol % peptide was observed in DPPC-
in the control samples at 60C. As in the case of the containing samples with 25 mol % cholesterol when the
guenching of DPH, this change in quenching is due to the concentration of peptide in the bilayer was decreased to 0.5
melting of the ordered domains in the DPPC-containing mol % (data not shown).
samples at high temperature, which induces a state of Since LW peptide preferentially associates with disordered
homogeneous lipid mixing similar to that in the control domains, it might be expected to destabilize ordered-domain
sample. In experiments in which DPPC-containing samples formation. However, the DPH quenching showed that
were cooled to room temperature, this change was found toordered-domain formation in DPPC-containing mixtures in
be largely reversible (not shown). As expected, control the presence of 2 mol % LW peptide (Figure 3F) was not
samples exhibited at most a very weak dependence ofmarkedly different than that in its absence (Figure 1A). The
guenching upon temperature. inability of LW peptide to affect domain formation may stem
The stronger quenching of LW peptide in DPPC-contain- from the fact that these samples had a relatively small amount
ing bilayers relative to control samples indicated that the LW of peptide relative to lipid in disordered domains. When the
peptide partitioned favorably into disordered domains and amount of lipid in disordered domains is small or polypeptide
was relatively depleted from the ordered domains. Previous concentration is high, polypeptides may have much more
studies indicate that the ordered domains in lipid mixtures dramatic effects upon domain formation (see ned).(
containing cholesterol are cholesterol-rich and exist in the Effect of the Fraction of Ordered Lipid on the Partition
liquid-ordered statel(Q, 11). Ordered domains forming in  Behaiior of LW Peptide The effect of varying the mol
the absence of cholesterol are in the gel state. Therefore, wdractions of DPPC and 12SLPC upon the quenching of LW
conclude that the LW peptide was excluded from both liquid- peptide fluorescence was examined because under favorable
ordered and gel-state domains. conditions a profile of fluorescence versus DPPC mol
It is noteworthy that quenching of LW peptide in the fraction can be used to calculafg, the partition coefficient
absence or presence of various sterols largely mirrored the(21). This parameter is equal to the ratio of LW peptide
level of ordered-domain formation. This was shown by the concentration in disordered domains to that in ordered

observation that the differences betwd€R, in the DPPC- domains. The difference between quenching in DPPC/
containing (circles) and control samples (triangles) decreasedl2SLPC mixtures and DOPC/12SLPC control mixtures
in an order (ergosterok cholesterol > no sterol > depends on the value &, (10, 21) and should be observed

androstenol) similar to that observed for DPH quenching. throughout the range of lipid compositions over which
This pattern suggests that LW peptide behavior was influ- ordered and disordered domains coexist. Previous studies
enced by sterol effects on domain formation rather than have shown that in DPPC/12SLPC mixtures at 43,
specific sterot-peptide interactions. bilayers are fully in the ordered state above 80 mol % DPPC

Despite the parallels between the quenching patterns for(i.e., below 20 mol % 12SLPC), fully in the disordered state
DPH and LW peptide, it was apparent that the curves below 20 mol % DPPC (i.e., above 80 mol % 12SLPC),
describing the temperature dependence of quenching LWand contain coexisting ordered and disordered domains
peptide showed more gradual changeB/iR, than for DPH. between 20 and 80 mol % DPPE 80—20 mol % 12SLPC).
This indicated that the thermal process sensed by LW This is true both in the presence and in the absence of
quenching was more gradual in terms of its temperature cholesterol {0). Therefore, K,-dependent quenching is
dependence than that sensed by DPH (see next and Discusexpected in samples containing between 20 and 80 mol %
sion). 12SLPC.

It was also noted thaF/F, values for LW peptide in Figure 4 shows the effect of the 12SLPC mol fraction upon
homogeneous bilayers in the absence of sterol (Figure 2B,quenching of LW peptide fluorescence in vesicles prepared
triangles) were lower than in homogeneous samples contain-by ethanol dilution. LW peptide exhibited stronger quenching
ing sterol (Figure 2A,C,D, triangles) under equivalent in DPPC/12SLPC mixtures (Figure 4, closed squares) than
conditions. The stronger quenching in the absence of sterolin the corresponding homogeneous DOPC/12SLPC control
probably resulted from the fact that in the absence of sterol, mixtures (Figure 4, open squares) over the entire@Dmol
12SLPC molecules made up a higher fraction of the total % 12SLPC range. This was true both in the absence (Figure
lipid and so had a higher concentration within the bilayer. 4A) and in the presence (Figure 4B) of cholesterol. These

Strong Association of LW Peptide with Disordered Do- results showed that LW peptide strongly preferred to partition
mains Is Obsered under a Range of Condition¥hese into disordered domains over the entire range of domain
findings were next expanded by evaluating the partitioning coexistence (i.e., that its preference for disordered domains
of LW peptide under a variety of conditions. Both domain did not strongly depend on what fraction of the bilayer was
formation (as detected by DPH fluorescence, Figure 3D,E) in the form of disordered domains).
and the preferential association of LW peptide with dis-  Theoretical curves describing the dependence of quenching
ordered domains (Figure 3A,B) were maintained when the upon K, calculated as described previousB1), are il-
amount of cholesterol was increased to 33 mol % (Figure lustrated in Figure 5A. Comparison of Figures 4A to 5A
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Ficure 3: Quenching of LW peptide and DPH fluorescence in lipid mixtures containing or lacking ordered domains under various conditions.

