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ABSTRACT The fluorescent probe laurdan has been shown to be sensitive to the vesicle-to-micelle transition of phosphati-
dylcholine/octylglucoside (M. Paternostre, O. Meyer, C. Grabielle-Madelmont, S. Lesieur, and M. Ollivon, 1995, Biophys. J.
69:2476-2488). On the other hand, a study on the photophysics of laurdan in organic solvents has shown that the complex
de-excitation pathway of the probe can be described by two successive processes, i.e., an intramolecular charge transfer
followed by dielectric relaxation of the solvent if polar. These two excited-state reactions lead to three emitting states, i.e., a
locally excited state, a charge transfer state, and a solvent relaxed state (M. Viard, J. Gallay, M. Vincent, B. Robert and M.
Paternostre, 1997, Biophys. J. 73:2221-2234). Experiments have been performed using time-resolved fluorescence on the
probe inserted in amphiphile aggregates (mixed liposomes, mixed micelles) different in detergent-to-lipid ratios. The results
have been compared with those obtained for laurdan inserted in dipalmitoyl phosphatidylcholine liposomes in the gel and in
the fluid lamellar phase. Except for laurdan in dipalmitoyl phosphatidylcholine liposomes in the gel lamellar phase, the red part
of the emission spectra originates from the de-excitation of the relaxed excited state of laurdan, indicating that indeed the
dielectric relaxation process is an important phenomena in the ground-state return pathway of this probe. On the other hand,
the maximization entropy method (MEM) analysis of the fluorescence decay recorded in the blue part of the emission spectra
indicates that the dielectric relaxation is not the only reaction occurring to the excited state of laurdan. Moreover, the analysis
of the fluorescence decays of laurdan inserted in gel lamellar dipalmitoylphosphatidylcholine (DPPC) liposomes indicates
excited-state reactions, although dielectric relaxation is impossible. These results are in agreement with the de-excitation
pathway determined from laurdan behavior in organic solvent even if, in most of the aggregates studied in this work, the major
phenomenon is the dielectric relaxation of the solvent. All along the vesicle-to-micelle transition, we have observed that the
lifetime of the relaxed excited state of laurdan continuously decreases probably due to a dynamic quenching process by water
molecules. On the other hand, the time constant of the dielectric relaxation process remains almost unchanged in the lamellar
part of the transition but abruptly decreases as soon as the first mixed micelle is formed. This decrease is continuous all over
the rest of the transition even if it is more pronounced in the mixed liposomes’ and mixed micelles’ coexistence. The increase
of the octylglucoside-to-lipid ratio of the mixed micelles via the change of the size and the shape of the aggregates may
facilitate the penetration and the mobility of water molecules. Therefore, during the vesicle-to-micelle transition, laurdan
probes the evolution of both the amphiphile packing in the aggregates and the increase of the interface polarity. This study
finally shows that the detergent-to-lipid ratio of the mixed micelles is an important parameter to control to limit the penetration
and the mobility of water within the amphiphile aggregates and that laurdan is a nice tool to monitor this phenomenon.

INTRODUCTION

The study of a membrane protein often requires its reconeontrol of this procedure depends on the knowledge of the
stitution in an artificial lipid bilayer, i.e., the extraction of intermediary structures that appear during the solubilization
the protein from the natural membrane and its incorporatiorand the reconstitution processes. Many efforts have been
in a perfectly defined (lipid composition, protein density, devoted to understand the interactions between detergents
and protein orientation) artificial one (Sylvius, 1992; Pater-and phospholipids or the so-called vesicle-to-micelle tran-
nostre et al., 1988; Rigaud et al., 1988). Solubilization andjtion. Although numerous studies have been performed on
purification is also a prerequisite for membrane proteinthis transition (Helenius and Simons, 1975; Ollivon et al.,
crystallization (Garavito et al., 1996). Detergents are used taggs: Lichtenberg et al., 1983; Lichtenberg, 1996; Rigaud
solubilize biological membranes and, via the detergent regt g., 1995 Paternostre et al., 1995), the molecular and the
moval, the reconstitution of artificial lipidic bilayers mim-  sypramolecular mechanisms are still not fully understood
icking the original one can be achieved. However, thefom g physicochemical point of view. Indeed, even if the
transition can easily be defined at each boundary by the
molecular composition of the mixed aggregates and by the
Received for publication 11 July 2000 and in final form 5 October 2000.detergent concentration in its monomer form in equilibrium,
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membranes, or nucleic acids. The techniques based on flypossible a dipolar relaxation process of the solvent leading
orescence allow the study of the interactions taking placéo another emitting state, i.e., a solvent relaxed excited state.
between the fluorophore excited state and its environment. In the following, we have performed time-resolved fluo-
The excited-state lifetime depends on the environment antescence experiments to determine the fluorescence decays
is in a picosecond to nanosecond range, allowing the studgf laurdan inserted in different amphiphile aggregates
of phenomena arising in this time period. Moreover, theformed during the vesicle-to-micelle transition. From pre-
interaction of the probe excited state with its environmentvious studies, we know that the fluorescence of laurdan is
induces changes in the ground state return pathway. Theery sensitive to the water relaxation process occurring at
sensitivity of the probe to the polarity of the environment isthe water-amphiphile interface (Parasassi et al., 1991). One
related to the extent of the dipole moment created after lighof the aims of this study was to gain information about the
absorption. To gain in sensitivity, Weber and Farris de-evolution of the interface of the amphiphile aggregates
signed a probe that includes a donor and an acceptor groufuring the vesicle-to-micelle transition induced by octylglu-
substituted at the opposite of a naphthalene ring: 6-propioeoside (OG). This study also allowed us to test the three-
nyl-2-(dimethylamino)naphthalene (prodan) allowing thestep model proposed in our previous study for the laurdan
appearance of a large dipole moment (8 Debye; Balter et alde-excitation process.
1988). Prodan has been used for various studies on biomem-
branes (Chong, 1988; Chong et al., 1989; Zeng and Chong,
1991; Rottenberg, 1992). However, prodan being only an ATERIALS AND METHODS
chored to the lipid bilayer by a small aliphatic chain, it |aurdan was purchased from Molecular Probes (Eugene, OR). Egg-phos-
partitions between the water and the membrane complicaphatidylcholine (EPC) was obtained from Avanti Polar Lipids (Birming-
ing the interpretation of the results. New probes carrying &am, AL), and egg-phosphatidic acid (EPA) and octylglucoside (OG) were
similar fluorophore group but varying the amino group Orfrc_;m Sigma Chemi_cgl Cp. (St. Louis, MO). All of these products were used

. . . . L .. without further purification.
the aliphatic chain were synthesized to gain in selectivity.
Different probes were designed, such as danca, which ex-
hibits a specific affinity for the myoglobin heme (Cowley, Liposome preparation

