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ABSTRACT Our previous fluorescence study has provided indirect evidence that lipid headgroup components tend to adopt
regular, superlattice-like lateral distribution in fluid phosphatidylethanolamine/phosphatidylcholine (PE/PC) bilayers (Cheng et
al.,, 1997, Biophys. J. 73:1967-1976). Here we have further studied this intriguing phenomenon by making use of the
fluorescence properties of a sterol probe, dehydroergosterol (DHE). Fluorescence emission spectra, fluorescence anisotropy
(N, and time-resolved fluorescence intensity decays of DHE in 1-palmitoyl-2-oleoyl-PC (POPC)/1-palmitoyl-2-oleoyl-PE
(POPE) mixtures were measured as a function of POPE mole fraction (Xpg) at 23°C. Deviations, including dips or kinks, in the
ratio of fluorescence peak intensity at 375 nm/fluorescence peak intensity at 390 nm (/5,5//590), fluorescence decay lifetime
(1), or rotational correlation time (p) of DHE versus PE composition plots were found at X, ~ 0.10, 0.25, 0.33, 0.65, 0.75, and
0.88. The critical values at X,z ~ 0.33 and 0.65 were consistently observed for all measured parameters. In addition, the
locations, but not the depth, of the dips for X,z < 0.50 did not vary significantly over 10 days of annealing at 23°C. The
observed critical values of Xpg coincide (within =0.03) with some of the critical mole fractions predicted by a headgroup
superlattice model proposing that the PE and PC headgroups tend to be regularly distributed in the plane of the bilayer. These
results agree favorably with those obtained in our previous fluorescence study using dipyrenylPC and Laurdan probes and
thus support the proposition that 1) regular arrangement within a domain exists in fluid PE/PC bilayers, and 2) superlattice
formation may play a significant role in controlling the lipid composition of cellular membranes (Virtanen et al., 1998, Proc.
Natl. Acad. Sci. USA. 95:4964-4969). The present data provide new information on the physical properties of such
superlattice domains, i.e., the dielectric environment and rotational motion of membrane sterols appear to change abruptly
as the lipid headgroups exhibit regular superlattice-like distributions in fluid bilayers.

INTRODUCTION

A recent study (Cheng et al., 1997) suggested that phosphobtained. The effects of superlattice formation on the loca-
lipid headgroups of fluid binary phosphatidylcholine/phos-tion and dynamics of membrane components also need to be
phatidylethanolamine (PC/PE) membranes may exhibit regdetermined.

ular superlattice-like domains at certain critical PE molar In the present study, a small fixed amount of fluorescent
fractions. Using noninvasive Fourier transform infraredsterol, dehydrergosterol (DHE), was incorporated into the
spectroscopy and steady-state fluorescence measuremehisary POPE/POPC mixtures. An extensive study, includ-
based on site-specific fluorescent probes, Laurdan anghg both steady-state and time-resolved fluorescence mea-
dipyrenylPC, evidence that 1-palmitoyl-2-oleoyl-PE surements, was performed 8¢z = 0.08—0.92. The aim of
(POPE) and 1-palmitoyl-2-oleoyl-PC (POPC) moleculesthis study was to determine whether these new fluorescent
adopt superlattice arrangements at several PE mole fractiosserol measurements would reveal the presence of critical
(Xpp), 0.04, 0.11, 0.16, 0.26, 0.33, 0.51, 0.66, 0.75, 0.82compositions and whether those compositions would agree
0.91, and 0.94, has been presented (Cheng et al., 199%yith those predicted by the headgroup superlattice model (Vir-
Another study indicated that such superlattice arrangementanen et al., 1998). In addition, the effects of the putative
could also exist in natural membranes, and it was proposesuperlattice formation on the location and dynamics of sterols
that they might play a crucial role in the compositional (as reported by DHE) in the membrane were investigated.
regulation of such membranes (Virtanen et al., 1998; Som-

erharju et al., 1999). Notably, sterols also seem to adopt

superlattice-like arrangements in membranes (Chong, 199MATERIALS AND METHODS

Parasassi et al., 1995; Virtanen et al., 1995). However, Morgjpid membrane preparations

experimental evidence on superlattice formation needs to be

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and were

found to be more than 99% pure, based on thin-layer chromatography

Received for publication 1 March 1999 and in final form 8 Septemberanalys's' DHE .w'as obtained from Slgma (St'_ Lows,. MO). The. stoc_k
solutions containing POPC and POPE in varying ratios were mixed in