(A) Quenching of LW peptide fluorescence in samples containing 33 mol % cholesterol. Quencher-containing vesicles were composed of
2 mol % LW peptide and (circles) 2:1:1:2 DPPC/DOPC/12SLPC/cholesterol or (triangles) 3:1:2 DOPC/12SLPC/cholesterol. (B) Quenching

of LW peptide fluorescence in vesicles prepared by ethanol dilution. Quencher-containing vesicles were composed of 2 mol % LW peptide
and (circles) 2:1:1:1.33 DPPC/DOPC/12SLPC/cholesterol or (triangles) 3:1:1.33 DOPC/12SLPC/cholesterol. (C) Quenching of LW peptide
fluorescence in quencher-containing vesicles containing SM. Vesicles contained 2 mol % LW peptide and (circles) 2:1:1:1.33 SM/DOPC/
12SLPC/cholesterol or (triangles) 3:1:1.33 DOPC/12SLPC/cholesterol. (D) Quenching of DPH fluorescence in samples containing 33 mol
% cholesterol. Quencher-containing vesicles were composed of 0.25 mol % DPH and (circles) 2:1:1:2 DPPC/DOPC/12SLPC/cholesterol
or (triangles) 3:1:2 DOPC/12SLPC/cholesterol. (E) Quenching of DPH fluorescence in vesicles prepared by ethanol dilution. Quencher-
containing vesicles were composed of 0.25 mol % DPH and (circles) 2:1:1:1.33 DPPC/DOPC/12SLPC/cholesterol or (triangles) 3:1:1.33
DOPC/12SLPC/cholesterol. (F) Quenching of DPH fluorescence in vesicles also containing LW peptide. Quencher-containing vesicles
were composed of 0.25 mol % DPH and (circles) 2:1:1:1.33 DPPC/DOPC/12SLPC/cholesterol plus 2 mol % LW peptide or (triangles)

3:1:1.33 DOPC/12SLPC/cholesterol with 2 mol % LW peptide. Other experimental conditions and procedures are as in Figures 1 and 2.

suggests that thk, for LW peptide is about 1620. That If LW peptide remained in ordered domains to an appreciable
is, there is a 1820-fold higher concentration of LW peptide  extent, then it would be predicted thia§ would only have

in disordered domains than in ordered gel domains. Com-increased gradually as a fraction of the bilayer in the
parison of Figure 4, panels B to A suggests that partition disordered state was increased. Instead, the valudg, of
between ordered and disordered domains in the presence oincreased rapidly as the DOPC concentration increased,
cholesterol is similar to that in its absence. However, a more reaching a value close to that in 100% DOPC at about 40
precise estimate df, in the presence of cholesterol is not mol % DOPC. This is the behavior expected if the LW
possible because analysis of quenching behavior in a threepeptide partitioned strongly into DOPC-rich fluid domains,
lipid component mixture (DPPC, 12SLPC, cholesterol) so that the LW peptide moved into disordered domains as
system is more complex than in a two-lipid component soon as the DOPC concentration was high enough for an
mixture (DPPC, 12SLPC) system, aKg cannot be quan-  appreciable number of disordered domains to form.

titatively modeled in the same manné|. Possible Eidence for Perturbation of Lipid Phase Be-

It should be noted that LW peptide fluorescence intensity havior by LW Peptidelnterestingly, both with and without
in the absence of quencheF,] tends to support the cholesterol, strong quenching of LW peptide in DPPC-
conclusion that LW peptide partitions strongly into the containing bilayers was observed when bilayers contained
disordered domains. Figure 4C shows tlgtvalues in only 10 mol % 12SLPC (Figure 4). Our previous data
bilayers composed solely of DPPC with or without choles- suggested that DPPC/12SLPC mixtures with 10 mol %
terol were somewhat more than half of those composed of 12SLPC formed a homogeneous ordered sfidie However,
DOPC with or without cholesterol. (We did not explore the it was difficult to specify the exact lipid composition at which
origin of this increase in intensity in the disordered domains, disordered domains began to form, and it was possible that
but a likely possibility is that, due to peptide insolubility in a small amount of 12SLPC-rich disordered state domains
ordered domains, when disordered domains are absent thevere present when the bilayers contained 10 mol % 12SLPC.
peptides aggregate laterally, and this induces Trp self- Thus, one explanation for the strong quenching of LW
guenching$3). Self-quenching is likely to be abolished when peptide in bilayers of this composition is that the LW peptide
the peptides are more dispersed in the disordered domains.jvas concentrated in 12SLPC-rich domains. The somewhat
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weaker quenching at 10 mol % 12SLPC relative to that at
higher mol % 12SLPC might be due to the fact that the

Ficure 5: Calculated dependence of quenching of the fluorescence
of a transmembrane helical polypeptide in bilayers composed of
FicurRe 4: Quenching of LW peptide fluorescence as a function of DPPC and 12SLPC. The fraction quencher is the fraction of the
lipid composition. Ethanol dilution vesicles were prepared with phospholipid molecules that are 12SLPC. In all four parfelg,
various amounts of 12SLPC and DPPC (closed squares) or 12SLPCn a homogeneous bilayer that does not form domains is shown by
and DOPC (open squares) (A) Vesicles without cholesterol. (B) long dashes. The other curves sh®AF, calculated using the
Vesicles with 25 mol % cholesterol. Samples contained 2 mol % equations derived in the Appendix for cases in which ordered
domains contain 20 mol % 12SLPC, and disordered domains
contain 80 mol % 12SLPC. (A) Effect &€, upon quenching over

the region of two-phase coexistence (compositions in which
concentration of 12SLPC as a mol fraction of the total phospholipid. domains exist) for (open triangle®), = 5; (crossesK, = 10;

(C) F, values for DPPC-containing samples (those indicated by (closed trianglesK, = 20; and (squaresf, = 50. (B) Effect of
domain size upon quenching. It is assumed that the least abundant
domains are small and are surrounded by a more abundant domain
that is continuous, so that a shift between domains that are small
occurs when equal amounts of ordered and disordered domains are
present. Thus, for the case shown, disordered domains are small at
the fraction 12SLPC< 0.5, while ordered domains are small at
the fraction 12SLPC- 0.5. Quenching is shown in the two-phase

quencher-to-peptide ratio is so low that there is not enough range of compositions foK,, values that are near-infinite and in
guencher lipid to fully surround the LW peptide molecules. which the smaller domains have (solid line) infinite size so no

An alternative is that the LW peptide had such a strong molecules are near domain edges; (squares) 20% of molecules near
propensity for association with disordered lipid domains that e domain edge @w = 0.2); (closed triangles) 50% of molecules

