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Association of a Fluorescent Amphiphile with Lipid Bilayer Vesicles in
Regions of Solid-Liquid-Disordered Phase Coexistence

Antje Pokorny, Paulo F. F. Aimeida, and Winchil L. C. Vaz
Departamento de Quimica, Universidade de Coimbra, 3004-535 Coimbra, Portugal

ABSTRACT The effects of solid-fluid phase separations on the kinetics of association of a single-chain fluorescent
amphiphile were investigated in two different systems: pure DMPC (dimyristoylphosphatidylcholine) and a 1:1 mixture of
DMPC and DSPC (distearoylphosphatidylcholine). In pure DMPC vesicles, solid (s) and fluid (€4) phases coexist at the phase
transition temperature, T,,, whereas a 1:1 mixture of DMPC and DSPC shows a stable s-{4 phase separation over a large
temperature interval. We found that in single-component bilayers, within the main phase transition, the experimental kinetics
of association are clearly not single-exponential, the deviation from that function becoming maximal at the T,,. This
observation can be accounted for by a rate of desorption that is slower than desorption from either fluid or solid phases,
leaving the rates of insertion unchanged, but a treatment in terms of stable fluid and solid domains may not be adequate for
the analysis of the association of an amphiphile with pure DMPC vesicles at the T,,,. In DMPC/DSPC mixtures with solid-fluid
phase coexistence, association occurs overall faster than expected based on phase composition. The observed kinetics can
be described by an increase in the rate of insertion, leaving the desorption rates unchanged. The fast kinetics of insertion of
the amphiphile into two-phase bilayers in two-component vesicles is attributed to a more rapid insertion into defect-rich
regions, which are most likely phase boundaries between solid and fluid domains. A two-component mixture of lipids that
shows a stable phase separation between ¢,-s phases over a large temperature interval thus behaves very differently from
a single-component bilayer at the T,,,, with respect to insertion of amphiphiles.

INTRODUCTION

An intriguing aspect of biological membranes is their chem-of events. How are different signals generated and how are
ical heterogeneity. Over the past years, evidence has accthey read and propagated? Furthermore, as in any process
mulated indicating that heterogeneity may be an importantvhere the response of a system to a signal depends on the
requirement for normal cell functioning (Vaz, 1994-1996;time scale of the initial stimulus, the time scale on which
Brown and Rose, 1992; Melo et al., 1992; Lisanti et al.,substances interact with membranes will determine their
1994; Welti and Glaser, 1994; Mayor and Maxfield, 1995;mode of action. Therefore, a more detailed knowledge of
Thompson et al., 1995; Edidin, 1997; Hwang et al., 1998)the kinetics of interaction of amphiphiles with lipid bilayers
The possibility that lipid phase separations participate in thés essential for the understanding of the membrane response
control of membrane processes raises many questions rgy these processes.

garding their specific functions (Vaz and Almeida, 1993). A Membrane heterogeneity may be of various types. Sev-
number of important cell processes, such as signal trangral lipid lamellar phases that may also exist in biological
duction and the insertion of membrane proteins, involve thenembranes have been identified and characterized: lipid
interaction of amphipathic substances with cellular memyjjayers can exist as highly ordered solid (gel) phases (
branes. The central question is whether phase heterogenejiyase), highly disordered fluid phases phase), or rela-

(or domain coexistence) plays any role in the process. Fofively ordered fluid phases, which are often rich in choles-
instance, are proteins preferentially inserted at phase-dqerg| (¢, phase). Under the appropriate conditions a lipid
main boundaries? Do domains influence the activity ofpjjayer can exist as either one of these phases or as a
membrane-bound regulatory proteins? Several studies haygixtyre of coexisting phases. In a previous paper (Pokorny
indicated that clustering of membrane-associated proteins ig; 51 2000) we investigated the influence of phase separa-
lipid domains may serve to target them to specific Sitejons involving the¢, phase on the association of a fluores-
within the cell (Simons and Ikonen, 1997; Muniz and Ri€z-cent amphiphile. The, phase is of particular interest be-
man, 2000). Signal transduction across cellular membrangs,;se model systems containing cholesterol in amounts that
”l‘ay mvo)lve :]hehformatu;n of lipid domains (I;Ilr;]derllter ?t are typical for biological membranes show the formation of
al., 1998), which must then represent part of the signalin : ot
pathway, to be recognized by the next elementin a sequen%grfé’; g?iz”l;g?gfn Srnallaerr:Zsﬂzxirﬁ;edsgin;ﬁ nge;()l?tpg]s:i_

bly in coexistence with afy phase. We found that in a
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phase separations are effectively sealed against leaks or bound-
ary-related incorporation of amphiphiles. The next question 60 -
that arises is whether this is a characteristic of cholesterol- )
containing systems or of liquid-solid phase separations in gen- 50 - »
eral.

