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ABSTRACT The thermodynamic phase behavior and lateral lipid membrane organization of unilamellar vesicles made from
mixtures of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2 distearoyl-sn-glycero-3-phosphocholine (DSPC)
were investigated by fluorescence resonance energy transfer (FRET) as a function of temperature and composition. This was
done by incorporating a headgroup-labeled lipid donor (NBD-DPPE) and acceptor (N-Rh-DPPE) in low concentrations into the
binary mixtures. Two instances of increased energy transfer efficiency were observed close to the phase lines in the
DMPC/DSPC phase diagram. The increase in energy transfer efficiency was attributed to a differential preference of the
probes for dynamic and fluctuating gel/fluid coexisting phases. This differential preference causes the probes to segregate
(S. Pedersen, K. Jargensen, T. R. Baekmark, and O. G. Mouritsen, 1996, Biophys. J. 71:554-560). The observed increases
in energy transfer match with the boundaries of the DMPC/DSPC phase diagram, as measured by Fourier transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC). We propose that the two instances of probe segregation are
due to the presence of DMPC-rich and DSPC-rich domains, which form a dynamic structure of gel/fluid coexisting phases
at two different temperatures. Monitoring the melting profile of each lipid component independently by FTIR shows that the
domain structure is formed by DMPC-rich and DSPC-rich domains rather than by pure DMPC and DSPC domains.

INTRODUCTION

Lipid domains in biological and model membranes havemembrane and can be directly visualized by light micros-
been studied intensively in recent years (e.g., Welti anc¢opy (Hwang et al., 1998). Domain formation at the me-
Glaser, 1994; Mouritsen and Jgrgensen, 1997; Brown angloscale (nanometer range) is more difficult to study because
London, 1998; Stillwell et al., 2000) and have recently beerdomain sizes are beyond the resolution of standard light
observed in giant unilamellar vesicles (Korlach et al., 1999microscopy techniques, and their formation is more dy-
Bagatolli and Gratton, 2000a,b). Domain formation hasnamic in nature (Mouritsen and Jargensen, 1994). Never-
been shown to be relevant in biological functions (Bergel-theless, there is indirect evidence of their existence (San-
son et al., 1995), including, for example, enzymatic activitykaram et al., 1992; Schram et al., 1996; Jgrgensen et al.,
of phospholipase A (PLA,), which has been related to 1996), and several experiments have corroborated their bi-
dynamic coexisting gel/fluid domains and lipid bilayer mi- g|ogical relevance (Melo et al., 1992; Bergelson et al., 1995;
croheterogeneity (Hgnger et al., 1996); activity of proteincierc and Thompson, 1995; Henger et al., 1996).

kinase C (PKC) and diglucosyldiacylglycerol (DiGICDAG)  gimple lipid binary systems have been intensively used as
synthase, which were shown to increase due to the formas,qels to understand the formation of nanoscale domains.
tion of domains rich in diacylglycerides acting as enzymatlcVisua”ng the formation of heterogeneous gel/fluid do-

actiyators (D_ibble etal., 1996; KarI_SS(_)n et al_., 1996); an ain structures has been achieved in supported monolayers
vesicle budding and membrane trafficking, which have bee%nd bilayers (Mbwald et al., 1995; Hollars and Dunn

suggested to be influenced by dynamic domain formatiorh998) where large lii . .
: ) . , ge lipid domains can be directly observed
(Verkade and Simons, 1997; Mukherjee et al., 1999). Th y fluorescence microscopy. Recently, direct visualization

importance of lipid domains in several biological processes ¢ lipid domains in the nanometer range has been reported
emphasizes the need to understand the factors that regulfﬁe

their formation, stability, and in particular, the relevant sizemy r?tcl)mlcr fogl? m|(t:r0|sci)gggl.nN?IT1plr(]a ILp|(|j gl(l)%ygersDandt
and time scales of the small-scale lipid structures formed. onolayers (Gliss etal,, ielsen et al, ). Due to

