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ABSTRACT Cholesterol is often found distributed nonrandomly in domains in biological and model membranes and has
been reported to be distributed heterogeneously among various intracellular membranes. Although a large body of literature
exists on the organization of cholesterol in plasma membranes or membranes with high cholesterol content, very little is
known about organization of cholesterol in membranes containing low amounts of cholesterol. Using a fluorescent cholesterol
analog (25-[N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyl]amino]-27-norcholesterol, or NBD-cholesterol), we have previously
shown that cholesterol may exhibit local organization even at very low concentrations in membranes, which could possibly
be attributable to transbilayer tail-to-tail dimers. This is supported by similar observations reported by other groups using
cholesterol or dehydroergosterol, a naturally occurring fluorescent cholesterol analog which closely mimics cholesterol. In this
paper, we have tested the basic features of cholesterol organization in membranes at low concentrations using spectral
features of dehydroergosterol. More importantly, we have investigated the role of membrane surface curvature and thickness
on transbilayer dimer arrangement of cholesterol using NBD-cholesterol. We find that dimerization is not favored in
membranes with high curvature. However, cholesterol dimers are observed again if the curvature stress is relieved. Further,
we have monitored the effect of membrane thickness on the dimerization process. Our results show that the dimerization
process is stringently controlled by a narrow window of membrane thickness. Interestingly, this type of local organization of
NBD-cholesterol at low concentrations is also observed in sphingomyelin-containing membranes. These results could be
significant in membranes that have very low cholesterol content, such as the endoplasmic reticulum and the inner mito-
chondrial membrane, and in trafficking and sorting of cellular cholesterol.

INTRODUCTION

Cholesterol is a major constituent of eukaryotic membranes
and plays a crucial role in membrane organization, dynamics,
function and sorting (Yeagle, 1985; Liscum and Underwood,
1995; Schroeder et al., 1996; Fielding and Fielding, 1997;
Liscum and Munn, 1999; Simons and Ikonen, 2000). The role
of cholesterol in signal transduction is being increasingly rec-
ognized (Incardona and Eaton, 2000). It has recently been
implicated in embryonic development inDrosophila(Porter et
al., 1996), and programmed cell death (Maccarrone et al.,
1998). It also serves as a precursor for the synthesis of steroid
hormones, bile acids, and lipoproteins. Cellular levels of cho-
lesterol and its compartmentalization into different organelles
are stringently controlled, and defects in its trafficking pathway
have been shown to give rise to metabolic storage diseases
such as Niemann-Pick type C (Mukherjee and Maxfield,
1999). Cholesterol is often found distributed nonrandomly in
domains in biological and model membranes (Liscum and
Underwood, 1995; Mukherjee and Chattopadhyay, 1996;

Schroeder et al., 1995, 1996; Simons and Ikonen, 1997, 2000;
Xu and London, 2000) and has been shown to preferentially
interact with a subset of membrane lipids (McMullen and
McElhaney, 1996) or proteins (Gimpl et al., 1997). Indeed,
structurally and kinetically distinct cholesterol-rich and -poor
domains have been detected in cellular membranes (Schroeder
et al., 1991). Dynamic clustering of cholesterol (along with
other membrane components such as sphingolipids) has given
rise to the idea of specialized microdomains or “rafts” in the
cell membrane that might play crucial roles in cellular func-
tions such as signal transduction, adhesion, motility, and sort-
ing and trafficking of membrane components (Simons and
Ikonen, 1997, 2000). In addition, cholesterol has been reported
to be distributed heterogeneously among various intracellular
membranes. For example, along the biosynthetic route, the
lowest cholesterol concentration is found in the membranes of
the endoplasmic reticulum (ER), which, interestingly, is the
site of cholesterol biosynthesis (Bretscher and Munro, 1993).
Cholesterol concentration increases progressively along the
cis-, medial-, andtrans-Golgi stacks (Bretscher and Munro,
1993), whereas the highest concentration (;90% of the total
cellular cholesterol) is found in the plasma membrane
(Lange et al., 1989).