; ; ; . the domain ed = 0.5); and triangles) 100% of
it nucleated the formation of 12SLPC-rich domains under nmeoa}écuelaesor?ézlrn tﬁeggé(ﬁlain edée?/az iopﬁn(cnia r}%gs()effect gfo

conditions in which they would not exist in the absence of different combinations oK, and domain size: (diamonds) quench-
peptide. These domains might be as little as a 12SLPC-riching in the two-phase range of compositions #¢ = 50 and
boundary layer of lipid molecules surrounding each Lw 2¥w = 0.5 and (triangles) quenching in the two-phase range of
ide. the composition region foK, = 20 and near-infinite domain size.
pepti . . ) (D) Effect of location of the fluorescent molecule for domains of
Effect of Domain Size Upon Fluorescence Quenching: pear-infinite size. Quenching is shown for fluorescent molecules:
Small Domain Size Can Prent Calculation of Precise K (long dashes) in a homogeneous bilayer; (solid line) present only
Values We were concerned that our interpretation of partition in disordered domains (i.e., whé@ = infinity); (dashes and dots)
behavior might be incorrect if quenching was to be influenced greshent onlly In Ordfert‘?d do_rt?]a(ljns (e (‘;V“éﬁ‘.: 0);_a_nofl_ (_sthort
by factors other thai,, such as domain size. Domain size ashes) only associating with domain edges (Keye= infinity).
is important because small domains have relatively large size was formulated (Appendix). The case in which the less
boundary zones or edges. Unlike fluorescent molecules inabundant lipid phase forms small domains and the more
the core of a domain, the fluorescence of molecules at theabundant lipid phase forms a continuous phase that surrounds
edge of a domain would be affected by quenchers both insidethese small domains was analyzed. Figure 5B,C shows the
and outside the domain. predicted effects of domain size upon 12SLPC quenching
To define the influence of domain size on quenching, an for a fluorescent polypeptide. In Figure 5B, the case in which
analysis of the relationship between quenching and domainthe fluorescent polypeptide is fully excluded from ordered



Protein Exclusion from Rafts Biochemistry, Vol. 42, No. 42, 20032383

domains (i.e., for which th&; is infinite) is considered. In Of course, a molecule might have partitioning behavior
this case, the qualitative effect of reducing the domain size in which its behavior is characterized both byKa value
down to very small dimensions is to reduce quenching and by a finite affinity for domain edges, defined l&gige
relative to that observed with larger domains. For nitroxides, Although we have not illustrated profiles fd¥/F, with

the quenching interaction distance is about equal to thevarious combinations d{, andKeqge & crossing point would
diameter of a single lipid54—56). As a result, a difference  be expected for cases in which a molecule strongly favoring
between nitroxide quenching in the presence of small ordered domains over disordered domains, or vice versa, also
domains (squares) relative to that in infinite size domains had a very strong affinity for domain edges (calculation not
(solid line) would only become apparent when the domains shown). Thus, the experimental quenching data for LW
have a width of<10 lipid molecules (see Appendix for peptide in Figure 4, which did not exhibit a crossing point,
details). is not consistent with a significant degree of preferential LW

Interestingly, the effect of reducing domain size was found Peptide location at domain edges.

to depend to some degree upon whether the small domains Origin of the Difference between Temperature Dependence
were formed by the quencher-rich or -poor lipid phase. This of the Quenching of DPH and LW Peptides noted earlier,

is seen most easily by the change in the shape of thecomparison of the data in Figure 1 to Figure 2 indicated that
quenching curves in the presence of small domains (Figurethe thermal transition sensed by LW peptide was much more
5B, triangles) at a 12SLPC mol fraction of 0.5. Notice that gradual than that sensed by DPH. We wished to further
it might be difficult to distinguish bilayers containing €xamine this phenomenon and its dependence of cholesterol.
extremely small ordered domains (triangles) from uniform For the samples used in Figures 1 and 2 this was difficult
bilayers (dashed line) under conditions in which the quencher- because the thermal transition in samples lacking cholesterol

rich phase is predominant (at quencher fractions of0.8 ~ occurred at too low a temperature to detect easily in our
in Figure 5B). experimental setup. For this reason, we prepared new

samples, in which the DPPC concentration was increased to
75 mol % of the total phospholipid. The increase in the DPPC

concentration raised the melting temperature of ordered
domains and thus made it easier to detect complete thermal

Another consequence of the finding that quenching is
affected by domain size is that it makes the determination
of exactK, values problematical. As shown in Figure 5C, it
would be difficult to distinguish a case in whidk, = 50

. . . : melting/mixing curves.
and in which domains are very small, from that in whi¢h ) .
= 20 and domains are large. Therefore, in the absence of an F19ure 6 shows the dependence of DPH and LW peptide

estimate of domain size, our experimental data allow us to guenching in such vesicles. Figure 6A shows that the melting

state that the LW peptide strongly partitions into disordered °f DPPC-enriched ordered domains, as monitored by DPH

domains but cannot be used to derive precise valuekfor quenching, occurred with a midpoint aboufﬁp "C higher
in the presence of 25 mol % cholesterol (filled triangles)

Finally, it should be noted that the effect of decreasing i jts absence (filled circled)A similar effect of
domain size upon quenching dependskgnThe effect of  cpgjesterol on the transition midpoint was observed previ-
domain size upon quenching for a molecule that, like DPH, g}y jn samples containing 15 mol % cholesteg)! Eigure
partitions equally between ordered and disordered domainsg 41560 shows that cholesterol influences how shaFgh,

(i.e., for whichK, = 1) is somewhat different than its effect o, 50465 with temperature both for DPH and for LW peptides.
on a molecule that, like the LW peptide, is excluded from , yhe presence of cholesterol, the thermal transitions are
ordered domains (see Appendix). more gradual than in its absence. This is not surprising, as
Effect of Specific Association of Fluorescence Molecules it has been long known that from experiments in binary
with Domain Edges upon Quenching:viflence that LW mixtures of cholesterol with DPPC that cholesterol reduces
Peptide Does Not Associate with Domain Edgesother the thermal cooperativity of melting eventsj.
factor that could influence quenching is the location of a Comparison of the behavior of LW peptide and DPH
fluorescent molecule within individual domains. In particular, quenching shows that the thermal dependence of LW
we analyzed how strongly quenching would be affected by quenching in DPPC-containing samples exhibited a midpoint
whether a molecule preferentially located to domain edges similar to that observed for DPH quenching in both the
(Appendix). On the basis of this analysis, quenching behavior ghsence (Figure 6B) and the presence (Figure 6C) of
was compared for a peptide located exclusively (1) within cholesterol. However, in both cases, quenching changed more
ordered domains, (2) within disordered domains, or (3) at gradually with increasing temperature for the LW peptide
domain boundaries (Figure 5D). Not surprisingly, quenching than for DPH.
of a peptide Ioc_ated exc!usively at domain boundaries (short Homogeneity of LW Peptide Incorporation into Vesicles.
dashes) was intermediate between that for one locatedpne factor that might contribute to the difference between
exclusively within ordered domaink¢ = 0) (dashes and  thermal transitions detected by DPH and LW peptides is
dots) and that for one located exclusively within disordered inhomogeneous incorporation of the LW peptide into vesicles.
domains K, = infinity) (solid line). This analysis also
revealed a unique feature of the quenching profile for 2 The increase in quenching at a low temperature in the presence of
fluorescent molecules associating with domain edges, namely ¢ngesterol in Figurg 6A mag actually be ue 1o a loss of domain
F/F, values that cross th&/F, curve for homogeneous formation as the temperature decreases. This would be expected if a
bilayers (long dashes) at some 12SLPC concentration (Figuremixture of lipids are miscible not only when they are all in the