Membrane domains display a broad range of size scaleg,]e reslolutlo? constralntz |fr|1 detectln?tnarr:o.scale r(]domatl)ns,
from the micrometer to the nanometer range. Domains jipcveral spectroscopic and fluorescent techniques have been

the micrometer range include whole patches of the cel}Jsed Fo provide |nd|re<.:t. eV'de”9e (_)f the existence _arld
behavior of nanoscale lipid domains in nonsupported lipid

bilayers. For example, fluorescence recovery after photo-
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1992), which was used to determine that, for a 1,2-dimyristoylheterogeneous gel/fluid lipid domain structure (Pedersen et
sn-glycero-3-phosphocholine (DMPC)/1,2-distearoyl-sn-glyc-al., 1996).
ero-3-phosphocholine (DSPC) system, thember of lipid We used a donor acceptor system of NBD-DPPE/N-Rh-
molecules per gel domain increased linearly from a fixedDPPE probes to monitor domain formation in a DMPC/
number of nucleation sites with increasing gel phase fracBDSPC binary mixture. By following the segregation of the
tion. Fourier transform infrared (FTIR) spectroscopy hasprobes as it is manifested by the temperature-dependent
been used to study phase separation, and the formation ehanges in energy transfer, we provide additional insight
small domains, with the use of acyl-chain deuterated lipidgnto the microstructure properties of the DMPC/DSCP bi-
(Mendelsohn and Moore, 1998). Formation of small do-nary mixture. As shown previously by differential scanning
mains on the order of 50 molecules can be monitoreccalorimetry (DSC), the DMPC/DSPC mixture is character-
through the splitting of the Ciiscissoring mode (Mendel- ized by a broad gel-fluid phase coexistence region limited
sohn et al., 1995). Fluorescence quenching has been usediy two phase boundaries (Mabrey and Sturtevant, 1976).
provide evidence for the formation of a liquid ordered phaselhe non-ideal mixing properties of this system make the
at physiological temperatures in model systems (Ahmed dPMPC/DSPC binary mixture a good model for understand-
al., 1997; Silvius et al., 1996). Eximer to monomer fluores-iNg phase separation and lipid domain formation. FTIR
cence emission ratio was utilized to study domain formatiorsPectroscopy and DSC were used to complement the fluo-
due to hydrophobic mismatch (Lehtonen et al., 1996), andescence data. A good correlation was found between the
the non-ideal mixing in PC-ceramide binary mixtures (Ho-three techniques in determining the DMPC/DSPC phase
lopainen et al., 1997). diagram.

In the current work we have expanded on a fluorescence
energy transfer (FRET) technique used previously to study
aone-component lipid system (Pedersen et al., 1996). In thigATERIALS AND METHODS
previous study, the dynamic formation of nanoscale do-
mains in DPPC bilayers was monitored by following the The phospholipids D_MPC, DSPC, deuterated 1,2-dimyristoyl-sisghyc-

ero-3-phosphocholine (DMPC-d54), and the fluorescent probes 1,2-

energy tr_anSfer between a dogor and an acceptor ﬂuOr_ejc'cetgﬂbalmitoyl-sn-glycero-d-phosphoethanoIamine-N-(7-nitro-2—1,3-benz-
probe pair (NBD and rhodamine headgroup-labeled lipidShxadiazol-4-yl) (NBD-DPPE), 1,2-dimyristoyl-dSshglycero-3-phospho-
incorporated into the bilayer. Recent evidence showed thaithanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DMPE), 1,2
these probes partition almost equally between the gel an@jpalmitoyl-sngchero-3-phosphogtha_nolamine-N-(Iissamine rhodamine B
iquid-crystaline phases (Mesquita ot al, 2000). In partic o), (AP, L rsomayen Sps e
ular, the partitioning coefficient between gel and liquid- toyl-2-[6-[(7-nitro-2—1,-3-benzoxadiazol-4-yl)amino]caprogiglycero-
crystalline phases for the NBD-labeled probe we used irs-phosphocholine (NBD C6-HPC) were purchased from Avanti Polar
this study was measured to be 1.0-1.1. Nevertheless, thépids (Alabaster, AL) and were used without further purification. Appro-
probes do show slight differences in their preference foPriate amounts of DSPC, DMPC, and the fluorescent probes were dis-

. . olved and mixed in chloroform. The concentration of each probe in the
either of these phases (Pedersen et al., 1996), which can ﬁ%mbrane was 0.25 mol %. The samples were then dried under nitrogen

advantageous in studying membrane phase separation. VY& and placed under vacuum overnight to remove the residual solvent. The
propose that the differential affinity induces the probes todry lipids were dispersed in 0.1 mM EGTA and 10 mM TES buffer (pH

segregate into coexisting gel and fluid domains when thée-2) to a final concentration of 50 mM~@0 mg/ml). Aqueous multi-

two phases are present in the coexistence temperature ran(if(?'.'e"ar lipid dispersions were prepared by heating the sample to 65°C,
ollowed by vortexing. This procedure was repeated multiple times for a