Although a large body of literature exists on the organization
of cholesterol in plasma membranes or membranes withhigh
cholesterol content, very little is known about its organiza-
tion in the membrane when the cholesterol content is very
low (, 5 mol %), similar to what is found in ER and inner
mitochondrial membranes (Lange et al., 1999). We have
previously shown, using a fluorescent analog of cholesterol
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(25-[N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-methyl]amino]-
27-norcholesterol, or NBD-cholesterol) in which the flexi-
ble acyl chain of cholesterol is labeled with the NBD group,
that cholesterol may exhibit local organization even at very
low concentrations in membranes. Our results indicated the
possible presence of transbilayer tail-to-tail dimers of cho-
lesterol in such membranes (Mukherjee and Chattopadhyay,
1996). This is supported by similar observations reported by
other groups obtained under comparable cholesterol con-
centrations (Harris et al., 1995; Loura and Prieto, 1997).

Fluorescent sterols offer a powerful approach for moni-
toring cholesterol organization and dynamics in membranes
because of their high sensitivity, time resolution, and mul-
tiplicity of measurable parameters (Schroeder, 1984; Gre-
chishnikova et al., 1999). Sterols covalently linked to ex-
trinsic fluorophores are commonly used for such studies.
The advantage with this approach is that one has a choice of
the fluorescent label to be used and, therefore, specific
probes with appropriate characteristics can be designed for
specific applications. A widely used extrinsic fluorophore in
biophysical, biochemical, and cell biological studies is the
NBD group (Chattopadhyay, 1990). NBD-labeled lipids are
extensively used as fluorescent analogs of native lipids in
biological and model membranes to study a variety of
processes (Kobayashi and Pagano, 1988; Chattopadhyay,
1990; Mazeres et al., 1996; Liao et al., 1997; Chattopadhyay
and Mukherjee, 1999).

The NBD moiety possesses some of the most desirable
properties for serving as an excellent probe for both
spectroscopic and microscopic applications. It is very
weakly fluorescent in water. Upon transfer to a hydro-
phobic medium, it fluoresces brightly in the visible range
and exhibits a high degree of environmental sensitivity
(Chattopadhyay and London, 1988; Lin and Struve, 1991;
Chattopadhyay and Mukherjee, 1993; Fery-Forgues et
al., 1993; Mukherjee et al., 1994). Fluorescence lifetime
of the NBD group is extremely sensitive to the environ-
mental polarity (Lin and Struve, 1991; Rawat and Chat-
topadhyay, 1999). It is relatively photostable, and lipids
labeled with the NBD group mimic endogenous lipids in
studies of intracellular lipid transport (van Meer et al.,
1987; Koval and Pagano, 1990).

A detailed characterization of the spectroscopic and ion-
ization properties as well as the specific location of NBD-
cholesterol in membranes has earlier been carried out by
one of us (Chattopadhyay and London, 1987, 1988). In
model membrane systems, the NBD group of NBD-choles-
terol has been found to be localized deep in the hydrocarbon
region of the membrane, approximately 5–6 Å from the
center of the bilayer (Chattopadhyay and London, 1987,
1988; Mukherjee and Chattopadhyay, 1996). Unlike the
NBD-labeled phospholipids, the NBD group in NBD-cho-
lesterol does not loop back to the membrane interface de-
spite its polar nature, probably because of the stereochem-
ical rigidity of the sterol ring (Chattopadhyay, 1990). This

unique orientation of NBD-cholesterol offers a convenient
handle for localization of a polar and potentially reactive
group deep inside the membrane. The unique position of
this probe in the membrane has been previously exploited in
a fluorescence resonance energy transfer study of the spatial
relationships of specific sites on chloroplast coupling factor
to the membrane surface in reconstituted vesicles (Mitra and
Hammes, 1990). A closely related analog of this probe in
which the NBD group is attached to a shorter alkyl chain
(known as fluoresterol) has recently been shown to faith-
fully mimic the biochemistry and cell biology of intestinal
cholesterol absorption (Sparrow et al., 1999). When given
orally to hamsters, it was taken up into plasma, and the
uptake was blocked by compounds that block cholesterol
absorption. In addition, fluoresterol was shown to be ester-
ified both in vivo and in vitro (in cultured cells), indicating
that it was able to traffic to the ER and act as a substrate for
acyl CoA cholesterol acyltransferase, the enzyme that es-
terifies native cholesterol. Thus, NBD-labeled cholesterol
analogs represent a useful class of molecules that mimic
native cholesterol properties in vitro and in vivo.