1986), patman, or laurdan. These last two include a Iong_, deither b N on followed b
. . . . - C : iposomes were prepared either by reverse-phase evaporation followed by
ahphatlc .Cham (92) by which the prObe IS mal.ntalned in extrusion through calibrated filters as described by Lesieur et al. (1993) for
phOSphthld membranes and the ﬂuoroPhore itself stays aéPC/EPA liposomes or by sonication for dipalmitoylphosphatidylcholine
the level of the glycerol backbone (Chong and Wong,(DPPC) liposomes (Schullery et al., 1980). The liposomes were formed in
1993). This strong anchorage considerably limits the exan aqueous buffer containing 10 mM HEPES,145 mM NaCl , pH 7.4.
Change of the probe with the aqueous media. For EPC/EPA liposomes (90/10% mol/mol), laurdan (0.1% mol/mol of

In particular, laurdan has then been extensively used bﬁ?? total lipid contents) was mixed in the presence of chloroform. The
ids were dried under nitrogen and lyophilized overnight. After reverse-

Parasassi a_n_d C(_)”eagues tQ ?haraCterize the gel to ﬂ_u#ase evaporation (Szoka and Papahadjopoulos, 1978), the liposomes were
phase transition in phospholipid membranes (Parasassi &quentially extruded through Nucleopore filters of 0.8, 0.4, 0.2, 0.1, and
al., 1986a,b, 1990, 1991; Parasassi and Gratton, 1992) a5 um in pore diameters to form large unilamellar vesicles, uniform in

to detect the phase separation domains generated by tRi@e and~120 nm in diameter at the end of the extrusion procedure as
. easured by dynamic light scattering.
presence of cholesterol (ParasaSS| et al., 1994a,b, 199§'For DPPC liposomes containing 0.1% of laurdan a procedure similar to

This probe has also been shown to be sensitive to th@lat designed for EPC/EPA mixtures was used to dry the lipids. After

vesicle-to-micelle transition induced by the addition of de-hydration of the dried lipids, six cycles of sonication of 3 min each using

tergent to a Iiposome suspension. Laurdan allowed notably Branson sonicator was applied to the lipid suspension maintained at

the determination of the partitioning of the detergent be-5°°cf' A;‘gr S_O;“tca“"” the t'ri]pots.fm.e pmpagaltio” was Cef”t”fut%ed (10000
L i m for 10 min) to remove the titanium particles coming from the sonica-

tweenlwatgr and |Ipld aggregates along the transition an ion probe. The sample was then kept art) room temperegure, and during the

espeC|aIIy in the mixed micellar domain (HeerkIOtz et al-!first few hours the size increased from40 to 80 nm as measured by

1994; Paternostre et al., 1995). The origin of the sensitivitydynamic light scattering.

of this probe to the different phenomena is, however, not

completely understood.

The photophysics of this probe may correspond to thdlonitoring of the solubilization process by

three-step model recently proposed (Viard et al., 1997). [turbidity and fluorescence measurements

has been shown by studying the fluorescence properties ghe solubilizationof EPC/EPA vesicles containing laurdan at 25°C was

laurdan dissolved in either nonpolar and viscous solvents anonitored by measuring simultaneously the turbidity at 350 nm and the

in ethanol as a function of temperature that a two-stegluorescence at two emission wavelengths (435 and 500 nm) on a Fluoro-

model cannot entirely describe the de-excitation of laurdanT@ fluorimeter (Spex Instruments, Jobin Yvon, Longjumeau, France)

. equipped with four photomultipliers and connected to a computer (Pater-
Indeed a very fast rate has been evidenced between tlﬂﬁ%stre et al., 1995). During the continuous addition of OG into a cuvette

locally excited state (LE) and the so-called charge transfegontaining the initial laurdan-labeled liposomes (either EPC/EPA or DPPC
(CT) excited state, this last CT state undergoing wheniposomes) maintained under magnetic stirring, the turbidity and fluores-
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cence signal were recorded versus time. The rate of addition of OG watakes into account the difference of transmission of the polarized light
monitored by a syringe pump and kept constant all along the experimenomponents by the optics:

allowing us to deduce from the time the final OG concentration in the

cuvette by using the following equation: T(t) = Iw(t) + ZBcorrI vh(t) (2)

[OG] = ([OGIlyH/(Vo + (rd), 1) =

— *
in which [OG]} and [OG], are the OG concentration in the cuvette and in T(t) o E)‘(t) a(T)eXFX_t/T)dT’ (3)
the syringe, respectively, is the initial volume of the liposome suspen- 0
sion in the cuvetter, is the rate of OG addition in ml/s, artds the time ) o .
measured in seconds. The evolution of both the turbidity of the suspensioNereE(t) is the temporal shape of the excitation light pulse, the asterisk
and the fluorescence intensity ratiagyl 50 was plotted against the OG denotes a convolution product, and(7) is the lifetime distribution given
concentration.

~ (0.4

Steady-state fluorescence spectra a(r) = y(7, 6, A)d6dA (4)
The steady-state fluorescence spectra were measured using a photon- 070z
counting Fluoromax fluorimeter (Spex Instruments), and correction forThe recovered distribution (r), which maximizes the entropy functic
monochromators and source-dependent variation intensity were systemak chosen:
ically performed.

Steady-state emission spectig = 360 nm and 400< A, < 600 ) a(T)
nm) have been recorded for laurdan-containing DPPC liposomes during a S= a(T) _ m(T) _ a(*r)log 7 }dT (5)
continuous increase of temperature. For this type of experiment, the tem- m(’l')
perature of the cuvette was controlled via a cryostat (RC6, Lauda, Ger-
tmh:?n)?o::L?pI??Nti(/e(r; ?Neir/aAtlL)J‘reT}\:\é ascr;ggtt;?lﬁgsmtgé?tcrez %l;VZ:ee:gpr?affn this expressionm(r) is the starting model. In every analysis, a flat map

homemade system allowing a linear temperature increase between 15°?%er the exploredr) domain was chosen fan(r), as no a priori knowledge

and 65°C at a rate of 0.11°C/min. Emission spectra were recorded contina-‘2 Zl;tn::faif:ﬂél distribution was available. The analysis was bound by the

uously during this temperature increase. In these experimental conditioné,

the variation of temperature between the beginning and the end of one
N M |calc_ |ob 2

spectrum was constanAf = 0.35°C). E ( k k 5) -

2z =M (6)

0

k=1

Fluorescence lifetime measurements , g

wherel £3°and| 2P are thekth calculated and observed intensitieg, the
Fluorescence intensity decays were obtained by the time-correlated singleariance of thek point, is equal tas,,, + 4B2, * 02, (Wahl, 1979)M
photon-counting technique from the polarized compongg(y andl,(t) is the total number of observations.
on the experimental setup installed on the SB1 beam line of the synchro- The center(r) of a single clasg of lifetimes and its associated
tron radiation machine Super-ACO (L.U.R.E., Orsay, France), which hasontribution G were defined, respectively, as
been described elsewhere (Vincent et al., 1995a,b). The light pulse has a
full width at half maximum of~500 ps at a frequency of 8.33 MHz for a <TJ> = 2 am)m @)
double bunch mode. i