Phase separations of the solid-fluid type exist in single-
component bilayers within the main phase transition tem-
peratureT,,, as well as in two-component bilayers without
cholesterol, such as in mixtures of phosphatidylcholines of
different acyl-chain lengths. Systems of this kind have been
studied with respect to their permeability to polar solutes
and an increased permeability was found both in single-
component bilayers around tfig, and in two-component,
two-phase lipid bilayers (Papahadjopoulos et al., 1973;
Marsh et al., 1976; Cruzeiro-Hansson and Mouritsen, 1988; 10 —
Clerc and Thompson, 1995). In both cases the observed 0.0 0.5 1.0
increased permeability was .attribut(-ad to .the existence of Mole Fraction DSPC
defects caused by acyl-chain packing mismatch between
domains ofs and ¢4 phases. Studies of this kind, however, FIGURE 1 DMPC/DSPC phase diagrasnsolid phaseq ands refer to
mask to a large extent the time domain over which defectlifferent types of solid phases);, liquid-disordered phase. After Mabrey
structures exist: short-lived defect structures will be more?™d Sturtevant, 1976; Knoll et al., 1981.
easily detectable in experiments that measure efflux from
vesicles loaded with a high concentration of solute than i
experiments that involve the association of an amphiphile i
dilute solution with lipid vesicles. In this article we inves- DMPC and DSPC were separately dissolved in chloroform to give a final
tigate the consequences sffy phase separations on the concgntration of _10 mM each. Appropriate amounts of _these _chlorqform
kinetics of insertion of a single-chain fluorescent amphi_solutlons were mixed ina round-bottomed ﬂasl: and rapidly dr_le_d using a

. . . . . . rotary evaporator (Heidolph VV2000) at 60—70°C to ensure mixing of the
phl|e. We  studied pure d'myr'StoylphOSphatldy|ChO|'ne components. After evaporation of solvent the lipid film was hydrated by
(DMPC) and a 1:1 mixture of DMPC and distearoylphos- addition of buffer, pre-heated to at least 10°C above the transition t,the
phatidylcholine (DSPC). In pure DMPC vesiclesaind {4 phase, to give a final lipid concentration of 10 mM. Swirling of the flask
phases coexist at thEnv whereas a 1:1 mixture of DMPC yielded a turbid suspension of multilamellar vesicles that was subsequently

. extruded~10 times through two stacked Nuclepore polycarbonate filters
and DSPC shows a stalseq phase separation over a large of 0.1 um pore size. Extrusion was performed well above the melting

temperature _interval _(F_ig- 1). We found that_ !n single- temperature of the component with the largEstusing a water-jacketed
component bilayers within the main phase transition the rat@igh-pressure extruder from Lipex Biomembranes Inc. The LUV suspen-
of desorption of the amphiphile is decreased in comparisogion obtained in this fashion was subjected to several cooling and heating
with desorption from either fluid or solid phases, leaving thecycles to ensure_anneallng of the lipid. The suspension was diluted in
. fi tion unchanged. In mixtures o uffer to the desired concentration and used for fluorescence measure-
respective rates o mser - gea. . .~ ments. The buffer used in all experiments was 10 mM boric acid, pH 8.5,
DMPC and DSPC exhibiting coexistence of solid and fluid 10 mm Kcl, 0.1 mM EGTA. Lipid concentrations were assayed through a
phases, association occurs considerably faster overall thamdified version of the Bartlett phosphate assay (Bartlett, 1959).
expected based on phase composition. We can account for
this observation by assuming an increased rate of insertiop| orescence experiments

with no detectable change in the rates of desorption.

40 ;

30 4

Temperature (°C)

ﬂ?reparation of large unilamellar vesicles (LUV)

U-6 was added to the buffer from a 0.50 mM stock solution in ethanol. Kinetic
traces were obtained using a stopped-flow fluorometer (Hi-Tech model SF-
61). Equal volumes of a U-6 solution (54M) and a lipid suspension were

MATERIALS AND METHODS rapidly mixed and the time course of fluorescence was monitored. The sample
was excited through a monochromator at 392 nm and fluorescence emission
Chemicals monitored through a long-pass filter. Data were acquired using commercially

available software supplied by Hi-Tech. The fluorescent probe U-6 (Kraayen-
DMPC was purchased in powder form from Avanti Polar Lipids, Inc. hof et al., 1993) is a single-chain amphiphile with a critical micelle concen-
(Alabaster, AL) and cholesterol from Serva Fine Biochemicals (as suppliedration of ~20 uM (data not shown). In the ground state the hydroxycoumarin
by Boehringer-Ingelheim, Heidelberg, Germany). U-6 [@N-dimethy!- undergoes an acid-base equilibrium with g,j0K~7.3 in aqueous solution at
N-tetradecylammonium)methyl-(7-hydroxycoumarin)chloride) was ob- 25°C. The basic form absorbs maximally=e895 nm, and the protonated one
tained from Molecular Probes Europe, B.V. (Leiden, the Netherlands)at 340 nm. In phosphatidyicholine vesicles the, i the ground state is
Chloroform p.A. was from Merck (Lisbon, Portugal) and all other chem- shifted to~8.3. The excited state has a piell below 2, so that at a pE+4
icals from Sigma Chemical Co. (Sigma-Aldrich Quimica Madrid, Spain). emission occurs exclusively from the deprotonated state with a maximum at
Lipids and other chemicals were used without further purification. 480 nm. We took advantage of the pghift of the ground state absorption
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upon insertion into vesicles to obtain a difference signal that was used twhere
monitor incorporation. ) ,
— 2 2 2 2
w = [(1 - fa) (kgnl— + kgf‘f) + 1:a(k§n|- + kﬁh‘) + kgnl-