In this paper, we have investigated the role of membrane
surface curvature and thickness on transbilayer dimerization
occurring at low concentrations of cholesterol using NBD-
cholesterol as a fluorescent cholesterol analog. Our results
show that the transbilayer dimer arrangement of cholesterol
observed at low concentrations in membranes (Harris et al.,
1995; Mukherjee and Chattopadhyay, 1996; Loura and Pri-
eto, 1997) is sensitive to the membrane surface curvature
and that cholesterol dimerization is not favored in mem-
branes with high surface curvature. However, if the curva-
ture stress is relieved by regenerating large vesicles, cho-
lesterol dimers are observed again indicating the reversible
modulation of the monomer/dimer equilibrium by mem-
brane surface curvature. Further, we have examined the
effect of membrane thickness on the dimerization process
using NBD-cholesterol fluorescence. Our results indicate
that cholesterol dimers are formed in dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) and dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) membranes in the gel phase, but
not in distearoyl-sn-glycero-3-phosphocholine (DSPC) and
diarachidoyl-sn-glycero-3-phosphocholine (DAPC) mem-
branes which are thicker membranes because of longer fatty
acyl chains. Likewise, cholesterol dimers are not detected in
the relatively thin dilauroyl-sn-glycero-3-phosphocholine
(DLPC) membranes. Thus, it seems that the dimerization
process is stringently controlled by a narrow window of
membrane thickness. We also show that some of the basic
features of cholesterol organization in membranes at low
concentrations obtained using NBD-cholesterol are in
agreement with concentration-dependent changes observed
in spectral features (peak intensity ratios) of dehydroergos-
terol (D5,7,9(11)22-ergostatetraen-3b-ol, or DHE), a naturally
occurring fluorescent cholesterol analog which closely
mimics cholesterol.
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MATERIALS AND METHODS

Materials

DPPC, DMPC, and DHE were obtained from Sigma Chemical Co. (St.
Louis, MO). DLPC, DSPC, DAPC, and brain sphingomyelin were from
Avanti Polar Lipids (Birmingham, AL). NBD-cholesterol was from Mo-
lecular Probes (Eugene, OR). Lipids were checked for purity by thin-layer
chromatography on precoated silica gel plates (Sigma) in chloroform/
methanol/water (65:35:5, v/v) and were found to give only one spot in all
cases with a phosphate-sensitive spray and on subsequent charring (Ditt-
mer and Lester, 1964). Thin-layer chromatography of NBD-cholesterol
was done using the same solvents but in a slightly different proportion
(65:35:4, v/v), and it was found to be pure when detected by its color or
fluorescence (Mukherjee and Chattopadhyay, 1996). The concentrations of
the phospholipids were determined by phosphate assay subsequent to total
digestion by perchloric acid (McClare, 1971). DMPC was used as an
internal standard to assess lipid digestion. The concentration of NBD-
cholesterol and DHE in methanolic stock solutions were calculated from
their respective molar extinction coefficients (e) of 22,000 M21 cm21 at
484 nm (Chattopadhyay and Mukherjee, 1999) and 10,500 M21 cm21 at
324 nm (Smutzer et al., 1986). All other chemicals used were of the highest
purity available. Solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system and used
throughout.