Data forl,, andl,,, were stored in separated 2-kilobit memories. The

instrumental response function was automatically recorded each 5 min b§nd
measuring the scattering of a glycogen solution during 30 s at the emission
wavelength in alternation with the parallel and perpendicular component of Cj = E O‘(Ti)v (8)
the polarized fluorescence decay, which were cumulated during 90 s. The i
time resolution was in the range of 7 to 25 ps per channel depending on the
experiments. The shortest excited-state lifetime the instrument is able t§¢ Summation being performed on the interval defining fhitass, with
resolve has values of 50 ps. For low-temperature measurements a Jams—1 ®(7) = 1 (nis the total number of lifetimes used in the analysis,
cryostat was used (Vincent et al., 1995a,b; Viard et al., 1997). routinely taken as 150).

Data analysis of fluorescence decays Time-resolved fluorescence emission spectra
_ _ _ (TRES): collection and analysis

Analysis of the fluorescence intensity decay data was performed by the
maximum entropy method (MEM) (Livesey and Brochon, 1987). The TRES were reconstructed from individual decays recorded at different
program uses MEMSYS 5 as a library of subroutines. Optionally, MEM- wavelengths to cover all the emission spectra (bandwidth between 2 and 10
SYS 5 can handle a 150-dimensioned vector without any a priori assumpdepending on the experiments). Each individual decay was fit with the
tion on each of the amplitude signs (Vincent et al., 1995a,b). This optionMEM program using the classical or the negative amplitude option. The
was used when the classical analysis with only positive amplitudes did nointegral of each decay curve was normalized to the corresponding steady-
provide good results in terms gf values and shape of the plot of the state fluorescence emission wavelength recorded on the same instrument
weighted residuals. with identical experimental conditions. By collecting the vertidg|)(and

Because polarized light was used in these experiments, the total interthe horizontal K,,) fluorescence intensity components and by taking into
sity decayT(t) is built by adding the parallell(,) and twice the perpen- account theB.,, correction factor, the calculated impulse fluorescence
dicular componentsl,) according to Eq. 2. The correction factgg,,, intensity (Eq. 4) as well as the steady-state intensity{ 2B...yn) are de
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facto corrected for the difference of transmission of the polarized light
components by the optics. For the quantitative description of the spectral 100
shift, the barycenters in frequency were computed and the full widths atf;
half peak were calculated from the raw spectra. The shift fun@igywas S 80
defined classically as (Bagchi, 1989) 2
5 -3 § 60 [
o0 =
g
whereu, v,, andu,, are the barycenter values in frequency at tip@ and S 20+
=, respectively. Reaction rate constantg)(were determined from the E
analysis ofC(t) as a sum of exponentials with MEM (Vincent et al., = ¢ .
1995a,b): 350 400 450 500 550 600 650 700
) = E o (10) wavelength (nm)
-4 BC
130 T
RESULTS 120 E 3.00
Evolution of the fluorescence emission spectra of
laurdan during the vesicle-to-micelle transition § o : 1260
" 0
The emission spectrum of laurdan is sensitive to the vesicle- 1220 3
to-micelle transition. As shown on Fig.A, the solubiliza- E : =
tion by OG of large EPC/EPA unilamellar liposomes con- § 100 1.80 —
taining 0.1% (mol/mol) laurdan leads to a decrease of the = )
blue part of the emission spectrum, compared with the red 90 1.40
part, and to a red shift of the emission maximum. ;
The solubilization process can therefore be followed, e — 1.00
. . ) o 80
during the addition of OG into a cuvette containing the 0 5 10 15 20 25 30 35 40 45 50 55 60
initial liposomes suspension, through the evolution of the [0G] (mM)

fluorescence intensity ratig, 41,34 ( Fig. 1B, curve b). The
evolution of the turbidity at 350 nm can also be measuredIGURE 1 () Evolution of the emission spectra of laurdan,( = 360
simultaneously (Fig. B, curve a). According to the litera- nm) during the solubilization of EPC/EPA Iiposqmes ([Iipjdﬂ_z mM) by
ture (Paternostre et al., 1995), the two dashed lines (Fig. $&: The areas of the spectra were normalizd). Evolution of the
B) delimit the | I h ixed | I icell dth furbidity (curve g and the fluorescence intensity ratiod/l.35 curve B
)_ elimit the z_ime ar, the m'?(e ame_ ar-mice a_r'_ andt eduring the solubilization of initially laurdan-labeled liposomes by OG. The
micellar domains of the vesicle-to-micelle transition. The arrows from 1 to 13 indicate the samples that have been further studied by
evolution of the fluorescence intensity ratio of laurdan dur-time-resolved fluorescence ([lipigl= 2 mM). The dashed lines indicate
ing the solubilization process points out that the emissiorihe -points B. and C of th_e transition and delimit _the three d‘omains of the
spectrum of laurdan is greatly affected as soon as the fir§5[63|cle-tq-mlcel!e transition (Iame!lar before point B, (_:oeX|st§nce of la-
. . e . mellar/mixed micellar between points B and C, and mixed micellar after
micelles are formed whereas only slight modifications ar&yoint C).
seen in the lamellar domain of the transition. We have

undertaken time-resolved fluorescence experiments on laur-

dan inserted in different OG-lipid aggregates situated in thgjon wavelength of 360 nm. The fluorescence decays were
lamellar (Fig. 1B, samples 1 to 3), in the mixed lamellar- analyzed by the MEM, and the results are reported in Fig. 2.
micellar (Fig. 1B, sample 4), and in the micellar part (Fig.  For the decays recorded in the red edge of the emission
1 B, samples 5 to 13) of the solubilization process. spectrum and whatever the type of aggregate in which
laurdan is inserted, essentially two lifetime distributions in
the nanosecond range are determined by the MEM analysis
and their amplitudes are opposite in sign (Fig. 2). According
to Viard et al. (1997), the two lifetime distributions corre-
In this section the experiments presented were carried on thepond to the rate constant of the dipolar relaxation process
samples 1 to 5 selected on the basis of the solubilizatioithe shortest time distribution associated with a negative
curves visualized either by turbidity or fluorescence mea-amplitude) on the one hand and to the lifetime of the relaxed
surements (Fig. B). For each sample, the fluorescence excited state (the longest time distribution associated with a
decays have been recorded for emission wavelengths sitpositive amplitude) on the other hand. In Fig. 3 we have
ated in the blue edge\{,, = 408 nm) and in the red edge reported the time constant of the solvent relaxation process
(Aem = 550 nm) of the spectrum and for a constant excita{T,) and the lifetime of the relaxed state ) as a function

