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Abstract: The classical three-stage model of membrane solubilization, including mixed membranes,
membrane—micelle coexistence, and mixed micelles, is not applicable to demixed, domain-forming
membranes and must, therefore, fail to describe the phenomenon of detergent-resistant membranes (DRMs).
In lack of a quantitative model, it has often been assumed that ordered, detergent-depleted domains are
inert, whereas fluid domains are solubilized. We establish a quantitative model based on equilibrium
thermodynamics that is analogous to the three-stage model but comprises three components (two lipids
and one detergent) in four phases (liquid-ordered and liquid-disordered membranes, micelles, and detergent
in aqueous solution). For a given set of total concentrations and input parameters (initial abundance of
ordered domains, solubilization boundaries of the pure lipids, etc.), it serves to calculate the phase
boundaries and partial concentrations of all components in all phases. The results imply that the abundance
and composition of ordered domains may vary substantially upon addition of detergent, both before and
during solubilization of the fluid phase. It seems that gel-phase or order-preferring lipids are thermodynami-
cally “resistant” regardless of the presence of a second, fluid phase. However, thermodynamic or kinetic
resistance is not sufficient for obtaining DRMs because the resistant particles may be too small to be
isolated. Cholesterol may be crucial for rendering the fragments large enough and, furthermore, enhance
the formation of ordered domains by nonideal interactions with the detergent.

Introduction model®~8 In the first stage, detergent micelles added to a lipid

The solubilization of biological membranes by detergents has memprane dispersion dissolve into monomers, apd the latter
long been used as the main method for the isolation and pa_lr_utlon between membran_e and gqueous SO_IUt'On' When a
purification of membrane proteins and other constituents, c'itical detergent mole fraction(:* is reached in the mem-
Recently, considerable interest has been attracted by the findingPrane. mixed micelles appear in coexistence with these saturated
that biological membranes can be solubilized selectively. Certain Membranes during the second stage. The mole fraction of
membrane constituents are incorporated into small micelles, detergent in the micelles X Addition of more detergent
whereas others remain in so-called detergent-resistant membran#icreases the number of micelles at the expense of membranes
fragments that are large enough to be separated by centrifugabut leaves their internal composition&s® andXe*® unchanged.
tion. This provides a unique tool to preselect classes of proteins When the average detergent mole fraction in micelles and
to be isolated and to study the preferences of proteins for certainmembranesX., approacheX*°, the last membranes disappear,
membrane environments, and it will undoubtedly be of great and atXe > X%, only mixed micelles are left in the third stage.
value also for future large-scale studies of membrane proteins.This behavior can be well explained in terms of a simple
Apart from that, it has stimulated the hypothesis that the resistantthermodynamic model if mixed micelles, membranes, and the
fragments resemble functional domains, so-called “lipid rafts”, aqueous solution of detergent are considered thermodynamic
existing already in the original, detergent-free membrane. pseudophases. This is a good approximation in most cases,
Thousands of studies addressing this issue have beenglthough phases in the strict sense are homogeneous and
published: ™ separated macroscopically. Major deviations have been found

The solubilization of homogeneous fluid membranes is for charged detergents forming very small micelles, such as bile
described by what is often referred to as the three-stagesats? where long-range miceltemicelle interactions and the
entropy of mixing of micelles in the dispersion give rise to
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significant contributions to the free energy of the system. A Theory
refined model has been established to account for such effects. The fom Model for Ideal Mixing. The model applies to a

Selective solubilization and detergent resistance cannot bethermodynamic equilibrium of two lipids, L1 and L2, and one
treated in terms of the three-stage model. Réfre often detergent, D, duringfdbm” coexistence, that is, forming fluid
assumed to be basically equivalent to liquid-ordered domains (f) and ordered ) membranes, micellesm), and aqueous
forming in certain lipid mixtures*** The equivalence of  solution @q, only for the detergent). The criterion for a system
detergent-resistant membranes (DRMs) with rafts has beento be in equilibrium is that no transfer of any molecule from
claimed on the basis that the detergent virtually does not insertone phase to another can further reduce the Gibbs free energy
into ordered membrane domains. Thus, one is tempted toof the system, meaning that the chemical potential of each
conclude that the ordered domains are inert against the detergentomponent must be equal in all coexisting phases. For the
and the fluid domains behave as predicted by the three-stagedetergent in thdom range, ideal mixing in all phases yields
model. However, this reasoning neglects that changing one phase 0 of . o
in an equilibrium affects the other phases, as well. For example, #p° + RTIn X3 = ug' + RTIn X = up™ + RTIn X§ =
if a fluid-phase prgferrmg m.oller.:ule .(the detergent) Is added, it 1329+ RTIn X2 (1)
should tend to shift the equilibrium in favor of the fluid phase
(regardless of where it is localized). In a sophisticated qualitative  The chemical potential comprises a constant standard value,
consideration, London and Browhmentioned other critical ﬂg, and a composition-dependent terRil In XpP, containing
issues. For example, DRMs might overestimate the amount of the contribution from the entropy of ideal mixin& denotes
ordered phase because they are usually isolated at low temperthe universal gas constaftthe absolute temperature, aXgP
ature or form by selective solubilization of certain lipids from the mole fraction of detergent in a phase= o, f, m, or ag.