1999.
chloroform, and a small amount of DHE (1.0 mol%) was added. The
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tion at 4°C, the lipid samples were kept at 35°C for 30 min and then at 4°CPerrin equation (Perrin, 1936),
This temperature cycling was repeated at least three times. The samples

were kept in the dark at 4°C before any spectroscopic measurements. <T> (4)
P r = 1)
Laser-induced fluorescence measurements wherer, is the limiting anisotropy and has been estimated to be 0.37 for

DHE in lipid membranes (Chong and Thompson, 1986).
Fluorescence spectral measurements were performed on a home-built

optical multichannel analyzer equipped with a UV-enhanced proximity
focused intensified photodiode array IRY-700S detector (Princeton InstruL
ment, Trenton, NJ), which was attached to a 1/3 m SPEX Minimate 1681
spectrograph (SPEX Industries, Edison, NJ). A Liconix 4240NB cw UV Assuming that the phospholipid headgroups are hexagonally (HX) or
He-Cd laser (Santa Clara, CA) operating at 325 nm was used for excitationectangularly (R) arranged, the critical PE mole fractions pe O Xg pe
With this instrument, a single fluorescence spectrum was obtained in lesgaspectively, for a binary system of PE/PC with mole fraction of REX
than 50 ms with a wavelength resolution of 0.24 nm. Normally 20—50 gre obtained from the equations
spectra were accumulated, from which the peak intensity ratio was calcu-
lated. Steady-state fluorescence emission anisotropy measurements were 1
performed on an ISS GREG 200 (ISS, Champaign, IL) fluorometer, using Xuxpe = 2+ ab+ b2
an L-format arrangement with excitation at 325 nm and the same He-Cd
laser as above. Fluorescence emission was collected through a 380-n(r)r']
low-cutoff filter.

Fluorescence lifetime measurements were performed on the same ISS
GREG 200 fluorometer equipped with digital multifrequency cross-corre- Xr pg = —_—
lation phase and modulation acquisition electronics. The same He-Cd laser ' ab+b
was also used for excitation. An excitation polarizer with its transmission
axis set at 35° with respect to the vertical was placed in the excitation bearfind
to eliminate the contribution of the rotational diffusion effect of the sample
to the measurements (Spencer and Weber, 1970). No polarizer was placed X -1 1
on the emission side. Phase delay and demodulation values of the DHE HXPE™ =7 2 4+ ab + b2
fluorescence signal were compared with that of a standard solypion (
bis[2-(5-phenyloxzaolylO]benzene (POPOP) in ethanol, fluorescence lifegr
time = 1.35 ns) and measured at different modulation frequencies ranging
from 5 to 200 MHz. All fluorescence measurements were carried out at
23°C. The samples were equilibrated at 23°C for at least 45 min before the XR,PE =1- m for Xpe> 0.5, (6)
measurements.

ipid headgroup superlattice model

for Xpe < 0.5 5)

wherea and b refer to the distance between two proximal guest head-

groups, given in lattice sites along the principal lattice axes (Cheng et al.,
Fluorescence data analysis 1997; Virtanen et al., 1998). The critical mole fractions thus distribute

symmetrically aroun,g = 0.5. Some representative critical mole frac-

In general, the time-resolved fluorescence intensity det@y pf a fluo- tions and their lattice constanta, (b) are shown in Table 1.

rescent sample can be expressed by a sum of exponential decays, i.e.,

RESULTS

Steady-state fluorescence measurements (intensity ratio
from emission spectra and emission anisotropy) of DHE in
wherer; andq; are the ﬂuore_scence decay lifetime and the preexponentialPOPE/POPC mixtures of varying PE conteMsE(= 0.08—
factor, or mole fraction, of théh resolved fluorescence component, and o .
is the total number of components. In the frequency-domain measurementg,‘gz) Wgre performed at 2_3 C. _The separation between two
the values ofr, and a; can be recovered using a nonlinear least-squaresSuccessive PE mole fractions is 0.005 for all POPE/POPC
procedure. The average fluorescence decay lifetiiean be calculated samples. Because it is impractical to cover the entire com-
from the equation given by position region in a single experiment, three sets of samples
covering the low-PE Xpg = 0.08—0.40), mid-PEXpg =
: 0.40-0.60), and high-PEXfz = 0.60—0.92) regions were

(1) = _EfiTi’ (2) prepared. In each case, three parallel (or independently

' prepared) samples were prepared and averaged. In addition,

wheref, is the intensity fraction of théth component and can be further the data were smoothed by using a three-point running

1) = Sae ™, ®

expressed as average. Time-resolved fluorescence decay measurements
of DHE in POPE/POPC mixtures of varying PE contents
" were also performed. For each sample, more than 20 min
fi=am | Do, (3)  was needed to complete one fluorescence decay measure-