Analysis of experimental data +2f(1 — f) (IR K L? — K KL — K I3 — K3kE,) V2

Molecular rates and binding constants were obtained from an analysis of
the kinetic' data as desc'rib_ed previously (Pokorny et gl., ZQOO). B_riefly, WeRESULTS
can describe the association of a fluorescent prBbevith lipid vesicles,
V, composed (zf a single phase by the following reaction_ scheme with thein the analysis of the experimental data the strategy was the
fate constantio, andicy for the on- and off-rate, respectively. following: first, obtain the kinetic molecular rate constants
i*"\ corresponding to each phase dr £,) from a fit of the
P+ VE PV. (1) theoretical, single-exponential function (Egs. 2 and 3) to the
kinetic data for association with that phase, at each temper-
Expressing the vesicle concentration in terms of lipid concentratigns: [ ature; second, in the two-phase regiofis € s), calculate
[VI X 107, we obtain for the time course of fluorescence the kinetics that would result if association with a two-phase

F(t) = F(Ae™ 4 + B) (2) region were a simple combination of parallel associations

with each single phase, weighted by the amounts of each
where phase present from the phase diagram, at a given tempera-
Kope = ko LT + Ko, 3) ture, as given by Eqgs. 5 and 6; third, compare the calculated

kinetic curve with that obtained experimentally and estab-
andk,, = K5, X 107°. A and B are amplitude factors, which are explicit lish whether or not the simple description holds.
functions of the association equilibrium constaft & k,/K.¢), initial probe
concentration, probe fluorescence yields, and lipid concentration (see Pokorny
et al., 2000, for the exact expressionsfofindB). A plot of k,,c against []

yields a straight line with slopk,,,. The off-rate k., can then be determined DMPC at the phase transition temperature

either through thty—intercept or d_irec'tly from _each kinetic trace. The kinetics of insertion of U-6 into pure DMPC in the solid
For probe molecules, inserting into vesicles composed of two phases, . . . . .
a andb, with fractionsf, andfy,, we can construct the following reaction or the fluid phase are _descrlbed_ py a Sm_gle eXponentlal with
scheme: 4 an apparent rate that is an explicit function of the molecular
rates Kops = KorlL] + ko), @s predicted by Egs. 2 and 3.
P+ fvif PV, Thos_e moleculr_:lr rates were optained by measulipgps a
al ¥ @ Ta function of vesicle concentration between 14°C and 36°C.
o Plots ofk,,sas a function of the lipid concentration accord-
+ (4) ing to Eq. 3 (Fig. 2) were used to determine the on- and
fV off-rates from the slope and theintercept, respectively.
o The values thus obtained, separately, for the molecular on-
= {le, and off-rates for puré, ands DMPC phases as a function
fuPV of temperature were extrapolated to fhgand used in the

n thi : - - . description of a two-phase system according to Egs. 5 and
n this case, the vesicle concentration is multiplied by the fractional . .
amounts of each phase presegtor f,, and the probe can interact with 6- We assumed 50%, phase to indicate that the probability
either phase, forming the bound stateV, or with phaseb, formingPV,,.  Of finding any given lipid in a solid or fluid state is equal to
The time course of fluorescence is characterized by two apparent ratg/2 at theTm_ With those rates the theoretical curve at'[ng
constants;—A; and —A;: is essentially a single exponential in the time frame of the
F(t) = A’ + B'é + C'e, (5) experiment because the second exponential contributes only
with a very small amplitude. Fig. & shows such a theo-
whereA’, B, andC’ are amplitude factors, which ametfreely adjustable  retical curve (Eqs_ 5 and 6) superimposed onto an experi-
parameters, but are explicit functions of all the molecular rate constantsyantal trace at 23°C (see also Table 1). Evidently, at the

the lipid concentration, the fraction of phases present, and the initial hase transition temperature this curve fails to describe the
conditionsP(0), PV,(0), PV,(0). We omit the exact expressions to avoid p P

unnecessary repetition, since they are given in Pokorny et al. (2000). ThEMe course of insertion. Allowing the fraction of fluid

two apparent rates are given by: phase to deviate from 50% (which could arise because of an
_ uncertainty in the temperature) does not improve the fit. The
Ao = =1/ 20k + Gufa — kanla predicted curve lacks the distinct, slow, second kinetic

FIRLEL+ KL — Kf.— ) (6) phase that_ is present in the experimental trace. To describe
this experimental result at th&, we must assume an