The _prOX|m|ty and InteraCt_lon between the probes can b(?otal of 20 min. Large unilamellar vesicles were prepared by extruding the

monitored by the quenching of the donor probe due tosuspension 15 times through a hand-held Lipofast extruder (Avestin, Ot-

energy transfer to the acceptor. In the temperature rangewa, Canada) with two stacked Qum pore size polycarbonate filters

where onIy one phase is present in the bilayer system, th@oretics, Livermore, CA). Multilamellar lipid dispersions at a concentra-

probes remain well mixed, Ieading to quenching. In thetlon of 50 mg/ml were used for the FTIR measurements.

range of the transition temperature, gel and fluid domains

coexist dynamically, and the probes segregate due to their

differential affinity for the gel and fluid coexisting phases, FRET measurements

thereby reduc_lng the energy tranSfer from the donor to th%luorescence measurements were performed on a Hitachi F-2000 fluores-

acceptor manifested as an _'ncrease in the ﬂLjorescenC? of t Ence spectrophotometer. The excitation and emission wavelengths used

donor. Due to the strong distance-dependenf)(decay in  were 470 nm and 530 nm, corresponding to the excitation and emission

the efficiency of energy transfer (Stryer, 1978), this tech-wavelengths for the NBD-DPPE donor. For the fluorescence measure-

nique is sensitive to domain formation on the order of 10ments, 9.5 ml of a 1:10 dilution aliquot (5 mM) of the original sample was

nm. Previous results usina this techniaue in DPPC bila er%aced in a temperature-controlled cuvette holder regulated by an external
’ - . g a Y ater bath. Measurements were obtained at a scan rate of 30°C/h. The

show a maximum in the fluorescence at the DPPC phasgmperature of the sample was directly measured by insertion of a ther-

transition temperature, which indicates the presence of aocouple into the cuvette.
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Differential scanning calorimetry measurements 500 T — T 200
DSC was performed with a high-sensitivity DSC from Calorimetry Science 450 | A
Corp. (Provo, UT) with nitrogen gas purge. The scanning rates for all ] L 175 ~
measurements were 30°C/h. The sample size was 0.2 embanM lipid ! 400 - NBD-DPPE ‘. @)
suspension. A baseline correction was performed by subtracting a mea- £ 1 L § «g
surement of the pans without the lipid suspension. The onset and comple- 5 350 - 150 2
tion temperatures used to compose the DMPC/DSPC phase diagram were § §
determined by intersecting the slope line at half-width of the peak heat § 300 8
capacity and the baseline (Mabrey and Sturtevant, 1976). 2 - 125 §
S 250 - S
o w
FTIR measurements and analysis 200 100
NBD-DPPE + N-Rh-DPPE
IR spectra were recorded on a Perkin-Elmer 2000 Fourier transform 150 1 - 75

IR-spectrometer (Perkin-Elmer, Norwalk, CT) equipped with a liquid-
nitrogen-cooled mercury/cadmium/telluride (MCT) detector interfaced to a
microcomputer with Spectrum 2000 software. Aubvolume of sample at 0.55 S
50 mg/ml lipid concentration was placed between two FTIR LOakn- 1 B 3
0.50 4 -

10 20 30 40 50 60 70

dows. Temperature was controlled by a Peltier device and monitored by a

thermocouple placed on the FTIR window. Infrared spectra in thg CH 1 °
stretching region from 3000 to 2800 crh and CD stretching region from 0.45 + I
2200 to 2000 cm* were monitored as a function of temperature. Eight | I
spectra were averaged at each temperature point. Spectra were continu- 0.40 _ '
ously acquired at a temperature increase rate of 3°C/min. Phase transitions