5D). A crossing point of this type is not observed under other disordered state at high temperature but also when they are all in the
’ ordered state at low temperature. Under such conditions, strong

_condition_s, such as When a fluorescent molecule has anguenching should be observed both in bilayers that are the fully ordered
intermediateK, value (Figure 5A-C). state and the fully disordered fluid.
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Ficure 6: Quenching of DPH and LW peptide fluorescence in lipid mixtures with high DPPC content. (A) Quencher-containing vesicles
composed of 0.25 mol % DPH and (closed triangles) 3:1:1.33 DPPC/12SLPC/cholesterol; (open triangles) 3:1:1.33 DOPC/12SLPC/cholesteral;
(closed circles) 3:1 DPPC/12SLPC; or (open circles) 3:1 DOPC/12SLPC. (B) Vesicles composed of 2 mol % LW peptide and (circles) 3:1
DPPC/12SLPC or (triangles) 3:1 DOPC/12SLPC. (C) Vesicles composed of 2 mol % LW peptide and (circles) 3:1:1.33 DPPC/12SLPC/
cholesterol or (triangles) 3:1:1.33 DOPC/12SLPC/cholesterol. Other experimental procedures and conditions are as in Figures 1 and 2.
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FIGURE 7: Sucrose gradient analysis of peptide-containing vesicles. Peptide-containing samples contained ethanol dilution vesicles composed
of 5uM LW peptide and 10(M of (A and B) 3:1 DPPC/DOPC with a lipid marker of 0.25 mol % rhodamine-PE or (C and D) 3:1:1.33
DPPC/DOPC/cholesterol with 0.25% rhodamine-PE. Peptide-containing vesicles were mixed 1:1 (v/v) with an equal amount of peptide-
lacking vesicles that were otherwise identical except that they contained 0.5 mol % NBD-PE as a lipid marker in place of rhodamine-PE.
(A and C) Samples prepared in 2.5% (w/v) sucrose and (B and D) samples prepared in 10% (w/v) sucrose. Symbols: (circles) fluorescence
of NBD-PE in vesicles lacking LW peptide; (open squares) fluorescence of rhodamine-PE in vesicles containing LW peptide; and (closed
squares) Trp fluorescence of the LW peptide. Gradient bottom is at left ox-dRes.

If LW peptide is incorporated into a small subset of vesicles, These results did not entirely eliminate the possibility of
their very high peptide-to-lipid ratio might disturb lipid phase inhomogeneous peptide incorporation because of possible
melting behavior. Therefore, vesicle inhomogeneity was vesicle size artifacts. Large vesicles contain more trapped
examined by sucrose gradient centrifugation. The samplessolution than small vesicles, and the trapped solution can
analyzed contained a mixture of two vesicle preparations. have a different density than the lipid bilayer and the external
Each preparation was composed of 3:1 DPPC/DOPC, butsolution. It is conceivable that an inhomogeneous sample
one contained LW peptide (plus rhodamine-PE as a marker),could form in which smaller vesicles lacking peptide could
while the second lacked peptide (and contained NBD-PE ashave the same density as larger vesicles containing peptide
a marker). Figure 7 shows that, regardless of whetherand thus appear in the same fractions. This would require
cholesterol was present or absent, the peptide-to-rhodaminghat in the peptide-containing preparation there would be a
fluorescence ratio was only weakly dependent on the positionsubpopulation of protein-free vesicles that were significantly
in the sucrose gradients, increasing only by roughly 2-fold smaller than the vesicles containing peptide. This seems
in the densest fractions. These results suggest that the LWimprobable, but to firmly eliminate the possibility of such
peptide was distributed throughout the population of artifacts, vesicles were loaded with sucrose at a low (Figure
rhodamine-containing vesicles. 7A,C) or high (Figure 7B,D) concentration to alter the density
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of their internal solutions. Comparison of the fractionation values have been developed for such systel8sG2) but
profiles shows that internal sucrose concentration had onlyare most useful when comparing a series of molecules
a minor effect, demonstrating that the influence of the internal carrying identical fluorescent labels.

solution was negligible. Similar results were obtained with A third complication is domain size. Raft size and its
control DOPC samples, with or without cholesterol (not control in vivo are among the more controversial aspects of
shown). We conclude that inhomogeneous peptide insertionraft behavior. Raft size is of particular importance because
does not explain the differences between LW peptide andit may control raft function. In cells, it appears that rafts are
DPH thermal profiles. Other factors that might contribute usually submicroscopic in size but may become large under
to the difference between DPH and LW peptide behavior, some conditions3, 8, 45, 63, 64). Lipid domains in the
including the possibility of the presence of residual domains model membrane can also vary between microscopic and
at high temperature, are considered in the Discussion. submicroscopic depending on experimental conditidd. (