a homogeneous intermediate state. Experimental data imply thatwe may rewrite eq 1 and the equivalent equations for the lipids,
the detergent may promote the formation of ordered domainsL1 and L2, using partition coefficients of a component C
already before solubilization and suggest nonideal interactionsbetween the phasgel andp2, KcPYP2 as

between detergents and order-preferring lipids as a possible

driving force for such an effeéf.!® Using neutron scattering, opl_ 0p2_ X2t oLip2
Nicolini et al'” have detected changes in domain size induced He' THc = _RTInXpZ = —RTInKc (2)
C

by detergents. Van Rheenen et&have provided evidence that
detergent-induced domain formation as suggested by model \riting the mole fractions in terms of molar concentrations,
studies occurs also in vivo, and that minute amounts of Triton c.p, yields six independent equations of the type

lead to phosphatidylinositol 4,5-bisphosphate gPtRusters that

do not exist in detergent-free cell membranes. On the basis of e+ + )

plio _
such findings, a more critical view of the “DRM= raft” c - (Cpl+cp1+ Cpl)co (3)
hypothesis has been acquired recefitR/but the problem still D L1 - /e
suffers from a lack of quantitative understanding. for the components & L1, L2, or D and phasesl = f or m

Our aim is to make a first step toward such a quantitative andp2 = o (i.e., Kp", Kp™°, K 170, K| 1™°, K 5,70, andK ™).
understanding. We present a model describing the effects of aFor the aqueous detergent solution
detergent on membrane domains before and during selective
solubilization by extending the classical three-stage model,
taking into account a third component and a fourth phase. On
this level of complexity, a systematic approach requires starting

with the simplest case, which is ideal mixing of the components  since these equations still describe mole fraction partition
in all phases. We will show that this basic case provides coefficients, the standard states remain hypothetical pure phases
important insight and yields useful rules for such systems. (XcP = 1) rather tha 1 M solutions. The ordered phase is chosen
However, we will also have to accept that this model is not as the reference state merely for technical reasoisgresent
sophisticated enough to account for all key properties of real in many phase ranges) and without restriction of generality. All
multicomponent membranes. To illustrate the substantial influ- other KcPP2 values depend on the severbased partition
ence of nonideal mixing, we introduce a single nonideality coefficients given by egs 3 and 4.

P 55.5 M x 2

parameter into our model at the end of the study. Trivially, the sum of all partial concentrations of a component
(all referring to the total volume) must equal the total concentra-
(10) Roth, Y.; Opatowski, E.; Lichtenberg, D.; Kozlov, M. langmuir200Q tion, yielding another three independent equations, such as

16, 2052-2061.
(11) McMullen, T. P. W.; Lewis, R. N. A. H.; McElhaney, R. ICurr. Opin. o f m aq

Colloid Interface Sci2004 8, 459-468. Cp=Ct+cy+cy+cp (5)
(12) Veatch, S. L.; Polozov, I. V.; Gawrisch, K.; Keller, S.Biophys. J2004

86, 2910-2922.

(13) Ipsen, J. H.; Mouritsen, O. G.; Zuckermann, MBibphys. J.1989 56, for cp and analogous expressions fpi andci,. The system
61-667. . i

(14) London, E.; Brown, D. ABiochim. Biophys. Act200Q 1508 182-195. of eq; 35 replrefser?ts the model l.Jsed here; 8:|| 10 equayons
(15) Heerklotz, H.Biophys. J.2002 83, 2693-2701. are given explicitly in the Supporting Information. Selecting
(16) ?ze;";ggf%'ga Szadkowska, H.; Anderson, T.; Seelig, dol. Biol. 2003 appropriate values for the sevigPl®values and the three total
(17) Nicolini, C.; Thiyagarajan, P.; Winter, Rhys. Chem. Chem. Phyz004 concentrations,cc, yields 10 equations with 10 unknown

6, 5531-5534. ; P i — —
(18) van Rheenen, J.; Achame, E. M.; Janssen, H.; Calafat, J.; JaliBR/BO variables ¢C with C =D, L1,_0I’ L2 andp_ f,0,m, and, fOI’.