0.35 + -

0.30 - / L
0.25 - / L

0.20 -

were determined by plotting the band positions of the, B{mmetric and

CD, asymmetric stretch modes. The band positions were determined by
taking the inverted second derivative of the original spectra and averaging
the band intercepts at 80% intensity. The symmetric, 8eetch mode is

less intense than the asymmetric mode, and it appears as a poorly defined
shoulder for the lipid concentrations studied. Therefore, to obtain a less
noisy phase transition measurement we followed the more intense asym-
metric CD, stretching vibration for the deuterated species. Conversely, we
used the symmetric CHstretch mode to monitor phase transitions for
nondeuterated species, because this mode is more widely used for nondeu-
terated lipids. There appears to be no appreciable difference between

measurements of the phase transition using the symmetric and asymme”li:(I:GURE 1 T ture d d ¢ NBD-DPPE emission
CH, stretch modes. @) Temperature dependence o - emission fluo-

rescence intensity obtained for unilamellar 50:50 DMPC:DSPC vesicles
incorporated with 0.25 mol % of NBD-DPPE onlygper tracé and 0.25
mol % of NBD-DPPE and N-Rh-DPPHo(ver tracg. (B) Trace obtained
RESULTS by ratioing the NBD-DPPE fluorescence emission in the presence of

Fi 1 A sh fl int it f ti fN—Rh—DPPE lower trace A) versus the absence of N-Rh-DPP#per
9. shows tluorescence In en_SI y as a UI_1C lon o trace, A). The excitation and emission wavelengths were 470 nm and 530
temperature for a NBD-DPPE probe incorporated into 50/5Q,m. Results were obtained at a scan rate of 30°C/h.

DMPC/DSPC unilamellar vesicles in the presence and ab-
sence of N-Rh-DPPE (all DMPC/DSPC ratios given are
molar ratios). A decay in the emission fluorescence as #&ace). A variety of mechanisms of interaction could be
function of temperature is observed in the sample containresponsible for the observed quenching, although energy
ing only NBD-DPPE. This has been previously reported fortransfer is assumed to be the most likely mechanism. The
NBD-PE incorporated into CHO cells (Chapman et al.,degree of quenching of the NBD-DPPE probe by N-Rh-
1995) and DPPC liposomes (Pedersen et al., 1996), and@RPPE varies throughout the temperature range in a honmo-
decrease in NBD quantum yield with temperature has beenotonous manner. Two well-defined maxima in the fluores-
measured for several NBD derivatives in a variety of or-cence intensity are observed during both heating and
ganic solvents (Fery-Forgues et al., 1993). A similar decayooling scans at 31°C and 44°C. The absence of any max-
in the N-Rh-PE emission fluorescence with increasing temima in the sample containing only NBD-DPPE indicates
perature is observed for vesicles incorporated with N-Rh-PEhat these maxima are the result of an increased segregation
acceptor only (data not shown). In general, a decrease iand a decreased average interaction between the donor and
fluorescence emission with increasing temperature has beatceptor probes.
reported for several fluorescent probes (Oliver et al., 2000). Fig. 1 B shows the trace that results from ratioing the
When both probes are present, the fluorescence emissidsBD plus N-Rh-PE fluorescence (lower trace) by the NBD
of NBD-DPPE is quenched by N-Rh-DPPE, as is evident inonly fluorescence (upper trace), which is done to account
Fig. 1 A by the overall reduced fluorescence level (lowerfor the temperature dependence of the NBD-DPPE fluores-

F(NBD-PE + N-Rh-PE) / F(NBD-FPE) -

0.15 T I T T
10 20 30 40 50 60 70

Tempefature (°C)
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cence. The two features observed in the lower trace in Fig. 125 . . . . . 7200
1A, although less prevalent, are still present after correcting 1 oo » &
for the NBD thermal dependence. However, the overall ¢ "7 _ S e L 7000 £
positive slope observed makes it difficult to assess if the g 445 | o’ %, 2
features still represent true maxima in the energy transferin 5 10 ®ese® ¢ ®oo - 6800 ;
a sloping baseline, or if there is a continuous segregation of 8 110 - ° £
the probes with increasing temperature. FigB Shows a 8 51 ® ®e 6600 z
positive slope even above 50°C where the system is com- § \/\_/k o
pletely in the fluid phase. This implies that the positive £ 100 - i 64°°§
slope is caused not only by a continual segregation of the 1
probes with increasing temperature but also by changes in % 20 2'5 3'0 3'5 4’0 4'5 50 6200
the energy transfer efficiency with increasing temperature. 2196 -——r . e 2854
The excited-state lifetime of NBD-PE incorporated into d OOOOOoooo N
DLPC and DSPC vesicles has been shown to decrease with - 2195 - Oooocpo eoedt 2853 0
increasing temperature (Loura et al., 2000). This effect ‘g ©F .°' e
would decrease the energy transfer efficiency between the ‘5’ 2104 | © ooo P, f:’f
two probes and is one of the factors that could account for o° hd 2
the positive slope observed. 2 o® o @
Overall, Fig. 1 suggests that the NBD-DPPE and N-Rh- 8 21937 ¢ o° 2851 %
DPPE probes undergo a higher degree of segregation at two 8“ '“"Oo..“““..o' I o~
discrete temperatures close to the phase lines in the DMPC/ ~ 2192 1 28500
DSPC mixture, implying that the average interaction be- ' L S R
tween the probes is sensitive to the temperature-dependent 20 25 30 3% 40 45 S0
domain structure of the DMPC/DSPC binary mixture. Temperature (*C)