It should be noted that although most vesicles containing To address the effects of domain size in our experiments,
LW peptide (rhodamine_|abe|ed popu|ation) appeared at awe developed a theoretical analysis of the relationship
higher density than the NBD-labeled vesicles lacking peptide, Petween quenching and domain size. The analysis revealed
a significant percent of the rhodamine-labeled vesicles that quenching can be significantly altered when domains
appeared in the peak of NBD-labeled vesicles and vice versaare small enough that a significant fraction of the molecules
We Specu|ate that this resulted from some degree of in a domain reside at the domain Edge. It also showed that

aggregation or fusion between the NBD- and the rhodamine- When domain size is extremely small, quenching can be

labeled vesicles. similar to that in homogeneous bilayers. The reason for this
is that a molecule at a domain boundary usually has a lipid
DISCUSSION environment that is closer to the overall average lipid

composition in the sample than a molecule in the core of a

Exclusion of Transmembrane Proteins from Ordered domain. Nevertheless, our analysis suggests that domains as
Domains.In this study, a fluorescence quenching was used small as 30 molecules should still be detected by nitroxide-
to show that a membrane-inserted peptide with a hydrophobicinduced fluorescence quenching (see Appendix). It is note-
polyLeu core was relatively excluded from both gel and worthy that the sensitivity of quenching to domain size might
liquid-ordered lipid domains. The depletion of integral allow the estimation of domain size in a range that is not
membrane proteins and polypeptides from gel-phase domainseasily accessible to methods such as light microscopy. At
has long been recognized]( 23, 38, 58). The basis of this  present, atomic force microscopy in supported bilayer
exclusion is likely to be the inability of TM polypeptides to  systems is probably the only method with an equivalent or
pack tightly with the closely packed lipids of the gel phase. higher level of resolutiong5—68).
Because liquid-ordered domains also are characterized by |t should be cautioned that the model used to analyze the
tight lipid packing @, 12), a similar phenomenon probably  affect of domain size upon quenching was limited in several
explains the exclusion of TM polypeptides from liquid- ways. We did not attempt to calculate precisely how
ordered domains. The observation that the exclusion of thequenching values would be affected by domain shape, by
LW peptide from ordered domains was similar in the conditions in which the domain size has a complex depen-
presence of 0, 25, or 33 mol % cholesterol indicates that dence on lipid concentration, or by conditions in which
cholesterol concentration is not a critical factor in exclusion. domains of the same type come very close to each other. In
In addition, the observation of exclusion from ordered general terms, domain shapes with a higher edge-to-core ratio
domains containing sphingomyelin in place of DPPC, or would tend to show edge effects more strongly. Large
ergosterol in place of cholesterol, indicates that exclusion is circular domains would be influenced the least by edge
not strongly dependent on the exact structure of the lipids effects. Very small submicroscopic domains are likely to be
participating in ordered-domain formation. The observation jrregular in shape, which would tend to increase the edge-
that a peptide with a less hydrophobic alternating LeuAla to-core ratio. Differences in quantum yield in different
sequence is also excluded from ordered domains as judgedjomains would also affect the sensitivity of quenching to
by detergent solubility 20) suggests that exclusion from  domain size (see Appendix). The effect of such variables
ordered domains is not restricted to polyLeu sequences. il be interesting to analyze in more detail if experimental

Factors Influencing Quenching: Quantum Yield, Complex systems with an extremely small domain size are identified.
Lipid Mixtures, and Domain Size and Shapeevious studies Effect of the Range of Quenching Interactions upon
have shown that the quenching of a fluorescent molecule in Sensitiity to Domain SizeAlthough in this report the effects
binary lipid mixtures containing multiple phases is dependent of domain size were analyzed for short-range nitroxide-
upon, and can be used to determiig,for a fluorescent induced quenching, domain size would also be an issue in
molecule 21, 50, 59—61). A number of factors complicate  the interpretation of other submicroscopic fluorescence
K, calculations. One complication is a difference in quantum phenomena, such as dipeldipole energy transfer. The
yield for a fluorophore in ordered and disordered domains longer the spectroscopic interaction range, the larger the
in the absence of a quencher. In such casA5, values will amount of a domain that is at the effective domain edge,
be weighted toward the value in the domain in which the and the greater the influence of domain size upon spectro-
quantum yield in the absence of quencher is higher. This scopic behavior. Thus, the effects of small domain size
factor could be disregarded in this study (see Appendix). should be much less of a problem when short-range quench-
Another complication is the use of ternary lipid mixtures, ers, such as nitroxide or brominated lipids, are used than it
which have more complex phase behavior than binary is when energy transfer pairs with large (380 A) inter-
mixtures (L8). Methods for the determination of relati‘g action distancesR;) are used. This factor may reconcile the
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different results reported for phase separation in mixtures the quenching of molecules partitioning strongly into fluid
of DPPC and dilauroylphosphatidylcholine (DLPC) in the domains, like the LW peptide, has a slightly more gradual
presence of cholesterol. Using a brominated DLPC analoguetemperature dependence than that of molecules, which like
that should be similar to DLPC in physical properties, Silvius DPH, partition equally between fluid and ordered domains
et al. detected the formation of separate DPPC-rich domains(calculations not shown).

in DPPC/DLPC mixtures that contained as little as 5%  This difference might also reflect a local perturbation of
DPPC, when 15 mol % cholesterol was also presésy}. lipid phase behavior induced by LW peptide. In this regard,
Using energy transfer probes under similar experimental it is noteworthy that at high temperature, LW quenching in
conditions, Feigenson and Bubholtz only detected DPPC- samples containing DPPC plus cholesterol or ergosterol
rich domain formation at 60% DPPC 44). In the future, a seemed to indicate the presence of residual domains as judged
side-by-side comparison of raft formation by short-range by stronger quenching than in control samples. This differ-
guenchers and energy transfer has the potential to allow theence in quenching was not noticeable for DPH fluorescence.
estimation of the size of submicroscopic rafts. One possible explanation for this is that LW molecules

Factors Influencing Quenching: Association of Molecules locally altered the mixing behavior of lipids such that small
with Raft EdgesWe have also shown that fluorescent 12SLPC-enriched lipid domains locally persisted specifically
molecules specifically associating with domain edges would @round the peptide molecules. On the other hand, it is
exhibit unique quenching behavior. Quenching would not possm_le that th_e LW peptlde was incorporated into a subset
only reflectK, but also the association constant with the of vesicles enpched in 12SLPC. The observation that the
domain boundary, which we namédag. Although experi- strong qugnchlng of pept|d.e fluorescence was largely abol-
mental results indicate that LW peptide does not concentrateiShed at high temperatures in samples containing DPPC ruled
near domain edges, it may be possible to use quenching to®Ut the possibility that LW peptide was incorporated into a

identify domain edge-seeking molecules in the future. subset of vesicles greatly enriched in 12SLPC relative to the
average sample composition. However, incorporation of LW

peptide into vesicles slightly enriched in 12SLPC could not
be ruled out.
Effect of Strong Partition into Fluid Domains on Domain
Formation in Natural MembranesThe presence of TM
roteins strongly excluded from ordered domains could