J. 2005 24, 1664-1673. D, alsoag), so that an unequivocal solution can be determined
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numerically using the Solver (Frontline Systems, Incline Village, solubilization of ordered phases may implicitly include the

USA) function in an Excel spreadsheet (Microsoft, Redmond, formation of disordered phases. We varied these parameters over

USA). a broad range to obtain general conclusions without experimental
The phase model used here implicitly refers to large domains, data (cf. Results).

that is, macroscopically separated phases with a negligible (6) We define the fraction of ordered lipid as

mixing entropy of the different domains and negligible inter-

facial energies of the borders between the domains. In case of o

weak line tension between the different domains, the latter

become small, thus gaining some additional entropy and making

0 (0}
Ot o
T 0o

(6)

lipid sorting somewhat more favorable.
The Models for the Phase Ranges fo, om, f, m, and fnif,

The value ofé° depends on lipid composition, temperature,
pressure, and detergent content. We select the fraction of ordered

for the selected set of parameters, the system does not showipid in the absence of detergef(0) = £°(X. = 0) as another
fom coexistence, at least one of the resulting partial concentra-input parameter. With increasing temperature, the ordered phase

tions becomes negative, indicating that fben model is not

melts, and&° varies from unity to zero. The progress of the

appropriate in the respective concentration range. A model for thermotropic transition can, for instance, be measured by
fo coexistence (membranes with fluid and ordered domains andscanning calorimetry.

detergent monomers, but no micelles) is obtained by omitting

the equations foKp™°, K 1™, K. ,™°, and settingec™ = 0 for

all components, C. The model fam coexistence is derived
analogously by omitting all equations and concentrations for
the f phase. For thé phase range (only fluid membranes and

(7) One basic partition coefficient, the affinity of L2 to the
fluid as compared with the ordered phabg.™, is specified
as an input parameter. Without restriction of generality, we
assume that L2 prefers the ordered phisg® < 1. BothK,"°
and&°(0) serve to calculatis; ;7°, and the requirement thit ;7

aqueous detergent monomers), the equilibrium is given by > 0 limits the range for choosing " at a given&2(0).

Kp2@9Kp' (cf. eq 3 withpl = f, C = D, and eq 4), and
analogous expressions hold for timerange (only micelles and
aqueous detergent monomers).

For fm (solubilization of fluid membranes in the absence of

Using these seven input parameters and the total concentra-
tions, c.1 andcy», we calculate the solutions for increasiag
corresponding to a titration of detergent into the lipid dispersion.
If the results are, however, plotted as a function of the effective

ordered domains), we have to change the reference state of outletergent mole fraction in aggregates, defined as

K values tof, deriving Kc™ = Kc™9/K7 and an analogous
equation forkp2¥", The model then simplifies to the classical
three-stage casé, fm, andm) for c.> = 0 andcc® = 0 for all
components, C.

Input Parameters. Unfortunately, some of the seven patrtition

coefficients used here are not straightforward to be estimated
or measured. We therefore chose another, more illustrative set

of input parameters that serves to calculate these devatues
(cf. the Supporting Information for conversion rules).
(1) The critical micellar concentration (CMC) of the detergent

_ g
¢~ Cp

Xe (7)

Co—Ch eyt ey

they will agree for all calculations sharing a certain L2-to-L1
molar ratio,c ,/c 1, regardless of the absolute concentrations,
c1 and co. We chose an equimolar mixture for all cases
presented here.

Results

determines its partitioning between the micellar and the aqueous  Typical Behavior of Predominantly Ordered Lipid Mix-

phase Kp™24 and, withKp™© (derived below), alsdp29,

tures. Figure 1 shows the results of a typical model calculation

(2,3) The effective mole fractions at the onset and completion for the input parameters given in the legend. The results for the

of solubilization of the fluid-phase-preferring lipid LXSat
(L1) and X°(L1), yield Ko™ and K ;™" and, withKp™° and
Kii7 (derived below), also the basi€p? and K ;™. As
standard values, we cho¥g?(L1) = 0.29 andXs°(L1) = 0.63
as found for Triton X-100/1-palmitoyl-2-oleo@r-glycero-3-
phosphocholine (POPC) at 3.1 The somewhat higher values
reported for the partitioning of Tritdf~2 and most other strong
detergents into POPC or egg lecithin at room temperétéie
would lead to the same general behavior.

(4,5) Analogously, we select the onset and completion of
solubilization of a pure ordered membrane consisting of L2,
XS2(L2) and X°(L2), which yield Kp™° and K ,™°. These

partial concentrations of the components, C, in the phases,
are plotted as percentages of the total concentrafighns ccP/

cc. Thefom model returns positive solutions for the range of
0.31 mM< ¢p < 0.73 mM (0.15< X < 0.37). At lower deter-
gent content, the system isfim equilibrium. Over a large con-
centration range of 0.73 mM ¢p < 4.5 mM (0.37< X¢ <
0.81), “resistant” ordered membrane patrticles coexist with micel-
les (om), and only at very high detergent concentrationgf

> 4.5 mM is the membrane fully solubilizeanj. The con-
sistency of the solution is illustrated by the fact that the partial
concentrations vary continuously at the phase boundaries. For
example, forcp = 0.31 mM (o|fom boundary), the model for

parameters are not straightforward to be measured becauséo as well as that fofom yield the same result. The data given

(19) Paternostre, M. T.; Roux, M.; Rigaud, J.Riochemistryl988 27, 2668—
2677

(20) Partéarroyo, M. A.; Alonso, A.; GanF. M.; Tribout, M.; Paredes, Sl.
Colloid Interface Scil996 178 156—159.