Evolution of the fluorescence decays of laurdan
during the vesicle-to-micelle transition
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FIGURE 3 Rate constant distributions obtained from the MEM analysis
of the fluorescence decays recorded for red emission wavelengii{®)

) is the lifetime of the excited relaxed state ahg (A) the time constant of
FIGURE 2 Results of the MEM analysis of the fluorescence decaysye dielectric relaxation process corrected according to the following
recorded for laurdan inserted in the mixed aggregates indicated on Fig. équation (Vincent et al., 1995a,b)t1{= 1/T,y + 1/1,,, Wheret,, is the

B by the arrows 1 to 5. For each sample, the upper trace is the analysis @fne constant determined by the MEM analysis. The vertical dashed lined
the fluorescence decay recorded in the blue edge of the emission Speciggyjicates the points B and C of the vesicle-to-micelle transition (cf. Fig. 1

(Apiue = 408 nm), whereas thg lower trace is the analysis obtained for thqs). The open symbols represeny, (O) andT,, (A) for laurdan inserted in
fluorescence decay recorded in the red edge of the spegta(550 nm).  pyre OG micelles (PM).

The excitation wavelength was fixed at 360 nm for all the samples, and the
temperature was kept constant at 20°C. The dashed arrows indicate the

time distribution found similar in the MEM analysis of the blue and the red . .
decays. MEM analysis of the decays recorded in the blue edge of the

spectrum no equivalence with the analysis of the decays
recorded in the red edge can be found. The MEM analyses
of the total OG concentration in the solution. In the first partof these blue decays as a function of the detergent compo-
of the transition, i.e., the lamellar domain (until the first sition in the mixed aggregates show only small changes
vertical dashed line)s,, slightly decreases whereds,,  until the total solubilization of the vesicles; i.e., a clear
remains almost constant. On the other hand, in the mixedcceleration of all the lifetime distributions is visible only
lamellar-micellar domain (between the two dashed lines)for the mixed micelle sample. This underlines again that the
T, abruptly decreases from 2.4 to 1.9 ns. This significantprobe is principally sensitive to the appearance of the mixed
acceleration of the solvent relaxation process occurs as sodnicelles.
as the first mixed micelles are formed.
For the decays recorded in the blue edg_e of the em'SS'o_Evolution of the fluorescence decays of laurdan
spectrum, the results of the MEM analysis are complex: - . g
o o . . _“as a function of the mixed lipid-OG
three to four lifetime distributions all associated with posi- micelles composition
tive amplitudes are observed. This result indicates that the
probe undergoes a succession of reactions at the excitéd this study, samples corresponding to the micellar domain
state before de-excitation. Some of these lifetime distribuof the vesicle-to-micelle transition have been preferentially
tions might be related to those present on the analysis cfelected because the major changes of laurdan emission
laurdan decays recorded in the red edge. For example, orspectra are recorded in this part of the transition (Fig).1
of the longest lifetime distributions determined for the de-Nine different mixed micelle samples were selected using
cays recorded in the blue edge of the spectrum is similar tthe solubilization curve presented in FigBl(samples 5 to
the rate constant of the solvent relaxation rate constarit3). The compositions in detergent and lipid of these sam-
(dotted arrows in Fig. 2). On the other hand, the lifetime ofples are different because the lipid concentration slightly
the relaxed state is almost invisible on the decay recordedecreases due to the dilution of the sample induced by the
on the blue edge of the emission spectra, except for thdetergent addition whereas the OG concentration increases
mixed micelles for which a distribution with very weak from 21.5 to 57.9 mM.
amplitude is determined from the MEM analysis-a4 ns. For each of these samples, fluorescence decays have been
For the other lifetime distributions determined from therecorded at.,. = 360 nm and for two different emission

Time (nsec)
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wavelengths situated in the blue edge,( = 400 nm) and the same order of magnitude as the signal due to light
in the red edgeX;,, = 590 nm) of the spectrum. The results scattering. However, the different attempts to suppress the
of the MEM analysis are reported on Fig.AlandB, for the  signal originating from light scattering did not affect greatly
blue and red decays, respectively. On these graphs, ttithe short distribution observed. This short component of the
results of MEM analysis of laurdan inserted in pure OGdecay may then result from a combination of light scattering
micelles have been added for comparisap (= 360 nm and a real component associated with the fluorescence de-
and\,,, = 600 nm). cay. However, for all the decays analyzed, no clear evolu-
The MEM analyses of the red decays all result in twotion of the different lifetime distributions with the detergent/
lifetime distributions associated with opposite amplitudeslipid ratio of the aggregates can be established.
(Fig. 4 B). As for the previous samples, the lifetime distri-
butions associated with a negative amplitude reflect the
dipolar relaxation proces3,) whereas the ones associated
with a positive amplitude represent the lifetime distribution
of the relaxed excited state.(). In Fig. 3 we have reported
the evolution of both lifetime distributions with OG con- The decays of the previous experiments were recorded in
centration:r,, andT,, are continuously decreasing from 3.9 extreme conditions, i.e., in the very blue and very red edges
to 3.2 ns and 1.9 to 1 ns, respectively. It also appears fromf the emission spectrum of laurdan. The MEM analyses of
Fig. 4 B that the time distributions associated with thethe decays recorded in the red edge of the emission spec-
dielectric relaxation process become broader and broadérum clearly show two lifetime distributions respectively
with increasing OG concentration in the mixed micelles andrelated to the relaxation process and the lifetime of the
for pure OG micelles. relaxed excited state. An acceleration of these two lifetime
The results of the MEM analyses of the blue fluorescencalistributions is recorded when the detergent concentration is
decays are complex: three to four lifetime distributions allincreased, i.e., during the vesicle-to-micelle transition. On
associated with positive amplitudes are determined as fahe contrary, the analyses of the decays recorded in the blue
the samples studied in the previous section (FigA)4 edge of the emission spectrum indicate a complex de-
Similarly again, a long but weak lifetime distribution can be excitation pathway of the probe that cannot be explained by
determined by the MEM analysis on few samples (samplesimple phenomena. Therefore, to understand the transition
5,9, 10, and 11). This distribution may be attributed-tq between these two extreme spectral regions, we determined
A very short lifetime distribution (60-70 ps) associatedthe time-resolved emission spectra of three different sam-
with a strong amplitude is observed. Light scattering genples, i.e., pure EPC/EPA liposomes, mixed EPC/EPA-OG
erated by the mixed aggregates studied may contaminateicelles containing the highest proportion of lipids, and
this distribution. Indeed, for these experiments, the emissiopure OG micelles.
wavelength was settled at 400 nm, the very blue edge of the For each of the three types of aggregates, the excitation
emission spectra, where the fluorescence signal may be efavelength was kept constant (360 nm for the pure lipo-