In Fig. 2 the positions of the maxima in the fluorescence _ _ __

quenching @ are compared with the phase transition tem-EIGURE 2 Comparison of thermotropic phase traq5|t|on measure_‘ments
etween FRETY), DSC (), DMPC-d54 CD asymmetric stretch (ranging

peratures as measured by DS gnd FTIR € andd) fora  from 2193 cmi* to 2196 cm'?) (c), and DSPC CH symmetric stretch
60/40 DMPC/DSPC sample. The melting profile for the (ranging from 2850 cm® to 2854 cm?) (d) for a 60/40 DMPC:DSPC
DMPC/DSPC binary system shows two cooperative transimolar ratio.
tions, evident from the two peaks in the heat flow as
measured by DSC (Fig. ). This indicates non-ideal mix- temperature that is 6°C lower than non-deuterated DPPC
ing for this lipid system. Partial mixing of the two lipids (Mendelsohn and Koch, 1980). We expect a similar shift for
causes the cooperative transitions to shift closer togethateuterated DMPC.
(31°C and 44°C) compared with the observed positions in Fig. 2 shows that the fluorescence quenching results
the pure state (25°C and 55°C). The peaks in the heahatch closely with the phase transitions as measured by
capacity as measured by DSC closely match the peaks inoth DSC and FTIR. This result suggests that maximum
fluorescence as measured by FRET (Figy)2 segregation of the probes occurs close to the lower solidus

With FTIR, the phase transition can be monitored as and upper liquidus phase boundaries, indicating that at these
sharp shift in the wavenumber of the acyl chain stretchingwo temperatures there is a fluctuating and dynamic coex-
vibration as the lipids undergo a transition from an orderedstence of gel and liquid-crystalline phases.
to a disordered conformation. The acyl chain stretching Fig. 3 A shows fluorescence quenching for various com-
vibrations for each lipid can be resolved with the use of acylpositions of the DMPC/DSPC lipid mixtures. The position
chain deuterated DMPC-d54 and nondeuterated DSPC. Thand relative intensities of the fluorescence maxima vary
allows us to follow the conformational state of the DMPC with composition ratio. The pure DMPC and DSPC samples
and DSPC lipids independently (Mendelsohn and Mooreshow single peaks in the fluorescence at 25°C and 55°C,
1998). The asymmetric CDstretching vibration indicates respectively, corresponding to the main phase transition
the conformational state of the DMPC molecules, and theaemperature for the individual lipid components. With in-
symmetric CH stretching vibration indicates the conforma- creasing DSPC mole fractions, the two peaks in the fluo-
tional state of the DSPC molecules. The wavenumber versugscence shift toward higher temperatures. In addition, there
temperature plot of the CDstretching vibration shows that is a decrease in the magnitude of the lower temperature
the DMPC lipids start melting a few degrees lower thanfluorescence peak and a concomitant increase in the higher
what is observed by FRET and DSC (Fig. 2). This is partlytemperature peak with increasing DSPC fraction. The max-
due to the lower phase transition temperature of the deuteima in fluorescence intensity (Fig. &) correlate very well
ated DMPC compared with non-deuterated DMPC. A pre-with the cooperative transitions as measured by DSC (Fig.
vious study showed that DPPC-d62 has a phase transitiodiB) and FTIR (Fig. 3,C andD).

Biophysical Journal 80(4) 1819-1828
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FIGURE 3 FRET A), DSC B), DMPC-d54 CD asymmetric stretch@), and DSPC CH symmetric stretch) measurements as a function of
temperature obtained for increasing DMPC/DSPC ratios. Mole ratios are shown on graphs. FTIR results were plotted as relative wavenumber.