The determination of whether molecules accumulate at raft
edges is of particular interest because of the potential
biological significance of raft boundaries for membrane
structure and function. Mitchell and Litman have proposed
that certain lipids with one saturated chain and one highly

gﬂli?éﬁr?;egt;:rawitﬁ rl;ehn(:lesslf[gr]o'rthatsti?]ig sma;ﬁratne;tutr:glaln significantly increase the formation of disordered domains
hos holigi ds tend to have one sa?trate d and on)(/e unsaturatein cell membranes. We saw possible evidence for such effects
PNOSPhOIIp 91 bilayers with very high levels of saturated lipid (i.e., under

chain, it is conceivable that some types may tend to conditions in which all, or almost all, of the bilayer would

concentrate at the edges of ordered domains with a Sphlr"form ordered domains in the absence of peptide). The exact

gollpld_/cho_le_sterol coren an analo_gous manner. Such ecige'balance between ordered and disordered domains in vivo is
preferring lipids could have a large impact upon raft structure

and function because thev would promote the formation of unclear, but it has been proposed that a large fraction of the
domaL'jn blo ndar'euss W'thya\le'uedpamo nt of raft—forrln'n plasma membrane may consist of ordered domaits 73).
jomal u 1es. Wi X lount ¢ Ing Therefore, it is possible that the high content of TM proteins
lipids, the introduction of edge-preferring lipids would tend

10 increase the domain berimeter-to-area ratio. requirin ain natural membranes influences lipid domain formation.
. main pef ; + eq 9 Very recently, Ge et al. have suggested this as an explanation
decrease in domain size linked to an increase in domain

number or a decrease in the smoothness of raft edd)es ( ];grerr?;)?gtr:gglj:)?m resonance data obtained in mast cell
Some proteins may also accumulate at domain edges.

Interactions between a protein with a strong affinity for rafts APPENDIX: RELATIONSHIP BETWEEN DOMAIN

and one that is excluded from rafts might cause them to SIZE AND QUENCHING

accumulate at domain boundaries. In addition, TM proteins 14 getermine the effect of the domain size upon quench-
covalently mod[flt_ad by.saturgted acyl chains, or bound to ing, it is necessary to account for both the number of
raft-associated lipids, might orient such that the TM polypep- fjyorophores in each domain and the number of fluorophores
tide remained outside a raft while the palmitate chains or 4; the domain edges. The fraction of the fluorescent

bound lipid were immersed within a raft. Such edge mglecules in ordered and disordered domains is related to
localization could be functionally important. It could increase ine total fraction of the bilayer that is in the ordered and

local protein concentration in one dimension as well as gisordered states and to the valuekgffor the fluorescent

control the interaction of membrane components with each molecules K, is defined as the ratio of concentrations of

other. the fluorescent molecule, which we name molecule M, in
Difference between Temperature Dependence of LW andthe disordered domains [\ to that in ordered domains

DPH Quenching.As noted in the Results, the thermal [M,]. If the fraction of the bilayer that is in the disordered

transitions detected by changes in the fluorescence of thestate isa, then that in the ordered state is-lo. and

LW molecules tended to be broader than those detected by

DPH fluorescence. We showed that this was unlikely to result Ko = [M gdl/[M o] = (mol of My/mol of M) (Aod/Agg) =

from inhomogeneous incorporation of peptide into a subset (mol of My4/mol of M,)((1 — o)/at) (1)

of vesicles. Instead, this difference may stem in part from

the different partitioning behavior of the two probes. whereAqs andAqg are the total areas of membrane that are

Theoretical analysis showed that the thermal dependence oin the form of disordered or ordered domains, respectively.
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(For simplicity, we consider cases in which the quencher
only affects fluorophores in the same leaflet of the bilayer. X
Under these conditions, the bilayer is essentially a two- FOROEOEIRON
i i i i O~OX0XXO

dimensional object, so that area is the analogue of volume OECEOROROROS
in a three-dimensional solution.) Rearrangement of eq 1 oooooogooo
allows the calculation of the fraction of fluorescent molecules OOO Q O

located in ordered and disordered domafivyq and fMgq, O30S
respectively. O

|

fM 4 = mol of M,/ (mol of M4 + mol of My, = O
(1-0)/(1—a+akK) (2) LR

fM 4y = mol of My/(mol of M4+ mol of My =
aK /(1 — a+ aK) (3) 208

Two regions within a domain must be distinguished: the 8%%
domain edge and the domain core. Considering the case in """ AR
which a number of ordered domains exist and are surrounded dd dde ode °9 dd

by & single continuous disordered lipid .do”.‘a'”’ and in which FiGurRe 8: Schematic illustration of bilayers containing stripe-
molecule M has the same concentration in the core and atshaped domains. Lipids in disordered domains are shown as circles.
the edge of a domain, the fraction of fluorescent molecules Lipids in ordered domains are shown as squares. Lipids at domain

within, but at the edges of, ordered domaifid dye) is edges are shown shaded. Labets= width of domain edgew =
width of domain, dd= disordered domain, og ordered domain,
_ _ dde = edge of disordered domain, and odeedge of ordered
fM ode fM od(AodJAod) - g J

domain. The local environment of four molecules<B) is also
(1-—ao)/1—0a+ aKp))(Aod(.JAod) 4) _shown. Notice that molecule Ain the core of the disordered qomam
is surrounded by six molecules in the disordered domain, and

. . molecule B at the edge of the ordered domain is surrounded by
where AqdAoq is the ratio of the total area at the edge of o molecules in disordered domains and four molecules in ordered

ordered domainsAyge to the total area of the ordered domains, etc.

domains. The fraction of molecules in ordered domains, but

not near their edge (i.e., in the core of ordered domains 9), the general relationship between domain size and edge
(fMod9), is then given by size can be stated as

Moge= Mog = Moge= M1 — AggdAcd) = AogdAog= 2XIW (8)
(1= o)1 —a+ ak))(1 — AygdAwd (5) A /A= 2w ©)