TRES of laurdan inserted in pure liposomes,
mixed micelles, and pure OG micelles

FIGURE 4 Results of the MEM analysis of © ©
the fluorescence decays recorded for laurdan )

=

inserted in the mixed aggregates indicated on ';

Fig. 1B by the arrows 5 to 13. The sample & ) \’\r/\;
called PM represents the MEM analysis of laur- g

dan inserted in pure OG micelles ([O&] 100 :5 9 9 \

mM; [laurdan] = 3 uM). For each sample, the & \/—/

traces on the left are the analysis of the fluo- T‘: (10 (10) \/JL
rescence decays recorded in the blue edge of the ‘Z

emission spectra\(,,. = 400 nm), whereas the %’ M\ (11) VJ\\
traces on the right are the analysis obtained for £

the fluorescence decays recorded in the red g (12)

edge of the spectra(,q = 590 nm). The exci-
tation wavelength was fixed at 360 nm for all
the samples, and the temperature was kept con-
stant at 20°C. (PM) (PM)

(13)

| P L L

0.1,. 1 0.1 .
Time (nsec) Time (nsec)

I
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somes and 370 nm for the mixed micelles and for the pure From the decays analyzed above, the TRES of laurdan
micelles) and the emission wavelengths were selected asserted in each of the three aggregates studied have been
indicated in Fig. 5A-C, to describe all the emission spectra constructed. In Fig. 6A-C, we have reported the TRES

of laurdan. The MEM analyses of these decays are reportedormalized in area for laurdan inserted in pure liposomes, in
of Fig. 5, A-C, for laurdan inserted in pure liposomes, mixed micelles, and in pure micelles, respectively. It ap-
mixed micelles, and pure micelles, respectively. From thos@ears that the spectra are shifted toward the red whereas
analyses and whatever the aggregate considered, two speheir width transiently increases (Figs. 6 and 7). This in-
tral regions (a blue one and a red one) can be distinguishectease of the spectral width occurs on a time period that
considering the existence of lifetime distributions associatedlepends on the type of aggregate (see Table 1): 5 ns for pure
with negative amplitudes. The wavelength that delimitsliposomes, 2.3 ns for mixed micelles, and 0.5 ns for pure
those two regions depends on the type of aggregate in whichicelles, indicating an important acceleration of the phe-
laurdan is inserted and increases from 460 nm for pur@omenon responsible for that pattern. The motion of the
liposomes to 470 nm for mixed micelles and 480 nm foremission spectra toward lower-energy regions was followed
pure micelles. As expected from the previous results, théhrough the evolution of the barycenters (FigB)7 indicat-
fluorescence decays obtained in the blue spectral region areg a dissipation of energy of the excited state of laurdan.
complex, and two to three lifetime distributions all associ- This dissipation corresponds to a stabilization energy due to
ated with positive amplitudes are determined. In the redeactions occurring with the excited state of laurdan. This
spectral region, principally two lifetime distributions asso- stabilization energy (calculated as indicated in the legend of
ciated with opposite-sign amplitudes are determined. Th&able 1) depends on the type of aggregate in which laurdan
lifetime distributions are almost independent of the emis-s inserted: 6.55 kcal/mol, 7.06 kcal/mol, and 7.46 kcal/mol
sion wavelength. However, as the emission wavelengtlior laurdan inserted in pure liposomes, in mixed micelles,
increases, and especially for laurdan inserted in either purand in pure micelles, respectively (see Table 1).

liposomes or mixed micelles, the proportion of the negative Whatever the type of aggregate, the normalized TRES
amplitude distribution increases compared with the positivendicates two different characteristics: the spectra recorded
amplitude lifetime distribution. For laurdan inserted in purefor very short times are shifted toward the red, and for
micelles, the lifetime distributions associated with negativelonger times, an isoemissive point is indicated (FIgA6().
amplitudes are broader than the ones determined for the twbhe TRES recorded for laurdan in the different aggregates
other aggregates. differ only by the rate of their evolution (see Table 1).
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FIGURE 5 Results of the MEM analysis of the fluorescence decays recorded for laurdan inserted in pure EPC/EPA liggsam@ixed micelles
(point 5 as indicated on Fig. B (B), and in pure micelle ([OGE 100 mM; [laurdan]= 3 uM) (C). The excitation wavelength was fixed at 360 nm for
liposomes and at 370 nm for mixed and pure micelles. The temperature was kept constant at 20°C. The emission wavelengths are indicated on each trace.
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FIGURE 6 TRES of laurdan inserted in pure EPC/EPA liposorAgsi
mixed micelles (point 5 as indicated on FigB}] (B), and in pure micelle

([OG] = 100 mM; [laurdan]= 3 uM) (C). The TRES have been recon-

Viard et al.

DISCUSSION

This aim of this study was to understand the origin of the
fluorescence of laurdan and to obtain information about the
vesicle-to-micelle transition, and the discussion is con-
structed around these two different topics.

Conclusion about the origin of laurdan
fluorescence in amphiphile aggregates

The MEM analysis of the different fluorescence emission
decays pointed out two patterns whatever the aggregate
considered. In the higher-energy domain of the emission
spectra, complex lifetime distributions associated with pos-
itive amplitudes are indicated, whereas in the domain of
lower energy, principally two lifetime distributions associ-
ated with amplitudes of opposite sign are observed.
Laurdan has been designed to experience an important
variation of its dipolar moment upon excitation and thus be
very sensitive to its dipolar environment. When inserted in
the lipid aggregates, laurdan fluorophore was shown to be
located at the level of the phospholipid glycerol backbone.
From various studies performed by Parasassi and co-work-
ers, it has been shown that some water molecules present at
this level are responsible for the dielectric relaxation ob-
served for laurdan inserted in the fluid lamellar lipid phase.
Indeed, the variation of neither the polar headgroup nor the
pH influences the emission spectra of laurdan, indicating
that the polar headgroups of the lipids are not responsible
for this phenomenon (Parasassi et al., 1991). This phenom-
enon is known to be essential in laurdan photophysics
(Viard et al., 1997; Parasassi et al., 1998) and is clearly
indicated in this study on the MEM analysis of the fluores-
cence decays recorded for wavelengths situated in the red
part of the emission spectra by the negative amplitude
lifetime distribution {T,e). This dielectric relaxation ob-
served for laurdan in amphiphile aggregates is much slower
(see Table 1) than dielectric relaxation occurring in bulk
water for which rate constants in the picosecond range have

structed by using the results of the MEM analysis illustrated on Fig. 5. Thed€€n determined. However, if the hydration water is respon-

temperature was kept constant at 204).The spectra were plotted for=
0 (trace 1) = 0.5 ns (trace 2}, = 1 ns (trace 3)t = 1.5 ns (trace 4}, =
2 ns (trace 5)t = 3 ns (trace 6)t = 4 ns (trace 7)t = 5 ns (trace 8){ =
6 ns (trace 9)t = 7 ns (trace 10)t = 8 ns (trace 11)t = 9 ns (trace 12),
t = 10 ns (trace 13}, = 11 ns (trace 14}, = 12 ns (trace 15}, = 13 ns
(trace 16)t = 14 ns (trace 17}, = 16 ns (trace 18), and= 18 ns (trace
19). B) The spectra were plotted for= 0 (trace 1)t = 0.5 ns (trace 2),
t = 1 ns (trace 3)t = 1.6 ns (trace 4), = 2.2 ns (trace 5), = 2.8 ns (trace
6),t = 3.4 ns (trace 7)t = 4 ns (trace 8)t = 4.6 ns (trace 9) = 5.2 ns