Ay = —1/2(Ky + K3f, — KB L, off-rate from the solid phase that is much smaller than
. determined from an all-gel vesicle (Fig.BBand Table 1).
+IG L+ koL — Kyfa + ) The details of the analysis leading to this conclusion are
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(Fig. 5). In both cases a single-exponential function, given
by Egs. 2 and 3, was expected and observed. Again, at each
given temperature, if the two-phase system behaved as a
simple combination of the two phases involved, the kinetics
should be described by Eqgs. 5 and 6, where the molecular
rates are those obtained from the analysis of the separate
kinetics of association witts or ¢4 phases, at the same
temperature, and the fractions of phases present are taken
from the phase diagram (Fig. 1). FigA6shows the exper-
imental kinetics of amphiphile association with two-phase
vesicles at 34°C and the theoretical curve calculated from
the model (Egs. 5 and 6). The experimental kinetics appear
largely monoexponential. This was expected, on the time
scale of the experiment, despite the fact that Eq. 5 is a
two-exponential, because the amplitude associated with the
smaller eigenvalue is not expected to be noticeable. How-
ever, the kinetics are considerably faster than predicted
based on the rates determined from psrand puref{y
phases. In fact, they are systematically faster in the entire
temperature region between 30 and 44°C (FigB)6 The
theoretical equation can be made to fit the data by adjusting the
on-rate into the 4 phase (Fig. A and Table 2, Model 2) or the
fraction of €4 phase present (Fig.B, Table 2, Model 3). The
rationale for adjusting the amount of fluid phase will be dis-
cussed shortly, and stems from the possibility thaeffective

0 ‘ ‘ , amount of fluid phase in the system might appear larger than
0 50 100 150 200 predicted by the lever-rule from the phase diagram. However,
adjusting the amount of fluid phase leads to a larger, if still
small, amplitude of the slow component. The curve thus cal-
culated does not fit the experimental trace very well (FiB).7
FIGURE 2 The apparent rate of associatidg,s of probe with lipid Above 44°C the experlmelf]tal traces actually pe(:.ome _Slower
vesicles as a function of vesicle concentratidy).{phase DMPC vesicles. than the model predicts (Fig.B) because association with a
(B) €4 phase DMPC vesicles. The solid lines represent a linear leastDSPC-rich fluid is slower (see Discussion).

squares fit to the experimental data. The error bars indicate the standard
deviation for a minimum of three experiments.

o A

[Lipid] / uM

DISCUSSION

In the present study we investigated the effect §§ phase
presented in the Appendix. The failure of the simple two-coexistence on the insertion of a simple fluorescent amphi-
phase model to describe the kinetics of association withphile into lipid vesicles. Phase separations of that type exist
pure DMPC atT,, is even more clearly shown in Fig. 4, immediately around th&,, in one-component vesicles or
where the deviations from a single exponential fit are plot-over a larger temperature interval in some two-component
ted against temperature. A pronounced maximum is oblipid mixtures, such as in DMPC/DSPC mixtures. Domain
served afT,,. boundaries are often thought of as sites for the preferential
insertion of proteins or for increased ion permeability
. . . (Cruzeiro-Hansson and Mouritsen, 1988; Clerc and Thomp-
Regions of phase coexistence in .

DMPC/DSPC mixtures son, 1995). I_n a previous study (Pokor_ny (_at al., 2000) we
showed that in regions of phase separation in PC/cholesterol
The kinetics of amphiphile association with two-compo- systems the kinetics of association with two-phase vesicles
nent, two-phase vesicles were studied in a 1:1 mixture ofre either described by a simple sum of the past(
DMPC and DSPC, which shows phase separation betwegrhase coexistence) or even slowét-¢ phase coexistence)
s and ¢4 phases over a wide temperature interval (Fig. 1)than for single-phase vesicles. In the present study, two
The molecular on- and off-rates characteristic of the fluidadditional questions are investigated. First is the type of
(€4) phase as a function of temperature were obtained fronphase separation observed within the phase transition of
the analysis of single-phase vesicles of pure DMPC; for theure lipid vesicles equivalent, with respect to the insertion
solid (s) phase a 2:8 mixture of DMPC/DSPC was usedof amphiphiles, to the fluid-solid phase separation that ex-
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FIGURE 3 Kinetics of association of U-6 with pure DMPC vesicles at 232 The thick solid line represents the kinetics of association as predicted
by the two-phase model, assuming on- and off-ratessfand ¢4 phases that have been extrapolated toThesee Table 1).K) The thick solid line
represents the kinetics of association again as predicted by the two-phase model, but with the molecular rates into tregnutégiphases adjusted

to give a good description of the experimental data (see Table 1).

ists in two-component vesicles? Second, are the slow kinebr slowing down the overall rate of the association process, or

ics of association observed #y-s phase separated systems the two-phase regions cannot be described by a stable coex-

characteristic of fluid-solid phase separations in general oistence of solid and fluid phases. A subtle point is the follow-

of cholesterol-containing systems only? ing. In a two-phase system, the theoretical equation for the
Our approach was to study the kinetics of associatiorkinetics of association contains two exponentials. However,

with solid and fluid phases separately, which can be rigorwith the values obtained for the molecular ratks, (ko).

ously analyzed. The theoretical expression for this processeparately, for the solid and fluid phases (single-phase vesi-

gives the time dependence of the amphiphile fluorescenceles), the calculated kinetic curves in the solid-fluid regions of

as a function of the molecular rate constants for insertiorDMPC/DSPC or pure DMPC &t,, would appear monoexpo-

and desorption. Next, we asked the question of whether theential, on the time scale of the experiment, because the

two-phase system composed of those solid and fluid phasesnaller eigenvalue\y) is associated with a very small ampli-

behaves as a simple combination of its parts. To answer thiside, which is close to the experimental noise.