Sample preparations

Experiments in which the membrane surface curvature was changed were
done with different types of vesicles of DPPC containing 2.0 mol %
NBD-cholesterol. Samples containing 640 nmol (1280 nmol for time-
resolved fluorescence measurements) of DPPC and 12.8 nmol (25.6 nmol
for time-resolved fluorescence measurements) of NBD-cholesterol were
taken together in methanol, a few drops of chloroform were added and
mixed well, and dried under a stream of nitrogen while being warmed
gently (;35°C). After the lipids were dried further under a high vacuum
for at least 3 h, they were hydrated (swelled) by adding 1.5 ml of 10 mM
sodium phosphate, 150 mM sodium chloride, pH 7.2 buffer, and vortexed
for 3 min to disperse the lipid and form homogeneous multilamellar
vesicles. The buffer was always maintained at a temperature well above the
phase transition temperature of DPPC (i.e.,.41°C) as the vesicles were
made. Large unilamellar vesicles (LUVs) of 100-nm diameter were then
prepared by the extrusion technique using an Avestin Liposofast Extruder
(Ottawa, Ontario, Canada) as previously described (MacDonald et al.,
1991). Briefly, the multilamellar vesicles of DPPC were freeze-thawed five
times using liquid nitrogen to ensure solute equilibration between trapped
and bulk solutions, and then extruded through polycarbonate filters (pore
diameter of 100 nm) mounted in the extruder fitted with Hamilton syringes
(Hamilton Company, Reno, NV). The samples were subjected to 17 passes
through the polycarbonate filter to give the final LUV suspension. Samples
were kept overnight in dark at room temperature for equilibration before
making measurements. For experiments involving DHE, LUVs of DPPC
containing various concentrations of DHE were prepared the same way.
For experiments in which sphingomyelin was used, LUVs of DPPC/
sphingomyelin (70:30, mol/mol) containing various concentrations of
NBD-cholesterol were also prepared this way.

Small unilamellar vesicles (SUVs) were generated from LUVs (after
fluorescence and/or absorbance measurements were made) by sonication
till clarity using a Branson model 250 sonifier (Branson Ultrasonics,
Dansbury, CT) fitted with a microtip. The sonicated samples were centri-
fuged at 15,000 rpm for 15 min to remove any titanium particle shed from
the microtip during sonication. Samples were kept overnight in dark at
room temperature for equilibration before making measurements.

To prepare regenerated LUVs (RLUV) from SUVs, the samples were
freeze-thawed five times using liquid nitrogen and then extruded through

polycarbonate filters (pore diameter of 100 nm) mounted in the Avestin
Liposofast Extruder as previously described. Samples were kept overnight
in dark at room temperature for equilibration before making measurements.
Background samples were prepared the same way except that the fluoro-
phore was not added to them. All the measurements were performed at
23°C to ensure that DPPC is in the gel phase with the exception of the
experiments described in Figs. 10 and 11 in which the measurements
involving DPPC in the fluid phases were performed at 55°C.

All experiments in which the membrane thickness was changed were
done using LUVs made from 640 nmol of a phospholipid (DLPC, DMPC,
DPPC, DSPC, or DAPC) containing 0.1 to 2.0% (mol/mol) NBD-choles-
terol prepared by the extrusion procedure as described above. The temper-
ature of the buffer during swelling of the dried lipid mixtures was always
maintained above the corresponding phase transition temperature of the
specific lipid being used (Koynova and Caffrey, 1998) as the vesicles were
made. The phospholipids used were of varying chain lengths: DLPC
(12:0), DMPC (14:0), DPPC (16:0), DSPC (18:0), and DAPC (20:0).
Samples were kept overnight in dark at room temperature for equilibration
before making measurements.

Absorption measurements

The absorption spectra were obtained using a Hitachi U-2000 UV-visible
absorption spectrophotometer (Hitachi, Ltd., Tokyo, Japan). Quartz cu-
vettes with a path length of 1 cm were used. Background samples without
the fluorophore were used for baseline corrections.

Steady-state fluorescence measurements

Steady-state fluorescence measurements were performed with a Hitachi
F-4010 spectrofluorometer using 1-cm path length quartz cuvettes. Exci-
tation and emission slits with a nominal bandpass of 5 nm were used for all
measurements. The excitation wavelength used was 484 nm in all cases.
For recording excitation spectra, emission wavelength was kept fixed at
539 nm. Background intensities of samples in which NBD-cholesterol was
omitted were subtracted from each sample spectrum to cancel out any
contribution because of the solvent Raman peak and other scattering
artifacts. All experiments were done with multiple sets of samples.