Since the ratio of the total area in ordered domains to the ) )
total area in the disordered domaims{Aqq) equals (1— Notice thatAoge = Aude Since the edge of the ordered and
)/, the fraction of molecules within disordered domains disordered domains have the same width (Figure 8). It is
but at the edge of an ordered domail¢J is then given possible to definex andw in terms of lipid diameters (i.e.,

by n lipid molecules thick or angstroms). Since natural phos-
pholipids have a cross-sectional area close te-BD A2
M yge= ™ 4q(Auad Agd) = M g Agad A (1 — )/0) = depending on the lipid state, the diameter of one lipid
_ _ molecule is equivalent to-79 A.
(OK/(1 = o+ oK) (AgadAod) (1 — /) (6) To define the dimensions offor the experiments in this

aper, we must consider the case of quenching by nitroxide-
where Ay is the total area at the edge of the disordered E\b%led lipids. Nitroxide quenchingq is shor?—raﬁge, and
doma'”s- . . _ . roughly speaking only nitroxides attached to the nearest lipid
Finally, the fraction of molecules in the disordered regions neighbors of a fluorescent molecule should be close enough
of the membranes that are not near the edge of an orderedy, q,ench fluorescences4—56). Therefore, only fluoro-
domain (i.e., the fraction of molecules in the core of the npqreq in the layer of the lipid at the immediate domain edge
disordered domainfilaad) is can be quenched by nitroxide-labeled lipids that are outside
the domain in which they are located. In other words, the
Mage= fMgq — Mgge = (@K/(1 — o + aK))(1 — domain edgeX) is one lipid layer wide (see Figure 8).
[(Agad A (A — a)/a)]) (7) To estimate the effect of domain size upon fluorescence
guenching, the quenching of molecules within the core and
To make use of these equations, the fraction of a domainat the edges of both ordered and disordered domains must
that is in its core and at the edge must be defined. The relativealso be calculated. We consider a mixture of a nitroxide-
dimensions of the edge and core of a domain are related tolabeled lipid and an unlabeled lipid and use a model in which
the size of the domain and the range of the quenching the lipids in the bilayer exhibit typical close lateral packing,
interaction. For domains with the shape of long stripes of such that each lipid is surrounded by six others (Figure 8).
width w and a quenching interaction of rangésee Figure The quenching of lipid-sized fluorescent molecules by
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1.00 Where F/F, o4c Stands forF/F, in the core of the ordered
i domains, etc. For long rectangular domains, substituting eqs
050 N 4—9 and the previous expressions describing the dependence
\\ of F/F, uponC into eq 11 gives
|\
g 0.60 \\ FIF,=[((1 — a)/(1 — oo + aK))(1 — (2¢/w))] x
Sl \\ (1= C°+ (1 — /(1 — a + aK)(2xw)] x
\ (1 - CHL — C* + [(aK /(1 — o+ aK)) x
L \
00 [ NIy, (1= 0wW)((L = ape)](L — C9°+ [(L — K/
L NTT (1— o+ aKp))dw)](L — C)*(L — C)* (12)
0'000.00 020 040 0.60 0.80 1.00

fraction quencher whereGC, is the concentration of the quencher in the ordered

Ficure 9: Calculated dependence of quenching of a DPH-like domains (@s amol frf’:lction of total lipid in t,he domgin), and
probe ((p = 1) in bi|ayers Composed of mixtures of DPPC and Cd is the concentration of the quencher in the disordered
12SLPC as a function of domain size. The fraction quencher is the domains. Notice that this equation is not valid when>2

fraction of phospholipid molecules that are 12SLPC. The dashed \y, If 2x > w, the area at the edge of a domain would exceed
line shows quenching in a homogeneous bilayer that does not form

. e ! : d he total area within that domain, which is physically
domains. Quenching in the region of phase coexistence is calculate -

for the case in which ordered domains contain 20 mol % 12SLPC 'Mmpossible. , )
and disordered domains contain 80 mol % 12SLPC. Itis assumed Analogous equations can be developed for the case in
that the least abundant components (disordered domains or orderedvhich a bilayer contains disordered domains surrounded by

domains) exist as small domains surrounded by a continuous domaing continuous ordered domain. In this casés the width of
formed by the more abundant component (i.e., for [fraction

quencherj< 0.5, disordered domains are small, and for [fraction the disordered domain. The fraction of fluorescent molecules

quencher}> 0.5, ordered domains are small). Quenching is shown Within, but at the edge of the disordered domains, is given
in the two-phase (domain-forming) range of compositions in which by
domains (solid line) are of infinite size (i.e., with no molecules

near domain edge); (open triangles) have 20% of molecules nearfM yge = M 3(Ayad Agg) = (K /(1 — o + aK))(AgedAgd)
the domain edge 2w = 0.2); (crosses) have 50% of molecules

near the domain edgex® = 0.5); or (closed triangles) have 100% (13)
of molecules near the domain edge/(2 = 1).

The fraction of molecules in the core of the disordered

nitroxide-labeled lipids can be then approximated by the domains is given by
expressiorF/F, = (1 — C)® whereC is the local concentra- _ . _ . _
tion of the quencher lipid in mol fraction unitZ, 54). This Maae=Mag = Mage= Mao1 = Augd Aud)
expression is valid for a fluorescent molecule in the core of (aK)/(1 = o+ aK))(L — AyadAdw) (14)
a domain (see Figure 8, molecules A and D) if it is fully , , ,
quenched when any of its six neighbors carries a nitroxides The frac'uon. of molecules |n.the. ordered domains, but at the
(22, 54). At the edge of a domairF/F, depends on how €dge of a disordered domain, is given by
many neighbors are within the domain, how many are outside _ _ _ _
the domain, and the value & within and outside the Maode= ModAoadAoc) = Mo Aoad Aga) (@/(1 — @)
domain. For domains with straight boundaries (e.g., a long (1 — )1 — a+ aKy))(AxgdAgd /(1 — o)) (15)
rectangular stripe), four lipids will be within the same domain Finallv. the fraction of molecules in th e of the ordered
as the fluorophore, and two will be outside the domain (see ally, the fraction of molecules € core ot the ordere
Figure 8, molecules B and C). Thus, at the domain edge, "€910NS is given by
F/Fo = (1 - Cinside domaia‘l(l - Coutside domai)|2- fM =fM _,—fM =((1— /(1 — + aK —

Combining the previous equations allows the calculation — °% od ose= (1 = /(1 — &+ k) _
of the dependence of quenching upon domain size. For (Q-a)(l—a+t aKp))(Aode/Add)(a/(l - )=

simplicity, we assume that the fluorescent molecule in (1= a)/(1— a+ oK) — (AggdAgd(/(1 — @)))
ordered and disordered domains has the same quantum yield