question, we calculated the predicted kinetics of association

for that case, at each temperature, using the theoretical

expressions (Egs. 5 and 6). A comparison of this predictio

with the experimental kinetics in the solid-fluid regionsrbl\’":'C at the T,

provides a clear answer to the problem considered. If thén pure DMPC at thd,, solid and fluid states coexist in the

calculated curve does not describe the data, then either intesame vesicle (Sugeet al., 1994, 1999), and the average

faces between solid and fluid phases do play a role, enhancirgmount of each state is 50%. The experimental traces of the

TABLE 1 Molecular rate constants, apparent rates, and associated amplitudes for pure DMPC at T,,; the fractions of solid and
fluid phase were set to 0.50
ksolid ksofid fluid fuid -\ Relative amplitude -,
(stMY (s (stMY (s (s™ of slow phase €\,) s
Model 1* 1.3x 10° 3.6 3.2x 10° 10.8 2.6 0.087 15.8
Model 2 1.1x10° 0.015 1.6x 10° 5.4 0.87 0.23 8.7

*Molecular rates for insertion and desorption for each phase at 23°C were obtained by extrapolation of the results from solid and fluid pure O&PC vesic
"Molecular rates from a fit of the two-phase model (Eq. 5) to the experimental data at 23°C.

Biophysical Journal 80(3) 1384-1394
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_ kinetics of association at thg,, presented here shows that

. the second, slow phase can only be accounted for by as-

15 1 suming a slowing down of the rates of desorption of the

] ‘ probe from the bilayer, as shown in Fig.B3and Table 1

_ :ﬂ (see also Appendix for a more detailed treatment). Within

] ¥ the scope of the two coexisting phases model, the only way
n to account for the experimental results is to assume that the

_ T3 smallest off-rate is even smaller than determined from pure
o solid-phase vesicles. We may understand this apparent

5 1 § E slowing down of desorption if the off-rate determined for

] P the pure solid phas&$'® ~ 1 s 1) were an overestimate.

1 Lo This could occur because an all-solid vesicle has many
] ai L} et o .o pack?ng defects,. which are probably absent in Fhe solid-fluid
04 coexistence region because the phase domains are smaller.

—— 1 Thus, the smaller estimaté)'® ~ 1072 s * would be the
10 20 30 40 50 correct value for a well-packed solid. Another possibility
o would be that the addition of an impurity (the fluorescent
T/°C probe) is correlated with the fluctuations in the solid, basi-
FIGURE 4 Goodness-of-fit of a single-exponential function (reducedCaIIy suppressing them and leading to a smaller off-rate.
¥?) to the experimental kinetics as a function of temperature. The error barElOWeVer, it is probable that a different model, dominated by
indicate the standard deviation for a minimum of three experiments.  fluctuations, may be more appropriate for a description of
the kinetics of association with a system at the phase tran-
sition. In fact, the main transition of phosphatidylcholines is
not first-order (Sugaet al., 1994; Jerala et al., 1996).

2
-
o

1

reduced ¥y

kinetics of association obtained at thig of DMPC display
two clearly discernible exponentials, with the deviation
from a single-exponential function being maximal at The
(Fig. 4). The system clearly does not behave as a simpl&he s-{4 phase coexistence in
combination of solid and fluid (Fig. 3). We had noted the DMPC/DSPC mixtures

pronounced deviation from monoexponential kinetics at theConsider now a DMPC/DSPC mixture in the middle of the

T, of DMPC already in the first article of this series . : . . .

(Pokomy et al., 2000). At the time we did not analyze thesohd—ﬂwd coexistence region. The nature of this stable
kinetics aroungl theT, .in detail because this was not the phase coexistence is different from that in pure DMPC at
uestion under inverznsti ation. A detailed analvsis of theT'“' When the relative amounts of solid and fluid phases are
q 9 ' Y similar (at 34°C, the system has65%s phase, Fig. 1), the

experimental kinetics for insertion and desorption of probe

. 100 appear mainly monoexponential on the time scale of the
€ 104 experiment (Fig. 7 and Table 2).
€ 80 @ However, over a large temperature interval (between 30
@ 8 3 and 44°C), these experimental kinetics are consistently
% ® 80 % faster than predicted using the rates found for each sepa-
£ 6 2 rated phase in Egs. 5 and 6, which basically consists of a
s 4 40 § simple sum of parallel processes for two coexisting phases,
" =~ weighted by their respective mass fractions. A legitimate
e o0 © criticism is that the amount of fluid phase may effectively
2 5 appear to be larger than that given by the phase diagram if
*g 0 | ) = the probe molecule were able to sample a certain surface
= . ; ; area of the vesicle before inserting. Thus, on the one hand,
25 30 35 40 45 if the probe, upon collision with the vesicle, first encounters
Temperature / °C a fluid domain, the insertion process is very fast, close to

being activationlessNG°* ~ 1 kcal/mol at 24°C). If, on the
FIGURE 5 Molecular on- and off-rates for the liquid-disorderég and ~ other hand, the collision occurs on a solid domain, insertion
solid (s) phases. The values for tifg ands phases are obtained from pure jill be slower and the probe will be able to sample a region
DMPC and 2:8 DMPC/DSPC vesicles, respectively. Circlesphase;  of yesicle surface before inserting or going back into solu-
triangles,s phase. Open symbols, off-rates; solid symbols, on-rates. The. =, . . .
lines are fits of the Arrhenius equatioAexp(—E/KT)) to the data points, lon. “a dlﬁusmg _mmecu'e that h"f‘s bumped agalr_'St the
where E, is the activation energy, and are used here as a means tguUrface of a cell is by that very circumstance destined to