! ment. Therefore, the PE mole fractions were less closely

The rotational correlation timg, a parameter inversely proportional to the spaced (typically 0'01_0'02? tha.n in the case of steady-state
average rate of rotation, of the fluorescent probe can be obtained from th@€asurements. After equilibration of the samples f_it the
measured average lifetim@) and steady-state anisotropy using the ~measurement temperature of 23°C for at least 45 min, the
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TABLE 1 Comparison of critical mole fractions Xpg from measured DHE fluorescence parameters (intensity peak ratio, steady-
state anisotropy) and calculated DHE fluorescence and rotation parameters ((7) and p) with X,;x o and Xi p¢ values predicted by
the HGSL model for PE/PC mixtures

Xiix,pe Xr.pE Intensity () P
(a, b) (a, b) peak ratio Anisotropy (ns) (ns)
0.111 (3, 0) 0.111 (0, 3) 0.f0 0.1 0.1
0.125 (2, 2)
0.143 (2, 1)
0.167 (5, 1) 0.16
0.200 (4, 1)
0.250 (2, 0) 0.250 (3, 1) 0.95 0.22-0.28 0.22-0.28
0.333 (1, 1) 0.333 (2, 1) 0.35 0.33' 0.32-0.38 0.32-0.36
0.500 (1, 1) 0.43-0.50 0.45-0.56 0.46-0.5%
0.667 (2, 1) 0.667 (2, 1) 0.65 0.7 0.62-0.68 0.62—65
0.750 (2, 0) 0.750 (3, 1) 0.%5 0.7%
0.800 (4, 1)
0.833 (5, 1)
0.857 (2, 1)
0.875 (2, 2)
0.889 (0, 3) 0.889 (0, 3) 0.88 0.88 0.88

The lattice coordinatesa( b) are also given (see Egs. 5 and 6). Critical mole fractions are determined by the observed major dips and kinks in the DHE
parameter versus PE composition plots and are denoted by superscripts d and k, respectively.

steady-state and time-resolved fluorescence measurememtsanges of the average fluorescence intensity at 375 nm.
were carried out within 2-3 h. Dips at Xpg =~ 0.16, 0.25, and 0.35 were also observed.
Steady-state fluorescence anisotropy measurements re-
. _ vealed a prominent dip a¢ ~ 0.33 and, possibly, a small
Low-PE region (Xpe = 0.08-0.40) dip or kink atXsz ~ 0.10 and a broad dip afpz ~ 0.17
Steady-state fluorescence measurements (Fig. 2C).

Two major fluorescence peaks, at 375 and 390 nm, and a
small shoulder at 418 nm were found in all DHE spectra.
Fig. 1 A shows a few representative spectra of DHE for
Xpe = 0.29, 0.31, 0.33, 0.35, and 0.37. The spectra werd-ig. 3 shows the representative frequency domain data,
normalized at the 375-nm major peak. As the PE contenphase delay, and modulation ratio for DHE whép: =
increased from 0.29 to 0.33, the intensity of the peak at 390.29, 0.33, or 0.37. Both monoexponential and biexponen-
nm and that of the shoulder at 418 nm increased steadiltial decay functions, correspondingrio= 1 and 2 in Eq. 1,
with the PE composition. However, as the PE content intespectively, were fitted to the frequency-domain data. Ta-
creased further from 0.33 to 0.37, the intensities at 390 anblle 2 shows the recovered fluorescence lifetime parameters
418 nm began to drop. The DHE spectrum ¥y = 0.37  based on a nonlinear regression analysis. The values of the
was found to be almost identical to that #s- = 0.31. Fig.  reduced x* of the biexponential fits were found to be

1 B shows the difference spectra, obtained by subtractingmaller than those of the monoexponential fits for all PE
the normalized spectra fofog = 0.31, 0.33, 0.35, and 0.37 contents. This observation agrees with the fact that the
from the normalized spectrum fot.z = 0.29. The rather theoretical biexponential curves fit the frequency domain
subtle changes in the intensities at 390 and 418 nm ardata much better than do the theoretical monexponential
clearly demonstrated in these difference spectra. Althoughkurves as shown in Fig. 3 for all PE contents. No significant
the absolute intensity of fluorescence varied among samimprovements in the values of reducgtiwere found when
ples, the changes in the spectral features were found comrore complicated decay functions, like triexponential or
sistently atXpg ~ 0.33. Because of the well-resolved fluo- continuous distribution (results not shown), were used. The
rescence peaks at 375 and 390 nm in all samples, a usefuhlues of the average lifetime€s) of DHE were also cal-
spectral parameter, i.e., the fluorescence intensity at 375 niculated as given by Eq. 3. The value(af for Xpg = 0.33
divided by the fluorescence intensity at 390 nig,{1590),  was found to be lower than that fofg = 0.29 or 0.37. A

was calculated from each spectrum measured for DHE isimilar trend was found for the single fluorescence lifetimes
POPE/POPC mixtures. Fig. B shows the composition- obtained from the monoexponential fits and is shown in
dependent changes of,41540 in the low-PE region. Ap- Table 2.