(21) Kragh-Hansen, U.; le Maire, M.; Mgller, J. Biophys. J1998 75, 2932—
2946

(22) Heeridotz, H.; Seelig, Biophys. J200Q 78, 2435-2440.
(23) Heerklotz, H. IrPhospholipids HandbogRnd ed.; Cevc, G., Ed.; Plenum
Press: New York, 2005.

in Figure 1 are plotted as a function of the absolute detergent
concentrationgp, in Figure S1 in the Supporting Information.
The results show that in tHfe range, a considerable amount
of L1 but also a little L2 is transferred from into f, that is,
ordered domains or part of them are converted into fluid ones,
and the remaining domains are enriched in L2. The ordered
domains are further changed upon selective solubilization of

J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005 11471
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E aq Figure 2. The fractions£P, of the lipids, L1 and L2, in the orderea)(
o5 N \ fluid (f), and micellar n) phase, and the phase ranges as a function of the
| effective mole fraction of detergent in the systefa,Ordered domains are
0 \":—"'r-r— disintegrated by addition of detergent to the membrane faritibut reappear
v U L B upon selective solubilization of L1 at then|fom boundary. The input
0.0 02 0.4 0.6 0.8 1.0 parameters are the same as in Figure 1 with the excepti§(@f= 20%
X andK . = 0.4. The results for the detergent are not shown.

Figure 1. Results of a simulation for fixed lipid concentratioti {/c.o = i i
1) and increasing detergent concentration given as effective mole fraction, left. After the appearance of micelles Xgf|fm), there is a

Xe (abscissa). The input parameters are CM0.23 mM,Xs3(L1) = 0.29, preferential solubilization of L1 because the order-preferring
X L1) = 0.63, X:53(L2) = 0.10, Xs°(L2) = 0.90, £°(0) = 75%, and lipid, L2, has a weaker affinity to micelles. As a consequence,
Ki° = 0.1. Plotted are the fractiong?, of the two lipids, LLand L2, and  the remaining membranes are enriched in L2, and at a critical
of the dete_rgent, D, localized in each of the four possible phmes(dered L2-to-L1 ratio, ordered domains reappefm[fom boundary).
(0) and fluid f) membranes, micellesn), and aqueous solutioad). Phase ’ - ¢ \ g
boundaries are recognized by the appearance or disappearance of phasd® thefom range, the lipids from fluid domains are sorted into
and indicated by dotted lines. micelles (L1) and ordered domains (L2). fam|om, also the
ordered domains start to be solubilized, and this process is
thef phase fom). In thefom andom ranges, the amount of L2 completed at virtually the sam¥om|m) as in Figure 1
in 0 domains decreases nearly linearly with the total detergent describing the solubilization of an originally much more ordered
concentration (cf. Figure S1 in the Supporting Information), and membrane.
the disappearance of fluid membranes atftmejom boundary General Phase BehaviorLet us, at first, inspect the effect
has only a minor effect on the solubilization of L2. The aqueous of the preferences of the lipids, L1 and L2, for fluid versus
detergent concentrationcp®?, increases continuously with  ordered phases on the solubilization behavior. The input
increasing totalcp and approaches the CMC for largs. parameters describing these propertieskap and£°(0). With
However, the fraction of detergent that is in aqueous solution go(() decreasing from unity (all ordered) to zero (all fluid),
decreases, so that the effective mole fractig,approaches  Figure 3 bears some resemblance to a phase diagram since the
the total mole fraction. When it comes to discussing the o phase melts with increasing temperature. The boundaries are
extraction of DRMs, which is usually done at high concentra- (istorted becaus&®(0) is not a linear function off, and the
tions (o > CMC), we can ignore the aqueous detergent and other input parameters may also depend somewhat on temper-
interpretX. approximately as the total mole fraction of detergent atyre23 which is not considered here.
in the system. The bottom panel of Figure 3 was obtained for a strong
Typical Behavior of Predominantly Fluid Membranes. preference of L2 for the phase as quantified kg " = 0.1.
Figure 2 illustrates a calculation for a system that can be From&°(0) = 100% (corresponding to low temperature)sfo
imagined to represent a higher temperature, where most of the(0) ~ 40% (thermotropic transition range), we find the same
ordered domains are “molten”. We assume a relatively small sequence of phase ranges as illustrated in Figure §°(0) =
fraction of ordered domains in the detergent-free membrane, 75%, that is,fo—fom—om—m. Progressive melting of the
£°(0) = 20%, and a strong sorting of L1 into disordered ordered domains shifts the onset of micelle formatimffgm)
domains K ," = 0.4. Addition of detergent converts ordered and, particularly, the complete solubilization of the fluid phase
domains progressively into fluid ones until &jf boundary is (fom|om) to higher detergent contents. This is logical because
reached, beyond which only homogeneous fluid membranes arethere is more lipid in thé phase to be solubilized in the first

11472 J. AM. CHEM. SOC. = VOL. 127, NO. 32, 2005
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Figure 3. Phase boundarieXe, for various degrees of order in the original
membrane£°(0) (ordinates), and partition coefficients of L2: top panel,
Ko7 = 0.5; center, 0.4; bottom, 0.1. The other input parameters are the

X (L2)
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X

e
Figure 4. The effect of the onset and completion of solubilization of pure
ordered L2,X52(L2) and X&°(L2), on the phase ranges. For the case of
detergents added to detergent-resistant membréngsnore susceptible
to solubilization (corresponding ts°(L2) > 0.53), and the detergent
inserts preferably intd (corresponding tX52(L2) < 0.40). All other input
parameters are selected as in Figure 1.