Time-resolved fluorescence measurements

Fluorescence lifetimes were calculated from time-resolved fluorescence
intensity decays using a Photon Technology International (London, On-
tario, Canada) LS-100 luminescence spectrophotometer in the time-corre-
lated single photon counting mode. This machine uses a thyratron-gated
nanosecond flash lamp filled with nitrogen as the plasma gas (166 1
inches of mercury vacuum) and is run at 22–25 kHz. Lamp profiles were
measured at the excitation wavelength using colloidal silica (Ludox; Du-
pont, Wilmington, DE) as the scatterer. To optimize the signal to noise
ratio, 5000 photon counts were collected in the peak channel. The excita-
tion wavelength used was 337 nm which corresponds to a peak in the
spectral output of the nitrogen flash lamp. Emission wavelength was set at
522 or 539 nm. All experiments were performed using excitation and
emission slits with a nominal bandpass of 4 nm or less. The sample and the
scatterer were alternated after every 10% acquisition to ensure compensa-
tion for shape and timing drifts occurring during the period of data
collection. The data stored in a multichannel analyzer was routinely trans-
ferred to an IBM PC for analysis. Intensity decay curves so obtained were
fitted as a sum of exponential terms:

F~t! 5 O
i

ai exp~2t/ti! (1)
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whereai is a preexponential factor representing the fractional contribution
to the time-resolved decay of the component with a lifetimeti. The decay
parameters were recovered using a nonlinear least-squares iterative fitting
procedure based on the Marquardt algorithm (Bevington, 1969). The
program also includes statistical and plotting subroutine packages
(O’Connor and Phillips, 1984). The goodness of the fit of a given set of
observed data and the chosen function was evaluated by the reducedx2

ratio, the weighted residuals (Lampert et al., 1983), and the autocorrelation
function of the weighted residuals (Grinvald and Steinberg, 1974). A fit
was considered acceptable when plots of the weighted residuals and the
autocorrelation function showed random deviation about zero with a min-
imum x2 value not more than 1.5. Mean (average) lifetimes^t& for
biexponential decays of fluorescence were calculated from the decay times
and preexponential factors using the following equation (Lakowicz, 1983):

^t& 5
a1t1

2 1 a2t2
2

a1t1 1 a2t2
(2)

RESULTS

The fluorescence emission spectra of NBD-cholesterol in
gel-phase DPPC vesicles of varying surface curvature are
shown in Fig. 1. The concentration of NBD-cholesterol in
these samples was kept constant at 2.0 mol %. We have
previously shown that at this concentration, the transbilayer
tail-to-tail dimers of NBD-cholesterol are formed in gel-
phase DPPC vesicles and spectral features corresponding to
the dimers predominate, i.e., emission maximum of fluores-
cence is found to be;539 nm (Mukherjee and Chatto-
padhyay, 1996). Fig. 1A shows that, in agreement with our
previous results, the fluorescence emission maximum ex-
hibited by NBD-cholesterol in gel-phase LUVs of DPPC is
;539 nm, which corresponds to the transbilayer cholesterol
dimer. However, when the LUVs of DPPC were sonicated
to produce SUVs which have more curvature stress (Huang
and Mason, 1978) because of their small size (diameter
;250 Å), the fluorescence emission spectrum shows a
distinct peak at;522 nm which was absent in LUVs (Fig.
1 B). We have previously shown that at low concentrations
(,0.5 mol %), the emission maximum of NBD-cholesterol
in gel-phase DPPC vesicles is centered;522 nm, which
corresponds to the spectral feature of the NBD-cholesterol
monomers in the membrane (Mukherjee and Chatto-
padhyay, 1996). This indicates that upon change of vesicle
curvature, the monomer/dimer equilibrium of NBD-choles-
terol in membranes is altered in such a way that in small,
highly curved SUV, the monomer population is increased
significantly (detected by the appearance of the 522-nm
peak) even at a concentration (2.0 mol %) in which the
NBD-cholesterol dimers predominate in large vesicles as
shown earlier (Mukherjee and Chattopadhyay, 1996) and in
Fig. 1 a. A similar result had earlier been reported using
DHE as a probe (Loura and Prieto, 1997). To check the
reversibility of the curvature effect on the monomer/dimer
population (and to rule out any possible artifact from son-
ication), we regenerated large vesicles (termed as regener-
ated LUVs (RLUVs)) from SUVs by repeated freeze-thaw

followed by extrusion through polycarbonate filters of
100-nm pore diameter (see Materials and Methods) and
monitored emission spectrum. Fig. 1c shows that the mono-
mer/dimer ratio is clearly dependent on the curvature of the
membrane. Upon release of the curvature stress in RLUV,
the spectral peak at 522 is lost and the emission spectrum
shows a peak at;539 nm which actually resembles the
LUV spectrum shown in Fig. 1a.