parent dips aKpg ~ 0.16, 0.25, and 0.35 were observed. In  Fig. 4 summarizes the fluorescence lifetime data of DHE
addition, a deviation aKpg =~ 0.11 may be present but is in the low-PE region. A dip aKpg =~ 0.22 is indicated for
defined by only a single low data point and thus consideredhe longr and, perhaps, for the shortas shown in Fig. 4
uncertain. Fig. 2A shows the composition-dependent A. For the average fluorescence lifetifw, a sharp kink at

Time-resolved fluorescence measurements
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FIGURE 1 Normalized fluorescence spectra of DHE in POPE/POPC 0.2
mixtures for 29, 31, 33, 35, and 37 mol % PE at 23°C (A), and their C
corresponding difference spectra (B) obtained by subtracting the normal-
ized spectra for 31, 33, 35, and 37 mol% PE from the normalized spectrum
for 29 mol% PE. Excitation was set at 325 nm. 2
9
£ 015 |
(%]
E.
Xpe =~ 0.11 and two broad dips &g ~ 0.22—-0.25 and @
0.32-0.36 seem to be present (FigC)4 Based on the Perrin g
equation (Eg. 4), the rotational correlation timavas cal- 2 o1t
culated from the values df) and steady-state anisotropy as 2
given by Eq. 4. Fig. %A shows the composition-dependent @
changes ofp as a function of PE content in the low-PE [
region. These data are compatible with but do not clearly
show the existence of a sharp dipXgiz ~ 0.11 and broad 0.05 et ——dd
dips atXpg ~ 0.22—-0.25 and 0.32—-0.36. 0 10 20 30 40

Mid-PE region (Xpz = 0.40-0.60)
Steady-state fluorescence measurements

Fig. 6 B shows the composition dependencyl {1545 in

the mid-PE region. No clear dips can be observed, but g

PE mole %

FIGURE 2 Steady-state fluorescence parameters, fluorescence intensity
at 375 nm Q), spectral ratio, i.e., peak intensity at 375 nm/peak intensity
at 390 nm [5,4l399 (B), and anisotropy §), of DHE in POPE/POPC
mixtures at 23°C as a function of PE content in the low-PE region (8—40
mol% PE). Excitation was set at 325 nm. Each point represents an average
om measurements of three independently prepared samples of identical

deviation atXpg ~ 0.43-0.50 seems to be present. Thecomposition. Three-point running averag® 6f the data points are also

fluorescence intensities at 375 nm are shown in Fi§y. o

shown. Bars indicate the standard deviations of measurements.
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significant deviations were observed. The fluorescence an-
isotropy measurement supports a deviatioXgat ~ 0.45—
0.50, as shown in Fig. €.

Time-resolved fluorescence measurements

Fig. 7 summarizes the fluorescence lifetime data of DHE in
this mid-PE region. No significant changes were observed
for the values of the resolved long and short lifetimes and
the short lifetime fractions (Fig. 7A and B). Again, no
significant deviations were found for the values(af as
shown in Fig. 7C. Fig. 5B shows the composition-depen-
dent changes gf as a function of PE content in the mid-PE
region. Here a broad deviation 2tz ~ 0.46-0.53 was
observed.

High-PE region (Xpg = 0.60-0.92)
Steady-state fluorescence measurements

Fig. 8 B shows the composition dependencyl 9ff144 in

the high-PE region. An obvious kink a¢.z ~ 0.75 and,
possibly, smaller kinks aXpg ~ 0.65 and 0.88 are present.
The fluorescence intensities are shown in Figh.8A kink
atXpe ~ 0.75 and, possibly, a dip Xi.z ~ 0.65 are present.
The anisotropy data are rather noisy but are compatible with
kinks being present af,g ~ 0.67—0.70 and 0.77-0.80 and
close to 0.88 (Fig. &).

Time-resolved fluorescence measurements

Fig. 9 summarizes the fluorescence lifetime data of DHE in
the high-PE region. A broad dip &,z ~ 0.63—0.65 was
observed in the values of longas shown in Fig. 9. The
fraction of shortr indicates a broad peak 2 ~ 0.65—
0.70 (Fig. 9B). The average lifetimgr) is compatible with

a broad dip aXp¢ =~ 0.62—0.65 (Fig. ). Fig. 5C shows
the composition-dependent changeg af a function of PE
content in the high-PE region. A dip close Xg¢ ~ 0.65
and a possible deviation close Xg. ~ 0.80 were found.