(trace 10)t = 5.8 ns (trace 11}, = 7 ns (trace 12)t = 8.8 ns (trace 13),

andt = 11.2 ns (trace 14)Q) The spectra were plotted for= O (trace 1),
t = 0.15 ns (trace 2}, = 0.3 ns (trace 3), = 0.45 ns (trace 4}, = 0.6 ns

(trace 5),t = 0.75 ns (trace 6}, = 0.9 ns (trace 7)t = 1.05 ns (trace 8),

t = 1.2 ns (trace 9) = 1.4 ns (trace 10}, = 1.7 ns (trace 11} = 2 ns

(trace 12)t = 2.3 ns (trace 13}, = 2.6 ns (trace 14}, = 2.9 ns (trace 15),

t = 3.5 ns (trace 16), = 4.1 ns (trace 17), and= 5.9 ns (trace 18).

Biophysical Journal 80(1) 347-359

sible for this phenomenon, its freedom depends on the
packing of the molecules forming the structures. Obviously,
if the interfacial water is never free in the aggregates stud-
ied, its mobility is higher in pure micelles than in vesicles as
can be seen from the decreas&@Qffrom 2.5 to 0.9 ns (Fig.

3). Moreover, in this red spectral region and for all the
amphiphile aggregates studied, the unique positive lifetime
distribution determined by the MEM analysis of the decays
can be unambiguously related to the lifetime of the emissive
state originating from that reaction, i.e., the solvent relaxed
emissive stater,). The complexity of the time constant
distributions obtained in the high-energy domain of the
spectra indicates that the solvent relaxation does not account
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FIGURE 7 Evolution with time of the half widthA) and of the barycenter8) of the TRES for laurdan inserted in pure liposomes (traces 1), mixed
micelles (traces 2), and pure OG micelles (traces 3).

for all laurdan photophysics, and at least one emissive statearycenters (Table 1) show that if the stabilization energy of
should be added to the solvent unrelaxed and relaxed eXaurdan in the fluid lamellar phase of DPPC is very similar
cited states. to that in EPC/EPA liposomes (6.5 kcal/mol and6k6al/

To verify the interpretation of the different rate constantsmol, respectively), it is much smaller in the gel lamellar
determined, we have recorded TRES of laurdan inserted iphase (1.3 kcal/mol). This difference can be attributed to the
DPPC liposomes either in a gel or in a fluid lamellar phaseappearance of the dielectric relaxation phenomenon occur-
(Fig. 8, A andB). Indeed, the sensitivity of laurdan to the ring during the lipid phase transition. On the other hand, the
gel-to-fluid lamellar phase transition has been extensivelyow stabilization energy of laurdan in the gel lamellar phase
studied and is mainly due to the progressive appearance afiay be due to the charge transfer fast reaction. From these
the dielectric relaxation process during the lipid phase trantast experiments carried on the DPPC system, the complex-
sition (Parasassi et al., 1986a,b). The TRES of laurdan iity of the results given by the MEM analyses of the blue
DPPC liposomes at 50°C (Fig. B), i.e., fluid lamellar  decays for laurdan inserted in amphiphile aggregates can
phase, is very similar to the TRES obtained for laurdantherefore be explained by the existence of a charge transfer
EPC/EPA liposomes (Fig. ). On the contrary, the TRES fast reaction preceding the solvent relaxation process. The
obtained for laurdan inserted in DPPC gel lamellar phase isontribution of the solvent relaxation in the blue edge of the
very different because only a small red shift of the emissioremission spectrum is almost negligible because the lifetime
spectra can be seen. The analyses of the evolution of TRE@stribution associated with the solvent relaxed excited state

TABLE 1 Data obtained from the temporal evolution of the half width and the barycenter of the TRES

Reaction time constants
determined from the MEM
analysis of the time-dependent

Temporal domains . Stabilization
increase of TRES T evolution of the barycentér energ§
Samples width (ns) (ns) 7, (Nsec) T, (Nsec) (kcal/mol)

DPPC liposomes, 20°C 0.3 1.9 1.3
DPPC liposomes, 50°C 2.0 1.8 0.2 1.2 6.5
EPC/EPA liposomes 5.0 25 0.2 1.6 5.5
Mixed micelles (C point) 2.3 1.9 0s1 11 7.1
Pure OG micelles 0.5 0.9 0.1 Q.8 7.5

*For comparison the values @t of Fig. 3 are reported.

'Reaction rate constants,j were determined from the analysis Gft) as a sum of exponentials with MEM (Vincent et al., 1995a, 1998} =

3, ae” "™ (Eq. 10).

*AE is calculated from the maximal time-dependent shift of the TRES barycenter and is givel ByNhcAv, whereN is the Avogadro numbeh is

the Planck constant expressed in erg-s, @igdthe light velocity (cm/s)Av is the maximal variation of the time-dependent shift of the TRES barycenters
(in cm™%). The energy obtained is given in kcal/mol by using the following energy conversion factor: 2 2rg9 10 ** kcal.
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recorded continuously during the temperature increase. The variation of

0.02 temperature between the beginning and the end of the spectral acquisition
0.01 is 0.35°C. The areas of the emission spectra have been normalized.
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phase, it is centered at 500 nm with a shoulder at 435 nm.
The spectra of laurdan, between the extreme temperatures,
FIGURE 8 TRES of laurdan inserted in DPPC liposomes in the gelpmgreSSively change, exhibiting an isoemissive point at 445
lamellar phaseT = 20°C; A) and in the fluid lamellar phasd@ (= 50°C; ~ Nm. This point is revealed by the area normalization of the
B). The TRES have been reconstructed by using the results of MEMspectra, the normalization abolishing the eventual differ-
analysis (data not shown) of the fluorescence decays recorded for diﬁ‘ererénceS in quantum yields of the different emissive states.

emission wavelengths: from 395 to 490 nm for DPPC gel lamellar phasesuch an isoemissive point indicates that the probe i ro-
and from 390 to 560 nm for DPPC fluid lamellar phasg,{ = 360 nm). P probe 1S pro

wavelength (nm)