CMC of OG is much larger has the consequence that a higher
absolute detergent concentration is needed for complete solu-
bilization of the ordered phase, that is, 4.5 mM for TX but 22

same as in Figure 1. Hatched areas are not accessible because they woull’M for OG. However, relative to the CMC, there is more TX

correspond to negativié ;7 values.

needed £20x CMC) than OG (kCMC), so that an isolation
procedure using, for example, twice the CMC could yield DRMs

place. However, the detergent concentration needed to finally with TX but not with OG.

solubilize the “resistant’™o phase is almost independent of
whether the lipid was originally in an or in anf phase.
Having more than~60% of the lipid in thef phase is
incompatible with a strong preference of L2 for tbghase.
Systems with lese must have higheK " values; the center
panel of Figure 3 uses a value Kf,7 = 0.4. At high initial

The much higheKssatand X5 values of OG compared with
those of TX also shift the solubilization of the fluid phase in
the L1/L2 mixture to higheX. values: X¢(folfom) from 0.15
(TX) to 0.40 (OG) andX{fomjom) from 0.37 (TX) to 0.57
(OG). The fraction of lipid in the ordered phase, starting at 75%
in the calculation, decreases to 59% upon solubilization of the

order €°(0) > 50%), we obtain the same phase ranges as for fluid phase atXs(fom|om) with TX but to 39% with OG. The

K" = 0.1 (bottom panel), but with the phase boundaries
shifted to higher detergent contents. A%0) ~ 40%, the
detergent abolishes all ordered domains already before solubi

enrichment of theo phase with L2 ¢,%c;° = 1.8 before
addition of detergent) at this point is stronger for OG (5.5) than

-for TX (2.7). It appears that the effects withiom are generally

lization starts. Systems with only a few ordered domains already enhanced for OG, which has a much broafderange. Finally,

in the absence of detergerd®(0) < 20%) require even larger
values ofK ," (top panel). The higher affinity of L2 to the
fluid phase shifts the pattern in favor of the fluid phase. Now,
intermediatef andfm phase ranges are obtained already from
originally largely ordered membranes (high). For £°(0) <

we note that nonideal interactions (cf. below) of weak detergents,
such as OG? with membranes are expected to be weaker, as
well. The “resistance limit’X¢(om|m), is independent of the
characteristic parameters of the fluid lipid varied here.

Effects of the Solubilization Behavior of L2. Figure 4

12%, ordered domains cease to reappear. As disorder-preferringllustrates the influence of the solubilization behavior of lipid
detergents cannot promote ordered domains in the case of ideal 2, which is quantified in terms 0f52(L2) andXs>°(L2). These
mixing, the phase behavior must approach that of homogeneouswo input parameters are used to determine several characteristic

fluid membranes (three-stage model withfm, and m) for

partition coefficients, in particulakp™, which describes the

vanishing ordered domains. The thermodynamic resistance ofaffinity of the detergent to ordered versus fluid membrane

L2 against solubilization, which is quantified B§(om|m), is
virtually independent o£°(0) as well as oK ,".

Effects of the Detergent and Fluid Lipid. The interactions
of the detergent with the more fluid lipid, L1, are characterized
by the CMC XS3{(L1), andXs°(L1). We compared calculations
based on parameters typical of POPC/Triton X-100 (TX; CMC
= 0.23 mM, X53{(L1) = 0.29,X*°(L1) = 0.63) with those of
octyl glucoside (OG; 22 mM, 0.61, 0.78)25 OG is a weak
detergent that usually fails to yield DRMs. The fact that the

domains, and ,™°, which indicates the tendency of L2 to
become solubilized from ordered domains into micelles.

The top panel of Figure 4 keep&s©(L2) = 0.90 constant
and increaseXs"(L2). This corresponds to a decreasekgf®
from 8 (atXs#(L2) = 0.05) to 1 (0.40) and 0.6 (0.75). This
means thatXs2(L2) > 0.40 corresponds to a detergent that
prefers insertion into and formation of the ordered compared
with the fluid phase, a condition that seems not to be relevant
to the isolation of DRMs (but maybe to membrane additives

(24) Paternostre, M.; Meyer, O.; Grabielle-Madelmont, C.; Lesieur, S.; Ghanam,
M.; Ollivon, M. Biophys. J.1995 69, 2476-2488.