Stability of dips

To determine the stability of the observed dips, low-PE

samples were kept at 23°C, i.e., the temperature of fluores-
cence measurements in this study, for up to 10 days. Mea-
surements were made on the first, third, fourth, sixth, eighth,
and tenth days after preparation and temperature cycling
(see Materials and Methods). The locations and depth of the
DHE spectral ratio and anisotropy dips were determined.
The depth of a dip is defined as (maxmin)/maxx 100,

FIGURE 3 Representative frequency domain fluorescence decay datgyhere max and min are the local maximum and minimum

phase delay&), and modulation ratio®) of DHE in POPE/POPC mix-
tures for 29 A), 33 B), and 37 C) mol% PE at 23°C. A monoexponential
(= —-) or biexponential (——) decay function was fitted to the data points. . )
The corresponding fitted fluorescence decay parameters are also shown %peCtral ratio dips aXpe

Table 2.

within a given local region oy, i.e., 0.09-0.14, 0.14—
0.21, 0.21-0.30, or 0.30—0.39. As shown in Fig.A,Ghe

~ 0.11, 0.17, 0.24, and 0.34 were
present and remained invariant withir0.02, and the depth
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TABLE 2 Fluorescence decay parameters of DHE in PE/PC mixtures

Biexponential fit Monoexponential fit
Xpe 71 (NS) Qg 7 (nS) (1) (ns) X 7 (ns) X
0.29 1.14+ 0.03 0.94+ 0.05 5.64+ 0.63 2.23+0.28 17.5 147 0.15 247.6
0.33 1.13+ 0.03 0.96+ 0.04 5.43+ 0.86 1.77+ 0.26 111 1.31 0.08 98.6
0.37 1.11+ 0.01 0.93+ 0.04 5.22+ 0.47 2,13+ 0.22 12.0 1.43- 0.14 2235

of all these dips became stabilized at 2% after the third day Dehydroergosterol (DHE), a fluorescent sterol probe, has
of annealing at 23°C. been used extensively when the structure and function of
Similar results were obtained for the anisotropy dips atlipid membranes have been studied (Schroeder, 1984;
Xpe ~ 0.10, 0.16, and 0.32 (Fig. 11). However, the depth ofChong and Thompson, 1986; Bar et al., 1989; Kao et al.,
the anisotropy dips remained at the level of 10% for the twol990; Liu et al., 1997; Loura and Prieto, 1997). The struc-

small dips aiXpg ~ 0.10 and 0.16, but increased to 30% for ture of DHE is similar to that of cholesterol (Schroeder,
the prominent dip aKpg ~ 0.32 after 10 days of annealing. 1984). The fluorescence intensity, spectral ratio, and life-
time of DHE are useful indicators of the dielectric constant

of the microenvironment of membrane sterols in bilayers

DISCUSSION (Schroeder et al., 1987; Liu et al., 1997). By combining the

The present study supports our previous findings by sh 0leluorescence lifetime and steady-state fluorescence anisotropy

ing significant dips/deviations at certain critical composi- de}ti’ ':jh(ta a}f rag? rtgtat|(|)nal corrfell:e)1|t_||oEn .tm,:f]’ which l;S inversely
tions predicted by a headgroup superlattice model (Cheng éﬁ ated lo the rotational rate, o I the membranes can

al., 1997). As was noted in the Introduction, the existence oft=0 l?scest!mated (LL_'U et ?I.,1;§$7).hln T) recenr: sf[udly of
such a critical composition could be intimately involved in SET0/PC mixtures (Liu et al., ), the above physical pa-

the regulation of lipid compositions of biological mem- rameters of DHE exhibited dips/peaks at several mole fractions
branes (Virtanen et al., 1998; Somerharju et al. 1999)9f sterols. Those mole fractions agree with the critical mole
Table 1 provides a sum’mary o’f the observed com[’)ositiontraCtions predicted by the acyl chain/sterol superlattice model