(A) The spectra were plotted for= 0 (trace 1)t = 0.5 ns (trace 2) = gressively experiencing two different environments as the
1 ns (trace 3)t = 2 ns (trace 4)t = 3 ns (trace 5)t = 5.5 ns (trace 6), temperature is increased. The gel environment is character-
andt = 9 ns (trace 7).B) The spectra were plotted for= 0 (trace 1)t = ized by an improbable dielectric relaxation (FigAB the

0.4 ns (trace 2}t = 0.8 ns (trace 3), = 1.3 ns (trace 4) = 1.8 ns (trace A ; ; ; ;
5).t = 2.3 ns (trace 6 — 2.8 ns (trace )t = 3.3 ns (race 8) - 3.8 lipid packing and the restricted motion of the associated

ns (trace 9)f — 4.3 ns (trace 10), — 4.8 ns (trace 11}, — 5.8 ns (race  Water molecules probably being at the origin of this restric-
12),t = 6.8 ns (trace 13), antl= 8.8 ns (trace 14). tion. During the lipid phase transition, the increase of the
surface polar headgroup from 47 A in the gel phase to 71 A
in the fluid phase (Nagle et al., 1996; Sun et al., 1996), by
is either nonexistent or very low in that energy domainincreasing the freedom of the dipolar molecules, allows the
(Figs. 2 and 4). dielectric relaxation to occur. Therefore, if during the gel-
The evolution of the steady-state emission spectra ofo-fluid lamellar phase transition, the molecular packing
laurdan recorded during the vesicle-to-micelle transitionchange is principally involved in the fluorescence changes,
(Fig. 1A) shows that, upon OG addition, the blue part of thefor the vesicle-to-micelle transition, an additional phenom-
spectrum is progressively decreased and that the maximu@non must be considered, i.e., the polarity increase of the
fluorescence intensity is red shifted. The decrease of thiurdan environment caused by the incorporation of OG
blue part of the emission spectra reflects the acceleration ofithin the amphiphile aggregates.
the dielectric relaxation process whereas the red shift indi- Finally, the multiplicity of the excited-state reactions is
cates a polarity increase of the laurdan environment. Duringvidenced by the MEM analysis of the time evolution of the
the gel-to-fluid lamellar phase transition of DPPC such a redarycenter of the TRES (Fig. 10). In the fluid lamellar
shift of the spectra is not recorded. Indeed, in Fig. 9 arenembranes, as in mixed and pure micelles, two time con-
reported the area-normalized steady-state emission specttant distributions are observed},(and 7,,; Table 1). The
(Aexe = 360 nm) of laurdan inserted in DPPC liposomeslonger and preponderant one,{ Table 1), ranging from 1.9
recorded during a continuous increase of the temperatunes (for pure liposomes) to 0.8 ns (for pure micelles), can be
(from 15°C to 65°C at 0.11°C/min). At low temperature, in associated with the solvent relaxation procegsg;(Table
the gel lamellar phase, the laurdan spectrum is centered &). It is preceded in all cases by a minor short time distri-
435 nm, whereas at high temperature, in the fluid lamellaibution (r,,; Table 1) between 320 ps (for pure liposomes) to
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of the first mixed micelle can be explained by both an
DPPC (20°C) increase of the mobility of the interfacial polar molecules
and a change in the laurdan environment polarity. Indeed,
the increase of the detergent/lipid ratio in the mixed mi-
DPPC (50°C) /\ celles induces an iqcrease of _the average curvature radius of
the aggregates. This change in curvature radius, by decreas-

9]
=

20 ing the packing of the headgroup of the amphiphile, may
both facilitate the water molecules’ penetration and increase
90 F j\ their mobility. Rawat and Chattopadhyay (1999) recently
EPC/EPA showed that during the sphere-to-rod transition of sodium
dodecyl sulfate micelles, N-(-7-nitro-2,1,3-benzoxadiazol-
60

Mixed micell 4-yl) fluorophore experiences such changes in its environ-
xed miceiies . . . .
N ment polarity when it is located at the micelle interface. In
parallel with the acceleration of the relaxation process, a
decrease of the lifetime distribution of the relaxed excited
;‘—/p state is recorded and may be a consequence of the acceler-
0 Pure micelles ation of the relaxation rate constant via a dynamic quench-
w ing process by water molecules (Stubbs et al., 1995).
0.01 0.1 1 10 The acceleration of the relaxation process is clearly vis-
Time (nsec) ibI_e for t.he red dgcays r.ecorded for Ia}urdan _inse_rted in
mixed micelles of increasing detergent/lipid ratio (Fig. 3).
FIGURE 10 MEM analysis of the time evolution of the barycenters of In parallel with this acceleration, a broadening of the time
TRES obtained for laurdan inserted in DPPC liposomes at 20°C and 50°Gdlistribution associated with the relaxation rate constants by
in EPC/EPA liposomes, in mixed micelles, and in pure OG micelles. Theyha solyent is recorded (Fig.B). This broadening indicates
analysis was normalized to the stabilization energy. a heterogeneity of the relaxation time constants that may be
due to the properties of the small. globular mixed micelles
btained at high detergent/lipid ratio or for pure micelles.
ndeed, the surface of pure micelles is not well defined and

Therefore, these results support the de-excitation sche -3 probably rough (Tanford, 1980), implying that lipids and

proposed by Viard et al. (1997) stating that laurdan de aurdan experience different environments in the same mi-

excitation does not arise from only two emissive state§e”e' Because of this undefined surface, water molecules

governed only by solvent relaxation processes. In amphigan penetrate at different levels within the micelle.

phile aggregates, laurdan fluorescence would arise from at 1h€ increase of the detergent/lipid ratio in the micellar
least three different excited states governed by charge trankg9ion induces important morphological modifications
fer and solvent relaxation processes, the rate constant of th{¥inson et al., 1989; Edwards et al., 1993; Seras et al.,
last being greatly influenced by the molecular packing of1996): from elongated mixed micelles at low detergent/lipid
the polar molecules at the interface of the amphiphile agtatio to globular ones at high detergent/lipid ratio. There-

could have expected that the de-excitation would arise from

. . . at least two relaxed excited states reflecting a high and a low
Information obtained from the analysis of laurdan  cyryvature environment. In all the decays recorded, only one
fluorescence on the vesicle-to-micelle transition relaxation process rate constant and one lifetime of the

Along the vesicle-to-micelle transition, the normalized relaxed state was recorded, signifying that laurdan is pref-
TRES present the same pattern for all the aggregates (df_rentially located in the lipid environment of low curvature
Fig. 6): after a small red shift, an isoemissive point appeargiadius and/or that the proportion of laurdan in the high
The difference between the aggregates resides in the tinfrvature radius is very small and undetectable. Indeed, if
constants of the phenomena as it is revealed in Fig. 10 angPme proportion of the laurdan can accommodate a high
in the extent of the stabilization energy (Table 1). Interestcurvature region, the dynamic quenching by water mole-
ingly, if 7,¢ continuously and smoothly decreases all alongcules will greatly decrease its fluorescence signal. In fact,
the transition;T,, is essentially sensitive to the appearancefluorescence quenching is clearly visualized in steady-state
of the first mixed micelle as it can be seen by the breakpoinexperiments: during the vesicle-to-micelle transition the flu-
on the curve relating the evolution ®f,, with the total OG  orescence intensity decrease is importan6@%0), and we
concentration in the solution (Fig. 3). The acceleration ofhave verified that this quenching was not due to light
the dielectric relaxation concomitantly with the appearancebleaching in our experimental conditions (data not shown).