extrapolate the data to a larger temperature interval. wander around in that vicinity for a time, most likely hitting
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FIGURE 6 Two-phase, two-component vesicles. Experimental kinetics of association of U-6 with two-phase vesicles composed of a 1:1 mixture of
DMPC and DSPC at 36°C. The experimental trace represents the average of six shots. The smooth curve represents the kinetics of associattbn as predicte
by the two-phase model. Fraction of solid phdges 0.61,k5, = 9.2 X10°s *M %, kS = 159 s % kid = 6.3x10Ps *M %, k%4 = 36.2 s *. (B) The

circles are the observed apparent rates,, as a function of temperature. The line is the calculated apparentrajeaccording to the two-phase model,

assuming on- and off-rates into each phase as determined from the analysis of pure DMPC vgsitiasg) and 2:8 DMPC/DSPC vesiclegphase).

The fraction of phases present at each temperature was determined from the phase diagram in Fig. 1.

the cell many times before it wanders away for good” (Bergand a time for insertion into the solid phase~ 10 ° s
and Purcell, 1977). The area sampled can be estimated &Bable 2). From the mean-square displacem@n},~ Dr,
that covered by a random walk on the surface with awe obtain a linear distance of~ 50 nm on the vesicle
diffusion coefficientD ~ 10~° cné/s for the probe in water surface. If the phase domains were significantly smaller

Fluorescence (a.u.)

Residuals

time/s time/s

FIGURE 7 Kinetics of association of U-6 with DMPC/DSPC 1:1 af.34) Varying the on-rate into the fluid phase?, to describe the experimental
data. B) Varying the fraction of fluid phase to fit the data. Values are listed in Table 2.
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TABLE 2 Molecular rate constants, apparent rates, and associated amplitudes for two-phase, DMPC/DSPC vesicles at 34°C
(65 mol% solid)

ksolid ksofid fluid fluid -\ Relative amplitude -,

fs (s*M™h (s (st*M™Y () (s of slow phase €\,) s
Model 1* 0.65 6.7x 10* 115 5.7X 10° 29.9 7.9 0.030 17.1
Model 2 0.65 6.7x 10* 11.5 1.4x 10° 29.9 7.7 0.0067 25.5
Model 3* 0.31 6.7 X 10 115 5.7X 10° 29.9 3.9 0.13 32.7

*Molecular rates for insertion and desorption for the fluid phase were obtained from fluid DMPC vesicles and for the solid phase from solid 2:8
DMPC/DSPC vesicles. The fraction of solid phakgjs taken from the phase diagram.

'Fit of the two-phase model (Eg. 5) to the experimental data at 34°C, allowing onk}48rto vary relative to Model 1 (value changed in bold).

*Fit of the two-phase model (Eqg. 5) to the experimental data at 34°C, allowing onfy tiowary relative to Model 1 (value changed in bold).