dependent changes in the measured DHE fluorescence pte0Ng, 1994; Virtanen et al., 1995; Liu et al., 1997).
rameters (steady-state intensity peak ratio, steady-state an-1¢ Stéady-state fluorescence intensity ratiglsq0
isotropy) and the calculated DHE fluorescence and@nd the fluorescence decay lifetime of .DHE are qseful
rotational parameter (average fluorescence lifetimeand ~ Parameters for the study of the quenching properties of
rotational correlation timg). The changes are categorized fluorescent sterols in membranes. Quenching of DHE fluo-
based on the appearances of kinks or dips from the aboJ&SCence is reIateq to with the d|str|bgt|o_n of DHE within
DHE parameters versus PE composition plots for the low{he membrane during its fluorescence Ilfet!me (arpund a}few
PE, mid-PE, and high-PE regions. Our data points represeff@noseconds). Spectral features of DHE in media of differ-
averages of fluorescence measurements from three indepelt polarities and lipid membranes have been studied ex-
dently prepared samples. Notably, our fluorescence medensively (Schroeder, 1984; Loura and Prieto, 1997). In an
surement using dipyrenyl probes (results not shown) indi&dueous medium, DHE has two major fluorescence peaks at
cated that theT,, decreases from 26°C a6 = 1.00 to 402 and 426 nm. However, when DHE is in a nonpolar
~21°C atXpg = 0.95. Therefore the POPE/POPC bilayersmedium or in lipid membranes, those peaks shift to 375 and
are essentially in the fluid state at 23°C fdpz = 0.92, 390 nm. In this study, normalized fluorescence and differ-

which is the maximum PE content of this study. ence spectra (Fig. 1) of DHE revealed only two major peaks
The major dips foiXee < 0.50 appeared reproducibly at at 375 and 390 nm for all PE contents. The lack of 402-nm
certain compositions upon repeated measurements duringg@d 426-nm peaks indicated that essentially all DHE mol-
10-day postpreparation period. This is important becausécules are located within the membranes. The use of an
positions of the dips should not depend on time if theyintensified multichannel optical detection system in this
indeed mark the critical compositions predicted by the sustudy allowed us to acquire laser-induced fluorescence
perlattice model (Cheng et al., 1997; Virtanen et al., 1998emission spectra of DHE in PE/PC membranes with rea-
Somerharju et al., 1999). On the other hand, the depth ofonably good sensitivity and spectral resolution.
many dips appeared to change with time. We believe that In general, intensity ratio measurements provide an ac-
the magnitude, or depth, of a dip depends on the relativeurate way of studying subtle spectral changes and require
amount of regular distributed domains and the coexistingno absolute intensity determinations. Near the critical mole
nonregular domains. In addition, there may have been #&actions, e.9. X,z ~ 0.33, a decrease ihy,dl39, OF an
significant nonequilibrium component immediately after theincrease in the relative fluorescence intensity at the longer
sample preparation, and the formation of certain superlatticevavelength may be related to an increase in the dielectric
domains may require stability or at least metastability.  constant of the microenvironment of DHE. This is sup-
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. . showed a minimum at those critical fractions (Figé\, B A,
Each point represents an average from measurements of three indepen-

dently prepared samples of identical composition. Three-point runningar‘d 8A) A previou; StUdy (Chlong .and. Thompsoq, 1986)
averages®) of the data points are also shown. Bars indicate the standardocusing on acrylamide quenching kinetics of DHE in mem-
deviations of measurements. branes indicated that the decrease in DHE intensity and
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Excitation was set at 325 nm. Each point represents an average frofil CURE 9 Fitted fluorescence decay parameters, bo(ig) and shortr

measurements of three independently prepared samples of identical corff~) (A), mole fraction of short (B), and average (C), of DHE in POPE/
position. Three-point running average®)(of the data points are also POPC mixtures at 23°C as a function of PE content in the high-PE region

shown. Bars indicate the standard deviations of measurements. (60-92 mol% PE). Bars indicate the standard deviations of measurements.
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lifetime can be mainly attributed to an increase in thethel,4l390and(r) data, we propose that membrane sterols,
dielectric constant of the DHE environment in lipid mem- as reported by DHE, are sensing a more polar environment
branes. Other factors may also contribute to the changes in the superlattice domains as compared to the random do-
intensity, spectral ratio, or lifetimes. We believe that subtlemains, within the nanosecond time average. In a recent study
changes in the dielectric environment of DHE are the majoon sterol/PC membranes (Liu et al., 1997), a decrease in the
contributions to the observed deviationsligdlsgo and (7). lifetime and intensity of DHE was found at several composi-
The observations of dips for both,dl;5, and(r) at Xog =~  tions that agreed with the critical compositions predicted by the
0.25, 0.35, and 0.65 lead us to suggest that the dielectriacyl chain/sterol superlattice model (Liu et al., 1997).
constant of the environment of DHE increases when the host Steady-state fluorescence anisotropy rheasurements
PE/PC membranes adopt regular distributions at the predictqutovide a qualitative parameter for both the rotational mo-
critical mole fractions X = 0.25, 0.33, and 0.67). tion and fluorescence decay rate of DHE in the membranes
Usually, the deviations in thi, 41590 and({7) plots, i.e.,  (Perrin, 1936; Chong and Thompson, 1986; Liu et al.,
at X =~ 0.25 and 0.35, are more obvious in the low-PE1997). Dips and kinks in the versus composition plots
region than those in the high-PE region, eXyg ~ 0.67.  were found at several predicted critical PE mole fractions.
Some (e.g., that &g ~ 0.73 in Fig. 10C) are defined by  Similar to I3,4l390 and (1), most of those critical mole
only a single composition point and may thus not be takerfractions, e.g.Xpg ~ 0.10, 0.33, 0.70, 0.77, and 0.88, were
as an indication of the presence of critical PE compositiomear ¢-0.03) the mole fractions predicted by the headgroup
(e.g., atXpe = 0.75), as predicted by the headgroup supersuperlattice model. By using the calculatgdl data, infor-
lattice model (Virtanen et al., 1998). However, a clear kinkmation on the rotational behavior of DHE can be extracted
in l37dl390 at Xoe = 0.73 was found (Fig. ). Unfortu-  from r based on a simple model (Perrin, 1936). The calcu-
nately, the spectral ratio is not as straightforward an indidated rotational correlation timg is inversely proportional
cator in revealing the environment of DHE @$. Based on  to the average rotational rate of DHE in the membranes.