Preexponential amplitudes (a.u.)

(73]
[

114 ps (for pure micelles) that can be related to the charg
transfer mechanism.
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Interestingly also, the sensitivity of laurdan to the vesicle-Cowley, D. J. 1986. Polar pocket with nonpolar linit¢ature.319:14-11.
to-micelle transition is especially important in the micellar Edwards, K., J. Gustafsson, M. Aimgren, and G. Karlsson. 1993. Solubi-

domain of the transition. whereas when laurdan is inserted lization of lecithin vesicles by a cationic surfactant: intermediate struc-
! tures in the vesicle-micelle transition observed by cryo-transmission

in the lamellar part of the transition, only very slight ejectron microscopyd. Colloid Interface Scil61:299—-309.

.Changes are visible _(Fig- 2) T_his CO.UId_ indi(_:ate that thegaravito, R. M., D. Picot, and P. J. Loll. 1996. Strategies for crystallizing

incorporation of OG in a lipid bilayer in its fluid lamellar ~ membrane proteinsl. Bioenerg. Biomembg8:13-27.

phase does not induce an important modification of the lipicHeerklotz, H., H. Binder, and G. Lantzsch. 1994. Determination of the

packing and that the membrane can accept as much as 1.gpartition coefficients of the nonionic detergent C12E7 between lipid-
. "“detergent mixed membranes and water by means of laurdan fluorescence

mol of detergent per mol of lipids before any effects. spectroscopyd. Fluoresc.4:349—352.

However.,.OIhvon et al. (1988) proposed, on the pa3|s Ofiielenius, A., and K. Simons. 1975. Solubilization of membranes by

permeability measurements that, before the beginning of the detergentsBiochim. Biophys. Acta415:29-79.

solubilization, pores are formed within the bilayers andLesieur, S., C. Grabielle-Madelmont, M. Paternostre, and M. Ollivon.

stabilized by a detergent edge_ Moreover’ these pores have1993. Study of size distribution and stability of liposomes by high

o ; - rf | exclusion chromat . Phys. Lipids64:
been visualized on different detergent and lipid systems by E?_gr;_qance gel exclusion chromatograpighem. Phys. Lipids

electron cryomicroscopy (Vinson .et al., 1989; Seras et all'tichtenberg, D. 1996. Liposomes as a model for solubilization and recon-
1996). The detergent edge requires detergent segregatiorstruction of membranesn Handbook of Nonmedical Applications of
from the Constituting ||p|d b“ayers and WOUId be a region of Liposomes. Y. Barenholz and D.D. Lasic, editors. CRC Press, Boca

. . Raton, FL. 199-218.
high curvature radius. As already stated, laurdan does not h‘?oz 3 Reb Y E A Denis. 1685, Solubilization of
. S . . .. Lichtenberg, D., R. J. Robson, and E. A. Dennis. . Solubilization o
seem to insert easily in the region of high curvature, or its phospholipids by detergents. Structural and Kinetic Aspegitschim.

fluorescence is quenched. Therefore, we have no indication Biophys. Acta737:285-304.
of the existence of these detergent-stabilized pores. Livesey, A. L., and J. C. Brochon. 1987. Analyzing the distribution of

decay constants in pulse-fluorimetry using the maximum entropy
method.Biophys. J52:693-706.

CONCLUSION Ollivon, M., O. Eidelman, R. Blumenthal, and A. Walter. 1988. Micelle-
vesicle transition of egg phosphatidylcholine and octyl glucosiie-

The evolution of fluorescence decays of laurdan during the chemistry.27:1695-1703.
vesicle-to-micelle transition indicates that 1) the packing ofNagle, J. F., R. Zhang, S. Tristan-Nagle, W. Sure, H. I Petrache, and R. M.

: Suter. 1996. X-ray structure determination of fully hydratedphase
the polar headgroups decreases, 2) the environment of theg o0 nosphatidylcholine bilayerRiophys. J70:1419~1431.

probe becomes more and more polar, and 3) the Irnerf":u“'l‘;arasassi, T., F. Conti, and E. Gratton. 1986a. Fluorophores in a polar
between the water and the aggregates becomes less and leSgedium: time dependence of emission spectra detected by multifre-
defined. This last point is important to be considered when gquency phase and modulation fluorometgell. Mol. Biol. 32:99-102.
detergents are used to solubilize membrane proteins. IrRarasassi, T., F. Conti, and E. Gratton. 1986h. Time-resolved fluorescence
; ; fe ; ; _ emission spectra of laurdan in phospholipid vesicles by multifrequency
_Cfi,eEd’ IfttheICht‘;nger:n the ?et:]erget’ltﬂlllpldépli’:otlem ':[?]“0 m(:d phase and modulation fluorometi@ell. Mol. Biol. 32:103-108.
mes no .Ony . e shape 0 € mlce € but aiso the wa ,erParasassi, T., G. De Stasio, A. d’Ubaldo, and E. Gratton. 1990. Phase
penetration within the mixed micelle, some hydrophobic fictuation in phospholipid membranes revealed by laurdan fluores-
parts of the protein may then be exposed to the water cenceBiophys. J57:1179-1186.
originating its denaturation. Therefore, it appears from thisParasassi, T., G. De Stasio, G. Ravagnan, R. M. Rush, and E. Gratton.
; ini _1991. Quantitation of lipid phase in phospholipid vesicles by the gen-
Stuqy that the SIZ.& the ehape, anc.j the detergent/llpld com eralized polarization of laurdan fluorescenBéophys. J.60:179-189.
position of the mixed micelle are important parameters to _ . .
. . . . Parasassi, T., M. Di Stefano, M. Loiero, G. Ravagnan, and E. Gratton.
control in order to monitor the solubilization and the con- 1994a. Influence of cholesterol on phospholipid bilayers phase domains
formation of membrane proteins. as detected by laurdan fluorescenBephys. J.66:120-132.

Parasassi, T., M. Di Stefano, M. Loiero, G. Ravagnan, and E. Gratton.
1994b. Cholesterol modifies water concentration and dynamics in phos-
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