In Figs. 4 and 5 we performed a more detailed examinathe same temperature as the bulk DSPC population. This
tion of the FTIR results through first-derivative analysis of result also supports the hypothesis that a small population of
the wavenumber versus temperature plots. In Fig. 4, a 70:3DMPC-d54 molecules is incorporated into DSPC-rich
DMPC-d54/DSPC sample shows clearly that DMPC-d54regions.

(Fig. 4 A) and DSPC (Fig. 4B) reach their midpoint of In Fig. 6 we present a phase diagram for the DMPC/
transition at 26°C and 41°C, respectively. Interestingly, atDSPC binary mixture constructed from the DSC data for
26°C, where a major part of the DMPC-d54 molecules meldifferent lipid ratios. The solidus and liquidus phase bound-
(Fig. 4 A), the DSPC CH stretch mode shows a sharp aries are estimated by taking the onset and completion
decrease in wavenumber (Fig.B). We suggest that this temperatures from the DSC thermograms for increasing
drop in wavenumber indicates that the DSPC molecule®DMPC/DSPC ratios (solid line). The fluorescence intensity
become more closely packed as the DMPC-d54 moleculesiaxima closely trace the cooperative phase changes as
undergo melting. measured by DSC for the different DMPC/DSPC ratios.

In Fig. 5, a 40:60 DMPC-d54/DSPC sample shows co-The solidus phase boundary as measured by FTIR appears
operative transitions at 31°C and 43°C for DMPC-d54 (Fig.to be a few degrees lower than what is observed with the
5 A) and DSPC (Fig. B), respectively. DMPC-d54 shows other two techniques. This is again due to the lower phase
a second, smaller cooperative transition at 43°C, suggestingansition temperature of the deuterated DMPC used in the
that a small population of DMPC-d54 molecules melts atFTIR measurements. Overall, the results show that maxi-
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FIGURE 4 Wavenumber versus temperature pl@s &nd first deriva-
tive of wavenumber versus temperature plots (——) of the DMPC-d54
CD, asymmetric stretch¥) and the DSPC CHsymmetric stretchR) of a
70:30 DMPC-d54:DSPC mixture.

FIGURE 5 Wavenumber versus temperature pl@s gnd first deriva-
tive of wavenumber versus temperature plots (——) of the DMPC-d54
CD, asymmetric stretchd) and the DSPC CHsymmetric stretchR) of a
40:60 DMPC-d54:DSPC mixture.

mum probe segregation occurs during the two instances of oy the lower trace in Fig. &, the probes are chosen with
cooperative phase changes in the DMPC/DSPC system. gitferent chain lengths, using NBD-DMPE and N-Rh-

In Fig. 7 different combinations of probes were incorpo- pppE. The solidus phase boundary shows a similar maxi-
rated into a 50/50 DMPC/DSPC sample to explore in morgnum in fluorescence as seen in the top trace. The liquidus
depth the factors that affect probe segregation. In Fi§, 7 phase boundary shows a less pronounced maximum as
50/50 DMPC/DSPC samples were incorporated with thregompared with the top trace, indicating that this probe
different probe combinations with varying acyl chain combination has a reduced ability to segregate at the liqui-

lengths, NBD-DPPE and N-Rh-DPPE (top trace), NBD-dus phase boundary temperature where the DSPC lipids
DMPE and N-Rh-DMPE (middle trace), and NBD-DMPE pecome disordered.

and N-Rh-DPPE (bottom trace). For the middle trace, the In Fig. 7 B we explore the effect of probe mobility on
probes were chosen to have the same chain length &ggregation. The probes used in Fig. 1 have high mobility in
DMPC. The fluorescence for the middle trace displays a lesghe fluid phase. However, the mobility of the probes is
pronounced maximum at the solidus phase boundary conknown to drop sharply in the gel phase (Schram et al.,
pared with the top trace. On the other hand, at the liquidug996). To assess how the low mobility of the probes in the
phase boundary for the middle trace a similar maximum ingel phase influences probe segregation, we incorporated a
fluorescence appears. This implies that for the probes thairobe, NBD G-HPC, that shows relatively higher mobility
resemble the DMPC chain length, their ability to segregatén the gel phase in combination with N-Rh-DPPE into a
is diminished at the solidus phase boundary where maini$y0/50 DMPC/DSPC sample. The NBO;EPC is a chain-
DMPC lipids become disordered. labeled probe that moves rapidly between the water and the