3118 Biophysical Journal Volume 77 December 1999

Dips in the values op for Xpz =~ 0.11, 0.22, 0.33, 0.50, inthe putative superlattice domains than in the random ones, as
0.65, and 0.87 were observed, suggesting that DHE rotatggedicted by theory (Sugar et al., 1994).

faster in PE/PC membranes at these PE mole fractions, Recently, the formation of DHE transhilayer dimers in
which are close to the critical mole fractions predicted bylipid membranes has been suggested (Loura and Prieto,
the headgroup superlattice model, i¥pe = 0.11, 0.25, 1997). It was proposed that DHE dimer formation increases
0.33, 0.50, 0.67, and 0.86 (Virtanen et al., 1998). In moswith the DHE mole fraction and results in a decrease in
cases, the dips in the calculatednd those in the calculated steady-state anisotropy (Loura and Prieto, 1997). The for-
() occurred at PE mole fractions close to these predictednation of DHE dimers might offer an alternative explana-
ones (see Table 1). However, some of the kinks and dip8on of the anisotropy dips as observed in this study. How-
revealed by steady-state parameters, &g ~ 0.16 for ~ €ver, using a much smaller amount of DHE (0.2 mol%), we
3741300 @Nd Xpe ~ 0.17 and 0.49 for, were not found in ~ @lso observed an anisotropy dip near the major critical mole
the calculated parameter&;) and p. These discrepancies fraction atXpe = 0.33 (result not shown). This result
may be related to the fact that the calculated parameters atedicates that DHE dimer formation may not be the key
less accurate than or less sensitive to the subtle structurBl€chanism explaining the anisotropy dips. However, fur-
changes in the bilayer structure than the directly measuretier studies are needed to determine the role of dimer
steady-state parameters. Moreover, the observed changesffimation of DHE in PE/PC bilayers. _

some of the measured steady-state parameters may be as!n conclusion, this fluorescence study provides further

sociated with factors other than the average fluorescencgvidence that a headgroup superlattice domain can exist in
lifetimes or rotational flexibility of DHE. Again, the ob- & PE/PC bilayer, as predicted by the headgroup superlattice
served changes in the values of eithar p in the low-PE model. In addition, the observed modulations in the various

region are much better defined than those in the high_Péluorescence parameters suggest that the existence of the
region putative superlattice domains may affect the water quench-
Theoretically, the critical mole fractions distribute uni- ing and rotational motion of membrane sterols in fluid mem-

formly aroundXpgz = 0.5 (Cheng et al., 1997; Virtanen et tbr?nes. Thel ?pnezlmg ;tudy furih(a |nd|c:;1t|ed t:wat s;ev;ergll pfu-
al., 1998). In other words, for each critical mole fraction alive superiattice domains are stable or at least metastable for

Xoxpe OF Xe pc in the low-PE region, there is a critical several days at the temperature of measurements.

concentration at &= Xy pg Or 1 — Xg pg in the high-PE
region. PE is the guest molecule, whereas PC is the hoShis work was supported by a grant from the Robert A. Welch Research
molecule in the low-PE region. The roles are interchangedfoundation (D-1158) to KHC.
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region. This symmetry of critical compositions appears {OREFERENCES
be found in our fluorescence measurements, particularly for
the detection of the concentration pair)§i ~ 0.35 and Bar, L. K, P. L-G. Chong, Y. Barenholz, and T. E. Thompson. 1989.
0.65. The difference in the intensiies of the composition 3Forneeu farse betueen posofla sy ofepycceryoserl
deviations, i.e., deS and kinks, in the low-PE and h|gh'PECheng, K. H., M. Ruonala, J. A. Virtanen, and P. Somerharju. 1997.
regions could be associated with the two different head- Evidence for superlattice arrangements in fluid phosphatidylcholine/
groups participating in the superlattice formation as guest or Phosphatidylethanolamine bilayetiophys. J.73:1967-1976.
host. More theoretical and experimental investigations ar§"Sr% . LG, 1984 Evence o feauir dsbuton of s 1 i
required to study this issue. 91:10069-10073.