than this value, the probe would encounter, during itstween solid and fluid domains. An increased permeability of
search, a fluid area into which it would insert preferentially. two-component vesicles in a region of phase separation has
As a consequence, the probability of the probe moleculdeen observed in phosphatidylcholine mixtures and has
encountering an area of fluid phase would be much highebeen correlated with the amount of interface present.
than predicted based on the amount of fluid phase from théCruzeiro-Hansson and Mouritsen, 1988; Corvera et al.,
phase diagram. However, estimates of the sizes of solidt992; Clerc and Thompson, 1995; Xiang and Anderson,
phase domains in 1:1 mixtures of DMPC and DSPC yield1998). The lifetime of these putative packing defects at the
values between 300 and 3000 nm. Suga al. (1999) solid-fluid interface must be on the order of microseconds
estimated a value of 30 nm from a combination of exper- or longer to be detected under our experimental conditions,
imental heat capacity curves and Monte Carlo simulationdecause the low probe concentration we use restricts the
for a small system (40< 40 lattice). Scaling arguments time resolution to the detection of relatively long-lived
(Stauffer and Aharony, 1994) suggest that for a lattice of thelefects (Pokorny et al., 2000). The faster-than-predicted
size of a real LUV, these domains should 540 times  kinetics of association should then be correlated with the
larger, giving a lower bound of 300 nm. The upper bound isamount of interface present and thus play less of a role at
an estimate by Coelho et al. (1997) based on Monte Carltemperatures where there is either little fluid or little solid
simulations of FRAP experiments, or using an analyticalphase. This is observed experimentally here.
approximation given by Almeida et al. (1993). With solid Above 44°C the experimental kinetics of association be-
domain sizes this large the probe would not be able t@wome slower than predicted by the model (Fid,&ircles).
encounter the limits of a solid domain before either insertingThis is because the molecular rates used to calculate the
into it or diffusing off the vesicle surface. This speaks association kinetics for thé, phase were obtained from
against the above interpretation to account for the fasterpure DMPC vesicles (Fig. 8, solid curve. Below 44°C
than-expected kinetics of association. Furthermore, increashis is a good approximation, but above that temperature a
ing the fraction of¢, phase in our kinetic model causes the 1:1 DMPC/DSPC mixture contains40% DSPC, and in-
amplitude of the second, slow exponential to increase (Figsertion into a fluid phase with a high content of DSPC is
7 B and Table 2). Its contribution, on the time scale of theslower (the last 3 points in Fig. B are on or above the
experiment, is only on the order of 10% and cannot be easilliquidusline in the phase diagram). We point out that, in the
detected due to experimental noise, but the experimentalo-phase region (30—44°C), if values for a fluid phase
traces appear monoexponential even at a tire30 X T  containing DSPC were used in the model, the discrepancy
(Fig. 7). The fit using a second slow phase is clearly worsebetween prediction and experiment would be even larger,
as can be seen by the trend in the residuals (Fig).7 strengthening our conclusion that this two-phase region
Another way to account for the faster-than-expected ki-cannot be described by a simple sum of solid plus fluid.
netics of amphiphile-vesicle association between 30 and
44°C is to assume an increase in the on-rate into the fluid
phase (Flg. 7A and Table 2). Our_ model only takes tyvo (EONCLUSION
phases into account, but any additional process that is no
included in the model with an on-rate that is faster than intoWith respect to insertion of amphiphiles, tlg-s phase
either €4 or s phase would determine the magnitude of theseparation that exists at tfig, of pure DMPC behaves very
largest eigenvalue and thus lead to a faster overall kineticdifferently from a two-component mixture that shows a
of association. The experimental curves can be described dtable phase separation over a large temperature interval
we use in Egs. 5 and 6 an on-rate into thephase larger (DMPC/DSPC). Information on phase coexistence and its
than what was determined here. A plausible interpretation oéffects on membrane properties, such as permeability, ob-
this fact is that faster insertion occurs at the interface betained from the study of pure lipid systems at Theare thus
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FIGURE 8 Pure DMPC vesicles at tfie,, Dependence of the magnitude of the apparent rate of the slow kinetic compengr{solid lineg and its

amplitude ¢lotted liney on the molecular rates for insertion and desorption for each phase as predicted by the two-phase model. In each graph one molecular
rate is varied, keeping the other three molecular rates fixed at the values that have been determined from pure solid- and pure fluid-phasé vesicles an
extrapolated to 23°C. The fraction efphase in the model is 50%A) Dependence of-A, and its amplitude o, (B) Dependence of-A, and its

amplitude orkSy,. (C) Dependence of A, and its amplitude ok’¢. (D) Dependence of A, and its amplitude ok’%. The two thin horizontal lines in each

graph refer to the magnitude of the slow ratelid line) and its amplitudeghort-dashed lingthat have been determined experimentally for the association

of U-6 with DMPC vesicles at 23°C. The vertical long-dashed line in each graph refers to the value of the molecular rate under consideration that has bee
determined for 23°C by extrapolation from pw@nd puref, phase DMPC vesicles. Its intersection with the thick solid line reflects the value Xor

and its intersection with the thick dotted line gives the amplitude of this phase, as predicted by the model (see model prediction 1 in Table 1}. If we wan
to find out how we would have to change a particular molecular rate to better describe the experimental data we need to look for the intersection of the
two solid lines and the intersection of the dotted and short-dashed lines. If they do not intersecAjasiinghange in this molecular rate will result in

a good description of the experimental data. If only the dotted and the short-dashed lines interse€), ageicgn change the amplitude of the slow phase

to match the experimentally observed one, but not the rate. To describe the experimental data, the intersections of the dotted with short-dashed and t
solid lines have to fall, in principle, on the same&oordinate (= molecular rate). Of course, changing one molecular rate will in turn influence the
dependence of A, on all of the other rates, and will also change the value af. Therefore, these plots only serve as a general guideline as to how the
small eigenvalue),, changes with each rate. To adequately fit the experimental data all rates have to be changed iteratively, also taking into account their
correlation. The values of the molecular rates that result in an adequate description of the experimental data are listed in Table 1.

not easily transferable to a two-component mixture. In thehaved as a sum of its parts. In the solid-flusl,+ €,
solid-fluid coexistence region of DMPC/DSPC, between 30coexistence region the probe inserted much slower than
and 44°C, the faster kinetics of association can most likelyredicted. In view of the current study, that indicates that the
be attributed to a more rapid insertion into defect-richpresence of cholesterol in phase-separated systems seals the
regions, which could be phase boundaries between solid armdembrane against uncontrolled leaks or insertion processes.
fluid domains. These putative packing defects at the phase In summary, taking together our previous work and the
boundaries must have a lifetime of the order of microsecpresent one, we have examined four different types of phase
onds, at least, because shorter-lived defects would not bepexistence regions: a pure phospholipid at the phase tran-
detectable in our experiment. In the DMPC/cholesterol syssition (s + €,), a stable phase coexistence regior-(¢) of

tem, which we studied previously (Pokorny et al., 2000),a non-ideal mixture of two phospholipids, a solid-fluid
association of the same amphiphile probe with vesicles wasiixture in a phospholipid/cholesterol mixture € €_), and
never faster than predicted by the same model. In tha fluid-fluid mixture in a phospholipid/cholesterol mixture
fluid-fluid, €,-¢4 coexistence region of DMPC/cholesterol (¢, + €4). In the last type, which is probably the most
the probe inserted exactly as predicted if the system berelevant for biological systems, the phase domain interfaces
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do not lead to any change in the rate of amphiphile insertionClerc, S., and T. E. Thompson. 1995. Permeability of