Biophysical Journal 80(4) 1819-1828
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60 77 T T fluorescence at the phase boundaries should also be consid-
l ered. For example, a similar temperature-dependent segre-
gation could arise if the probes were first clustered at low
temperatures due to exclusion from the gel phase and were
then diluted into an increasing fluid phase with increasing
temperature. The two distinct increases in fluorescence at
the phase boundaries could be related to a sharper increase
in fluid phase at those temperatures. However, recent ex-
periments with headgroup-labeled phospholipids with the
same chain lengths as the probes used here show that
NBD-PE partitions close to equally between the gel and
fluid phases (Mesquita et al., 200@lthough the Mesquita
et al. results imply that clustering of the probes due to

55
50:
e
402

35 4

Temperature (°C)

30

L L S e B S exclusion from the gel phase is unlikely, the results do not
00 01 02 03 04 05 06 07 08 09 1.0 exclude the possibility that the probes might cluster as they
Xospc partition into the gel phase. The observed segregation can

also be explained by one of the fluorophores having a
FIGURE 6 Measurements df.,, and T,., in a DMPC/DSPC tempera-  stronger preference than the other fluorophore for localizing
ture-composition diagram as detected by FR®J, OSC (1), and FTIR 4t the gel/liquid-crystalline interphase. An increase in the
(M). The phase boundaries (——) for the DMPC/DSPC phase diagram S . . .
were defined by the onset and completion temperatures determined b9vera|l gel/“qU|d'CrySta"me interface would mduqe a de-
DSC. Melting curves (— — —) are defined by the positioriTgf, andT,, Crease in energy transfer. A recent report measuring FRET
measured by DSC. between NBD-PE and 1 didodecil-3-3-3,3'-tetramethyl-
indocarbocyanine (Dil) incorporated in a two-lipid bilayer
system suggests that Dil partitions into the gel/liquid-crys-
lipid phase (Nichols and Pagano, 1981). This, in addition taalline interface (Loura et al., 2000). If this were the case
its relatively short chain length, allows the probe to havemaximum segregation between the probes would be ob-
higher mobility than the headgroup-labeled probes angerved when the interface is maximizeldecent Monte
should allow for less restrictive movement between fluidCarlo simulations on a DMPC/DSPC system suggest that
and gel phases and domains. The upper trace in FB. 7 the gel/liquid-crystalline interface reaches a plateau close to
shows a broad maximum in the fluorescence ranginghe phase boundaries (Sugar et al., 1999). Although it is
throughout the gel/fluid coexistence region as determinediifficult to distinguish between segregation induced by dif-
by DSC. Superimposed on this broad maximum are the twéerential partitioning between the gel and liquid-crystalline
less pronounced peaks. This shows that with the morghases and preference of one of the fluorophores for the
mobile probe, segregation is minimal in the gel phasejnterface, both of these scenarios indicate the presence of
increasing as the overall gel/fluid ratio approaches 50/50¢coexisting liquid-crystalline/gel domains. We suggest, then,
then decreasing again as the fluid phase is reached. that a maximum in the donor fluorescence is indication of
dynamic and fluctuating gel/liquid-crystalline domain coex-
DISCUSSION is_tence_at the nanoscale level, as suggested by Monte Carlo
simulations (Pedersen et al., 1996).
The FRET results obtained for the DMPC/DSPC mixture If we consider that the DMPC/DSPC phase diagram is
(Fig. 1) show probe segregation at two distinct temperacharacterized by a broad fluid/gel coexistence region, and
tures, reflecting the DMPC/DSPC phase boundaries. Théhat energy transfer is sensitive only to the proportion of
fluorescence results correlate very well with the DMPC andiquid-crystalline and gel phasesnly a single peak in the
DSPC cooperative transitions as measured by DSC anfiuorescence intensity would be expected to occur at one
FTIR. temperature between both liquidus and solidus phase lines.
In a previous study with the same donor-acceptor paiThis is where the gel and fluid phases are present in equal
incorporated into a pure DPPC system, a maximum in theroportion and where the system is expected to display
donor fluorescence was observed at the DPPC main phaseacroscopic gel/liquid-crystalline phase segregation. The
transition (Pedersen et al., 1996). Those workers proposgatesence of two peaks (Fig.A) in the donor fluorescence
that the maximum in fluorescence is caused by segregatiois surprising. Our results suggest that segregation of the
of the probes due to their differential partitioning betweenprobes occurs at two distinct temperatures close to the phase
coexisting fluid and gel domains, which form at the DPPClines in the DMPC/DSPC system and not at an intermediate
phase transition, and which are dynamic and fluctuating irtemperature in the coexistence temperature range. A possi-
character. We base our interpretation on this model; howble interpretation we propose is the sequential melting of a
ever, other scenarios that could explain the increase itarger domain structure composed of DMPC-rich and
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FIGURE 7 @) Differences in temperature dependence of NBD-PE fluorescence emission for several NBD-PE/N-Rh-PE donor/acceptor pairs with
varying chain lengths incorporated into 50/50 DMPC:DSPC large unilamellar vesicles. Chain lengths are indicated in theBgiEginpérature
dependence of NBD-PE fluorescence emission obtained for a highly mobile probe NBIP<C incorporated with N-Rh-DPPE in unilamellar 50/50
DMPC/DSPC vesiclesupper tracg, compared with NBD-DPPE incorporated with N-Rh-DPPE in 50/50 DMPC/DSPC veslolesr(tracg. All probe
concentrations in the vesicles are 0.25 mol %.