(25) Keller, M.; Kerth, A.; Blume, ABiochim. Biophys. Act4997 1326 178—
192.
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other than detergents). If pure L2 requires more detergent for fo fom om m
the onset of solubilization, the L1/L2 mixture will do so, as 100
well. The completion of solubilization of thieas well as of the 75 ]
o phase is, however, essentially unaffected. i L2
Finally, we keptXs2{L2) fixed at 0.10 and increased the 50 — / (0]
detergent content required for the completion of solubilization 25 ]
of pure L2,Xs%(L2), from 0.35 to 0.98. Belows(L2) = 0.53, ] L1
Km0 is larger tharK ;™f, meaning that the ordered domains e e E—_
- . - - . 100 —
will be preferentially solubilized, again a case that is not of T
interest here. The largeXss°(L2), the more selective is the 75
solubilization of the fluid phase, and the more will the detergent 3:2: 50 _] f
accumulate in thd and be repelled from the phase. The %, i
consequences are shown in the bottom panel of Figure 4. 25
Growing resistance of pure L2 against solubilization increases ]
the amount of detergent that is needed for the onset of micelle 10—
formation in the mixtureX¢(fo|fom), for the complete solubi- 75 ]
lization of the fluid phaseXg(fom|jom), and, in particular, for 1
the complete solubilization of the ordered phasgom|m). In 50 - m
fact, this is the only parameter that governs the thermodynamic 25 ]
resistance of the mixture, whereas all other parameters varied |
so far have virtually no influence oXg(om|m). 0 T
Nonideal Mixing. In general, mixing in the membrane and 0.0 0.2 0.4 06 08 1.0
micelle phases might possibly be nonideal, necessitating ad- X

ditional terms in the expressions for the chemical potentials. _ ) o i
Here, we demonstrate the substantial effect of a single nonide-’-:'gure 5. Effectof nonideal mixing between detsrgem and order-preferring

' lipid as quantified by a nonideality parametes; o' = 5 kJ/mol. The fraction
ality parameter for pairwise interactions between detergent andof initially ordered membrane i5°(0) = 0.001; the other input parameters
lipid L2 in the fluid phase. That this interaction is highly areas in Figure 1. In the case of unfavorable nonideal mixing between D
nonideal in DRM-forming systems is supported by the finding and L2 and at low initial degree of order, addition of D promotes the ordered
that the partition coefficient of Triton into largely fluid POPC/ phase.

egg sphingomyelin (eSM)/cholesterol (1:1:1 mol/mol/mol) almost exclusively on one input parametXe°(L2). For a
vesicles at 37C is about 6 times smaller than that into pure detailed interpretation of this behavior, it is advantageous to
POPCI® Even though we cannot distinguish whether this quantify the composition of the system in terms of effective
nonideality is a consequence of the sphingomyelin or the mole ratiosRe, rather than mole fraction¥,, using the simple
cholesterol or both of them in a cooperative manner, we chose conyersiorR, = X/(1 — Xo). The D-to-L2 mole ratio in micelles

a moderately unfavorable nonideality parameggy..' = 5 kJ/ at the disappearance of ordered membrane particles,
mol, to assess the possible consequences of nonideal mixingRD/Lzm(0m|m)’ is virtually independent of the presence or

The parameter accounts for the excess free energy of the fluid;psence of L1. In pure L2, this ratio is also ternReP(L2).
phase as compared with ideal mixir@g’, according to We may thus write '

f_ i f o f
G = pp2XpXi2 (8) o Kg‘/O(KE/Zm —1) KD/OKOmM - 1 om
. . Roi2(0mim) = R(L2) = / KLz
The nonideal free energ@e’, is much smaller thappof K9°—1
becausepf, X.o' < 1. All other possible nonideality parameters (©)]

were neglected. Th . so(L2) i f . ffici
Figure 5 presents the extreme case of a membrane at the e expression dRe"*(L2) in terms of partition coefficients

completion of the melting of the ordered domains, so &i6Q) of L2 and D betweero andm is derived in the Supporting
~ 0. Addition of detergent induces the formation of ordered Information. The approximation on the right-hand side of eq 9

domains, which are growing further beyond tbgom boundary is valid for largeKp™° (detergent prefers strongly overo)

by selective solubilization of L1. The sample would shed0% and IargeK_LZO’m (L2 preferso strongly overm), which is
of the lipid as thermodynamically resistant, although it was all typically fulfilled by order-preferring lipids. Thus, the resistance
fluid before the addition of detergent. of L2 in any mixture with a more readily solubilizable lipid is

solely determined by and equal to the preference of the resistant
lipid, L2, for o overm. No property of L1 nor even its mere
The Nature of Detergent ResistanceThe isolation of a existence has any influence on tbhmm phase boundary of
DRM fraction from a membrane sample depends on a numberthe mixture.
of properties that may be of kinetic, thermodynamic, or technical A large K| 2™ is expected if the transfer of the lipid into the
kind. Our study allows us to discuss DRMs if these are thermo- micelle requires not only some change in interfacial curvature
dynamically stable. Then, detergent resistance of a lipid meansbut also additional energetically costly transformations, such
that it remains in a bilayer structure up to very high detergent as chain melting or disordering of almost stretched chains well
contents or, in terms of our model, that it has a very high below the melting temperature. In light of this, all lipids forming
(om|m). It turns out in all calculations that the amount of deter- gel or ordered phases at a given temperature must be expected
gent required for solubilizing the “resistargdomains depends  to be resistant, both in mixtures with others and alone.