16
when in the absence of a quencher. The general expression (16)
for F/F, in a sample is then Substitution of these expressions into eq 11 gives
FIE. = z FIF,=[((1—a)/(1—a+aK))(1 - (a/(1—a)) x
[0}
6
(fraction of fluorescent molecules in an environment) (2xdw)](1 = Cp)"+ [(a/(1 — o + aKp))(2x/w)] X
(F/F, in that environmenty= § M (F/F,), (10) (1= C¥(1 = C*+ [((aK/(L — & + oK) x
1— 2wl — Cd)6—|- [(aKy/(1 — o + oK) (2xw)] x
Wherei represents each environment, and the sum is over 2 4
all environments. This can be expanded into four terms (1-C)(1-Cy" (17)
FIF, = Moy FIF oot Mol FIF)oge+ Figure 9 shows the effect of domain size on the fluores-

cence quenching of a molecule that (like DPH) h&s alose
MaadF/Fo)gae T MaadF/Fo)gae (11) to 1. Notice that edge effects become significant wheiw?2
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is greater than 0.2 (i.e., for domains that are 10 moleculescontinuous disordered phase, the following equations apply:
wide) and that edge effects distort quenching strongly when

2x/w is as large as 0:51 (crosses and filled triangles). In A /A, = (ar® — a(r — x)A)ar’*=1— (1 — xir)*>  (21)
fact, when domains are very small (filled triangles), the
quenching behavior approaches that in homogeneous bilay-A, /A ,= (a(r + X)* — ar?)/ar* = 1+ xr)> — 1 (22)

ers. Also notice that at a quencher mol fraction of 0.5, the
small domain size can result in anomalous quenching, such The exact solution for the dependence of the quenching
that there is increased quenching relative to that in homo- on the domain radius is algebraically complex for circular
geneous bilayers under conditions in which the presence ofdomains in a hexagonally packed lipid lattice. However, it
large domains decreases the quenching relative to that inis possible to crudely estimate how many lipid molecules
homogneous bilayers. must be in a circular domain to allow the domain to be easily
The quenching equations derived previously must be detected by nitroxide lipid-induced quenching. On the basis
modified for application to the Trp fluorescence of trans- of the preceding analysis, it can be estimated that to easily
membrane polypeptides or proteins. As a consequence ofdetect ordered domains surrounded by a continuous disor-

their larger cross-sectional area relative to lipids, a lipid-
exposed Trp residue in a polypeptide will have fewer lipid
neighbors than a lipid-sized molecule. Previous estimates
give a crude value of 42 lipid neighbors per Trp for
membrane proteinss4), and the data for the LW peptide
used in this report also fits a value close to 2 (calculation
not shown). Thus, for the Trp fluorescence of LW peptide
in the core of a domairk/F, = (1 — C)2 At the edge of a
domain, where half of the lipid neighboring a Trp would be

dered domainA.dAws < 0.5, for a probe having(, = 1.
Solving eq 21 withAyqdAog = 0.5 givesx/r = 0.293. Ifxis
approximatef 8 A (see previously), thenis about 25-30

A. This means that the area of a domain? must be about
2000 A for easy detection. Since lipid molecules occupy
about 70 A&, this is equivalent to a domain of about 30 lipid
molecules, showing that nitroxide quenching should be able
to detect very small domains. Similarly, if edge effects are
negligible whem,4dAoq < 0.2, then nitroxide quenching will

inside the domain and half outside, one can estimate thatnot be significantly influenced by edges whern 75 A (i.e.,

F/Fo = (1 — Cinside domaid(1 — Coutside domaip IN this case, eqs
12 and 17 become
FIFo=1(1—-o)/(1—a+ OLKp))(l — (2xIw))] x
(1 CP+ [((1 — a)(L + KL — o + aK,)) x
(2xw))1 -C)a—-Cy+ [((le/(l —o+ (le)) X
(1 — (24w)((1 — a)/o)))(1 — C)* (18)

and

FIF, = [((1 — )/(1 — o+ oK ))((L — (/(1 = @))) x
(X)L = C)*+ [(o(L + KN/(L — e+ aKp)) x
(2XW)](1 = C(L — C + [(aK /(1 — o + aK)) x

(1— 20w)](L — C)* (19)

respectively.

The previous analysis only considered the quenching of
molecules whose behavior can be fully defined by their
partition between ordered and disordered domains. A dif-

ferent fluorescence quenching pattern would be observed for.

a molecule is located at the boundaries between ordered an
disordered domains. When domains are predeifd, for a
polypeptide that sits exclusively at the domain edges would
approximately be given by
FIF,=(1-CJ)(1—Cy (20)

since in binary lipid mixturesC, andCq are invariant when
ordered and disordered domains coexist, Bfie} would be
independent of the quencher concentration for these com-
positions.

The analysis of the dependence of the quenching upon
domain size can also be extended to circular domains. For
circular ordered domains of radiughat are embedded in a

for domains of over 250 lipid molecules).

It should be noted that the analysis described in egs 10
22 ignores corrections needed when the quantum yield of a
fluorophore is significantly different in the ordered and
disordered state. The corrected form of eq 10 would be

FIF,= Z(fMi(F/Fo)iNi)/Z(fMiNi) (10a)
where N; = Fq/Fo1, which is the ratio ofF, values in
environment to that in the first environment.

Use of the corrected form of eq 10 is unnecessary when
the quantum yield difference is small or when the fluorescent
molecules partition very strongly into one particular type of
domain. Since~, is proportional to the quantum yield, in
practice a correction can be ignored whgns not dependent
upon the fraction of the bilayer that is in the disordered state
(o). SinceF, for the LW peptide was relatively constant
over the entire range in which disordered and ordered
domains coexist (i.e., 12SLPC concentrations between 0.2
and 0.8) (see Figure 4C), we did not attempt to calculate
corrected, values for LW peptide. A second reason not to
correctK, was that the corrected previous equation assumes
that the difference in quantum vyield is not dependent upon
he concentration of the fluorescence molecule in a particular

omain. We suspect that the LW peptide aggregates within
ordered bilayers and that this aggregation results in self-
guenching that decreases Trp quantum yield. (Self-quenching
of Trp at high local concentration has been observed
previously £3).) If this is correct, and LW peptide concen-
tration within ordered domains is greatly decreased in the
presence of disordered domains (due to its partition out of
the ordered domains), then the quantum vyield correction
would exaggerate how much of the LW peptide was in the
ordered domains.
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