The fluorescence decay analysis may provide new infor€hong, P. L.-G., and T. E. Thompson. 1986. Depolarization of dehydro-
mation about the heterogeneity of the DHE environment in ergosterol in phospholipid bilayerBiochim. Biophys. Acts863:53-62.

membranes. The fluorescence decay of DHE is known to b&2% Y- L. P. L-G. Chong, and C.-H. Huang. 1990. Time-resolved
fluorometric and differential scanning calorimetric investigation of de-

complex in lipid bilayers, especially in binary ones (Liu et al., hydroergosterol in 1-stearoyl-2-caprylphosphatidylcholine bilaygics.
1997). Heterogeneous decay was also observed in the presenthemistry.29:1315-1322.
PE/PC system. The complex decay may be related to thel. F., I. P. Sugar, and L.-G. Chong. 1997. Cholesterol and ergosterol
intrinsically het . t of linid superlattices in three-component liquid crystalline lipid bilayers as re-
Innnsically heterogeneous environment or any lipId MeM-  yeajeq by dehydroergosterol fluorescenBmphys. J.72:2243-2254.
bran_e. It is interesting FO note that Clgse to some critical Molg gyra, L. M. S., and M. Prieto. 1997. Dehydroergosterol structural orga-
fractions (e.g., 0.33) this heterogeneity appears to be reduced.nization in aqueous medium and model system of membra&ieghys.
For example, as shown in Table 2, the redugédzalue of PJ'72'2?2$‘2A23&' Giustt. M. Raimondi and £ Gratior, 1665, Abruot
e _ T arasassi, T., A. M. Giusti, M. Raimondi, and E. Gratton. . Abrup

monoeXponentlal fit fOKPE =033 _'S S|gn|f|qantly lower than modifications of phospholipid bilayer properties at critical cholesterol
that for Xog = 0.29 or 0.37. This behavior was observed concentrationsBiophys. J.68:1895-1902.
consistently at most critical compositions. Furthermore, thePerrin, F. 1936. Mouvement brownien d’'un ellipsoide. I1. Rotation libre et
values of mole fraction of the short-lifetime component (Figs dipolarisation des florescences. Transaction et diffusion de molecules
4B and 9B i hi | . fth. ellipsoidoles.J. Phys. Radium71:1-44.

E_in ) z_appear 0 reac_ ocal maxima near _somg O_ eSchroeder, F. 1984. Fluorescent sterols: probe molecules of membrane
predicted critical mole fractions. These observations indicate structure and functiorProg. Lipid Res23:97-113.

that DHE generally senses a more homogeneous environmesihroeder, F., Y. Barenholz, E. Gratton, and T. E. Thompson. 1987. A



Cheng et al. Fluorescent Sterol in Headgroup Superlattices 3119

fluorescence study of dehydroergosterol in phosphatidylcholine bilayer Effect of long-range repulsive interactions. Phys. Chem98:

vesicles.Biochemistry 26:2441-2448. 7201-7210.

Somerharju, P., J. A. Virtanen, and K. H. Cheng. 1999. Lateral organisavirtanen, J. A., K. H. Cheng, and P. Somerharju. 1998. Phospholipid
tion of membrane lipids. The superlattice vieBiochim. Biophys. Acta. composition of the mammalian red cell membrane can be rationalized by
1440:32—-48. a superlattice modePRroc. Natl. Acad. Sci. USA5:4964—4969.

Spencer, R. D., and G. Weber. 1970. Influence of Brownian rotation andyjrtanen, J. A., M. Ruonala, M. Vauhkonen, and P. Somerharju. 1995.
energy transfer upon the measurements of fluorescence lifetime. | ateral organization of liquid-crystalline cholesterol-dimyristoyl phos-
J. Chem. Phys52:1654-1663. phatidylcholine bilayers. Evidence for domains with hexagonal and

Sugar, I. P., D. Tang, and P. L.-G. Chong. 1994. Monte Carlo simulation center rectangular cholesterol superlattid&iochemistry. 34:
of lateral distribution of molecules in a two-component lipid membrane. 11568-11581.