Discussion
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The latter suggestion seems to be in conflict with the finding these, as often assumed, promote ordered phases, and of
that pure 1,2-dipalmitoy$n-glycero-3-phosphocholine (DPPC) membrane-perturbing solutes, which may render gel-phase
or pure sphingomyelin does not necessarily yield DR, membranes technically soluble even far below the melting
However, thermodynamic (or maybe kinetic) resistance is only point2®
a necessary but not a sufficient criterion for the observation of  Line Tension and Domain Size: Cholesterol Might
DRMs. Additionally, the resistant particles must be large enough Enlarge Resistant Particles. As noted above, the phase
to be separated by centrifugation. The presence of cholesterolequilibrium model used here does not consider the size of the
or other lipids may be important for DRMs not primarily by domains, which is determined by the tradeoff between the
making the domains more resistant but by rendering the resistantentropy of mixing (favoring small domains) and the line tension
particles larger. Furthermore, DRMs might also be thermody- of the domain borders (favoring shorter borders, i.e., larger
namically unstable nonequilibrium structures that can be isolated domains). Hence, molecules reducing the line tension between
because of the slow kinetics of equilibratith. the domains could abolish detectable DRMs by rendering them

Solubilization of Membranes in the Gel PhaseAs men- too small without affecting the actual equilibrium of the domains
tioned in the previous section, pure gel-phase lipids seem to beas described here. Nicolini et ®lhave demonstrated by small-
thermodynamically resistant, but the resistant membrane frag-angle neutron scattering that Triton may reduce the domain size
ments may be too small to be detected or isolated. Funari etin model systems. On the contrary, an agent that enhances the
al.2® have described, in fact, “gel-phase micelles”, that is, small line tension may serve to make DRMs large enough to be
bilayer fragments of virtually pure DPPC gel phase surrounded detectable. Cholesterol seems to be such a line tension modula-
by a hoop of detergent, which represent the thermodynamicallytor. Galla and Sackma#h have shown that addition of
resistant but technically soluble systems discussed here. Wecholesterol to DPPC abolishes the coexistence of gel clusters
observed a similar behavior for mixtures of eSM and TX and defect ranges, so that the segregation of the probe below
(Heerklotz et al., unpublished); the sample was optically clear T is eliminated. Hence, more detergent is expected to be
below the melting pointT, of eSM but “melted” afl,, = 39 required for the disintegration of the membrane, and the particles
°C, with approximately the heat expected for pure eSM. The might be larger. The phase diagram of giant liposomes
dispersion became turbid aboVg. This supports the hypothesis composed of 1,2-dioleoyr-glycero-3-phosphocholine (DOPC)/
that most of the lipid is still in an almost detergent-free gel- sphingomyelin/cholesterol established by Kahya ét ptovides
phase bilayer belowl,, (what we call “thermodynamically  crucial insight; domains in the gefluid coexistence range are
resistant”), but the bilayer fragments are too small to be detectedtoo small to be visualized by confocal fluorescence microscopy
by turbidity or centrifugation (i.e., “technically soluble”). Upon and can only be detected by correlation spectroscopy. However,
chain melting, the membrane loses its thermodynamic resistanceaddition of ~20 mol % of cholesterol induces growth of the
and the local detergent concentration at the edges decreasedomains, making them visible in the microscope. In summary,
because the detergent distributes over the whole membrane. Irit appears that lipids below their melting temperature may
turn, the fragments merge to form large membrane particles orgenerally be detergent-resistant in the thermodynamic sense,
vesicles. regardless of whether they are mixed with cholesterol or other

These arguments and the analogy of the process to what outipids. Cholesterol may, however, be necessary for rendering
model reveals about mixtures also resolves the paradox ofthe resistant particles large enough to make them visible or
enhanced susceptibility to solubilization of membranes slightly separable by centrifugation.
below the melting temperatuf&2”:2°The chains in a gel phase Another possible role of cholesterol is to induce a marked
are arranged to form a hexagonal lattice, and clusters of crystal-nonideal mixing in the fluid phase. This would not affect the
like packing are separated by line defects. A detergent or anyresistance of L2 given b¥e(om|m), but it could greatly increase
other molecule that does not fit into the lattice is accumulated the amount of resistant lipidg°(om|m), by detergent-induced
in the defect domains. This has, for example, long been known formation of ordered domains, as illustrated in Figure 5. Very
for pyrene, which shows an enhanced excimer formation in large concentrations of cholesterol can also eliminate visible
membranes somewhat below the melting temperature as itdomains in giant liposomes;32but this is often explained by
segregates into small areas at high local concentrétitina the formation of a continuous liquid-ordered ph&s&
detergent is added to a membrane, it will also accumulate in  Are Rafts Equivalent to DRMs? It has often been assumed
such less tightly packed domains. This preference will give rise that functional in vivo domains in detergent-free membranes
to a very high local detergent content in the defect ranges, a(lipid rafts) and DRMs are both governed by an equilibrium of
growth of the defects, and most likely a splitting or shrinking fluid and ordered lipid domains. Let us, for the sake of the
of the ideally packed gel clusters, rendering them very small. argument, assume that this is so. Then, our model should yield
Little detergent is required to let pieces of well-packed gel phase the key properties of rafts ake = 0 and those of the
that are too small to make the sample turbid “fall apart” by corresponding DRMs afs(fom|om), where the fluid membrane
covering their edges (cf. also London and BréfynThe same domains are fully solubilized. The assumption of ideal mixing