DSPC-rich lipid domains. This is apparent from the fact thatequal proportions. Two less pronounced maxima at each of
the lower temperature fluorescence maximum correspondfie phase transition temperatures were still observed, al-
to the DMPC phase transition, and the higher temperaturéhough the broad fluorescence profile is prevalent.
fluorescence maximum corresponds to the DSPC phase The FTIR results show that the DMPC and DSPC mol-
transition, as measured by FTIR (Fig. 2). We propose thatecules undergo independent cooperative transitions match-
in the heating direction, the DMPC-rich domains would ing the fluorescence maxima (Fig. 2), suggesting the pres-
form a structure of coexisting gel and fluid domains first, ence of DMPC and DSPC domains. As expected from the
resulting in a maximum in the fluorescence close to thepartial mixing behavior of this system (Mabrey and Stur-
solidus phase boundary when the fluorescent probes locatédvant, 1976), the FTIR results also show that these domains
in these domains segregate. The fluorescent probes in tlae not formed purely of DMPC or DSPC but are doped
DSPC domains would be confined to the DSPC-rich gelwith a smaller population of the other lipid. This is clear
phase and would not be mobile enough during the charadrom Fig. 5, which shows a small population of DMPC
teristic fluorescence lifetime to move into the DMPC do- molecules melting during the DSPC cooperative transition.
mains during the lower cooperative transition. The probeshe drop in wavenumber of the DSPC molecules during the
contained in the DSPC gel phase would remain immobileDMPC cooperative transition (Fig. 4) suggests that the
until the higher-temperature phase line is reached and BSPC molecules become more ordered as the DMPC mol-
dynamic fluctuating coexistence of gel and fluid phases iscules melt. A possible interpretation for this drop in wave-
formed as the DSPC-rich domains melt, allowing for anumber is that, as the DMPC domains melt, the small
second instance of probe segregation. population of DSPC molecules located in the DMPC re-
We chose a chain-labeled NBD probe (NBR-BPC) gions migrate to the DSPC regions. As a result, the DSPC
with high mobility in the gel phase and high affinity for the molecules become more ordered, and their average wave-
fluid phase to evaluate the effect of probe mobility on thenumber drops. Both results (Figs. 4 and 5) suggest the
fluorescence results. The result in FigB7clearly shows coexistence of DMPC-rich and DSPC-rich domains.
that probe mobility leads to a broader temperature profile of It is important to stress that the two maxima in the
the fluorescence than observed in FigA,lsuggesting that fluorescence are obtained in both heating and cooling di-
the more mobile NBD probe partitions into the growing rections. It has been suggested for several lipid systems that
fluid phase and is not restrained in the DSPC-rich gel phasea heterogeneous structure is present in the fluid phase
In this case, probe segregation is more closely related to th@noll et al., 1981; Ruggiero and Hudson, 1989; Nielsen et
relative percentages of gel and fluid phases in the bilayer, ilal., 1999). This would imply that a DMPC-rich phase and a
which case probe segregation is expected to reach a maxXdSPC-rich phase, with their respective populations of flu-
mum at a temperature where the gel and fluid phases readrophores, would remain present throughout the tempera-
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ture range. Alternatively, if the system becomes well mixedas in the case of critical mixing points in lipid-cholesterol
in the fluid phase, a more dynamic interpretation is necesmixtures.
sary to explain the two instances of probe segregation that

occur in the cooling direction. This interpretation would . .
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