Systems of coexistence ef+ ¢£.ors + ¢ phases behave dimyristoylphosphatidylcholine/dipalmitoylphosphatidylcholine bilayer
. d o .. membranes with coexisting gel and liquid-crystalline phaB&sphys. J.
very differently from each other. In the former, amphiphile gg.2333_2341.

insertion Is a?celerateq; in the latter, it is Severely Slow?%oelho, F. P.,W. L. C. Vaz, and E. C. C. Melo. 1997. Phase topology and
down. The difference is that the second system contains percolation in two-component lipid bilayers: a Monte Carlo approach.
cholesterol, which seems to seal any misfits at the interface. Biophys. J.72:1501-1511.

Finally, the first type, a pure phospholipid at tfg, be-  Corvera, E, O. G. Mouritsen, M. A. Singer, and M. J. Zuckermann. 1992.

haves in an altogether different way, exhibiting more com- e permeability and the effect of acyl-chain length for phospholipid
s L. ! bilayers containing cholesterol: theory and experim@&ibchim. Bio-
plex amphiphile association kinetics. phys. Actal107:261-270.

Cruzeiro-Hansson, L., and O. G. Mouritsen. 1988. Passive ion permeability
of lipid membranes modeled via lipid-domain interfacial af@@chim.
APPENDIX Biophys. Acta944:63-72.

Here we analyze the effects of changing the various molecular rates on thedidin, M. 1997. Lipid microdomains in cell surface membrar@srr.
curve that describes association with DMPC vesicles at the main transition OPin. Struct. Biol.7:528-532.

temperature. The experimental kinetic data are correctly described by Hinderliter, A. K., P. F. F. Almeida, R. L. Biltonen, and C. E. Creutz. 1998.
two-exponential curve (Fig. B). The two-coexisting-phases model (Eqs. Membrane domain formation by calcium-dependent, lipid-binding
5 and 6) also predicts two exponentials, the slower of which, however, is proteins: insights from the C2 motiBiochim. Biophys. Actal448:

still faster than the experimentally observed second kinetic phase. Further- 227-235.

more, this second kinetic phase would be expected to contribute only wittHwang, J., L. A. Gheber, L. Margolis, and M. Edidin. 1998. Domains in
a small amplitude €10%), making the curve appear largely monoexpo- cell plasma membranes investigated by near-field scanning optical mi-
nential (Fig. 3A, smooth curve In general, the two eigenvalues,andi., croscopy Biophys. J.74:2184-2190.

that determine the time course of the theoretical curve are a compleyerala, R., P. F. F. Almeida, and R. L. Biltonen. 1996. Simulation of the
combination of all molecular rates involved (Eg. 6). The larger of those two  gel-fluid transition in a membrane composed of lipids with two con-
eigenvaluesXy,) is determined by the largest rates and the smaller dyje ( nected acyl chains: application of a dimer-move s®jphys. J.71:

is determined by the smaller rates. However, exactly which are the smaller 609—-615.

molecular rates, which contribute to the slower processes, ceases to lPGmII, W., K. Ibel, and E. Sackmann. 1981. Small-angle neutron scattering
intuitive. This depends on the exact values involved because the two study of lipid phase diagrams by the contrast variation metiiok-
on-rates appear in the expressions for the awanultiplied by the vesicle chemistry.20:6379—-6383.

concentration and the fractions of phases present; those products can belelfaayenhof R., G. J. Sterk, and H. W. Wong Fong Sang. 1993. Probing
the same order of magnitude as the off-rates. Thus, in order to understand p;smemprane interfacial potential and pH profiles with a new type of
the system better, we calculated (from Eq. 6) the dependence of the smaller fioat-like fluorophores positioned at varying distance from the mem-
apparent rate{\,) and its associated amplitude on the four molecular  brane surfaceBiochemistry.32:10057—10066.

rates involved (Fig. 8A-D). Inspection of Fig. 8 shows that the only way Lisanti, M. P., P. E. Scherer, Z. Tang, and M. Sargiacomo. 1994. Caveolae

to simultaneously decrease the value-of, and increase the amplitude ;5 00jin and caveolin-rich membrane domains: a signaling hypothesis.
associated with it is tolecreaseahe off-rates. Fig. B shows a theoretical Trends Cell Biol.4:231-235.

trace that was adjusted in an iterative process varying the molecular rates

to yield an adequate description of the experimental curve. The parametepéabre.y.’ S., and ‘] M. sturtevant. 1.976' Inve_s'tlgatlo'n of phase trangltlons
- - ) . . of lipids and lipid mixtures by high sensitivity differential scanning
required to describe the experimental curve are listed in Table 1. calorimetry.Proc. Natl. Acad. Sci. U.S.A3:3862—3866
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