phenomenon may account for the effect of gangliostdes, in all phases implies that only part of the rafts are actually
obtained as DRMs at the same temperatg?&gm|om) < &°-
(26) Patra, S. K.; Alonso, A.; GonF. M. Biochim. Biophys. Acta998 1373 (0)) and that the DRMs are enriched in L& /c 1 at fom|om

112-118.
(27) Alonso, A.; Villena, A.; G6ih F. M. FEBS Lett.1981, 123 200-204.
(28) Funari, S. S.; Nuscher, B.; Rapp, G.; BeyerPKoc. Natl. Acad. Sci. U.S.A. (31) Kahya, N.; Scherfeld, D.; Bacia, K.; Poolman, B.; Schwille JPBiol.

2001, 98, 8938-8943. Chem.2003 278 28109-28115.
(29) Sot, J.; Collado, M. I.; Arrondo, J. L. R.; Alonso, A.; GpR. M. Langmuir (32) Feigenson, G. W.; Buboltz, J. Biophys. J.2001, 80, 2775-2788.
2002 18, 2828-2835. (33) de Almeida, R. F.; Fedorov, A.; Prieto, Biophys. J.2003 85, 2406-
(30) Galla, H. J.; Sackmann, Biochim. Biophys. Actd974 339 103-115. 2416.
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is larger than aXe = 0). Taking into account one nonideality to assume that the detergent yielding the largest DRM fraction
parameter shows, however, that DRMs might also overestimateis the correct one. In any case, it is obvious that different
the amount of lipid in rafts and may, in the extreme case, be detergents will yield different DRMs from the same rafts.
induced by the detergent in originally homogeneous fluid
membranes.

Thus, the present model suggests that DRMs must be Our calculations yield a number of useful rules:
expected to differ markedly from rafts. There may, of course, (1) Thermodynamically, resistance of a lipid against solubi-
be special cases where all the detergent effects cancel out eachzation by a detergent depends only on the affinity of this lipid
other, so that the ordered domains are, indeed, isolated withoutio the micellar phase, which is quantified by the solubilization
major changes. A set of parameters that minimizes the effectshoundary of the pure lipid¢s°. The presence of another, more
of the detergent on the abundance and composition of orderedsusceptible lipid plays no role.
domains up to théom|om boundary (DRMs) i$°(0) = 40%, (2) Preferential solubilization of a fluid lipid from mixed
Ko™ = 0.2, X(L2) = 0.93, prop” = 2.5 kI/mol (other  membranes increases the relative concentration of the order-
parameters as in Figure 1). The first two parameters describingpreferring lipid there, which may give rise to the growth or
the detergent-free system correspond to the case of an extremelygppearance of ordered domains.
strong sorting of the lipids between the domaikis," = 21. (3) Detergent-induced formation of ordered domains before
Consequently, only 3% of all L1 but 77% of all L2 resides in - the onset of solubilization cannot be explained on the basis of
0 domains (averaging tg°(0) = 40%) in the detergent-free  ideal mixing but may result from unfavorable interactions
system. This pronounced enrichment ofwith L2 leaves  petween detergent and order-preferring lipid in the fluid
practically no freedom for the general trend of the detergent t0 gomains.
further enri.cho inL2. The tendency to f'Uidize the membrape (4) Thermodynamic (or kinetic) resistance against the deter-
prior to micelle formation by adding fluid phase-preferring gen is a necessary but not a sufficient criterion for obtaining
detergent (her&p" = 4.3) is balanced by the weak nonideality pRrwms. Another key parameter is the size of the resistant
parameterX.*°(L2) is chosen such as to yield an affinity of L2 yemprane fragments. Thermodynamically resistant particles
to micelles, K™ = 0.1, that allows neither progressive may e so small that they are technically soluble. Cholesterol
solubilization (cf. Figure 1) nor formation (cf. Figure 2) of  might (among many other effects) increase the size of resistant
ordered domains within thism range. The results are plotted  yaricles, thus making them extractable by centrifugation.
as Figure S2 in the Supporting Information. (5) Anomalously low resistance of lipids somewhat below
~ Summarizing, we cannot strictly exclude that a detergent may e melting temperature could be explained by the accumula-
isolate ordered domains without major changes, but this would o o detergent within minor, fluidlike defect structures
be the exception rather than the rule and seems rather unlikely.povveen crystal-like gel clusters.
First, the lipid mixture would need to show favorable properties.
Second, the detergent would be required to possess very specific Acknowledgment. We are indebted to Profs. eGofii and
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marked changes in ordered domains upon addition of certain
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Conclusions
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