Fig. 2 shows that the reversible change in monomer/
dimer ratio of NBD-cholesterol as a function of membrane
curvature can also be monitored from the fluorescence
excitation spectrum of NBD-cholesterol under these condi-
tions. The concentration of NBD-cholesterol in these sam-

FIGURE 1 Fluorescence emission spectra of 2.0 mol % NBD-choles-
terol in gel-phase DPPC vesicles of varying membrane surface curvature.
The emission spectra correspond to LUVs (a), SUVs (b), and RLUVs (c)
regenerated from SUVs of DPPC. The concentration of DPPC was 0.43
mM in all cases. The excitation wavelength was 484 nm. See Materials and
Methods for other details.
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ples was also kept constant at 2.0 mol %. Fig. 2a shows the
characteristic structured fluorescence excitation spectrum of
2.0 mol % NBD-cholesterol in LUV of DPPC with two
distinct peaks at;436 and 494 nm. In agreement with our
observation of curvature-dependent fluorescence emission
spectrum (Fig. 1), the spectral features of the excitation
spectrum change considerably in SUV. The 436 nm peak is
reduced in intensity and merges with the peak at 494 nm
which broadens and increases in intensity. We interpret the
altered spectral features shown in Fig. 2b attributable to an
increase in NBD-cholesterol monomers. These spectral
changes are reversed in this case also as shown in the
excitation spectrum in RLUV which exhibits the character-

istic spectrum with two distinct peaks at;436 and 494 nm
(Fig. 2 c) as observed in LUVs of DPPC in Fig. 2a.

We have shown that the specific association of NBD-
cholesterol in membranes at low concentrations is attribut-
able to the formation of a ground-state complex and is not
a result of an excited state interaction between NBD groups
(Mukherjee and Chattopadhyay, 1996). Nevertheless, to
demonstrate that the reversible change in NBD-cholesterol
organization induced by change in membrane curvature is
not based on any interaction in the excited state, we re-
corded absorption spectra under these conditions. Because
the absorption process is instantaneous, and no physical
displacement is allowed in this timescale, the information
obtained from an absorption spectrum corresponds to the
distribution of the fluorophores as they were in the ground
state. The absorption spectrum of 2.0 mol % NBD-choles-
terol in LUV of DPPC is shown in Fig. 3a. As reported
earlier (Mukherjee and Chattopadhyay, 1996), the absorp-

FIGURE 2 Fluorescence excitation spectra of 2.0 mol % NBD-choles-
terol in gel-phase DPPC vesicles of varying membrane surface curvature.
The excitation spectra correspond to LUVs (a), SUVs (b), and RLUVs (c)
regenerated from SUVs of DPPC. The concentration of DPPC was 0.43
mM in all cases. The emission wavelength was kept fixed at 539 nm. See
Materials and Methods for other details.

FIGURE 3 Absorption spectra of 2.0 mol % NBD-cholesterol in gel-
phase DPPC vesicles of varying membrane surface curvature. The absorp-
tion spectra correspond to (a) LUVs, (b) SUVs, and (c) RLUVs regener-
ated from SUVs of DPPC. The concentration of DPPC was 0.43 mM in all
cases. All other conditions are as in Fig. 1. See Materials and Methods for
other details.

2126 Rukmini et al.

Biophysical Journal 81(4) 2122–2134



tion spectrum shows a distinct peak at;436 nm in gel-
phase DPPC which indicates the presence of NBD-choles-
terol dimers. This peak was absent when the concentration
of NBD-cholesterol was, 0.5 mol % (Mukherjee and
Chattopadhyay, 1996). In agreement with the results ob-
tained with fluorescence excitation and emission spectra,
the absorption spectrum also gets altered when the mem-
brane curvature is changed to produce SUVs. The absorp-
tion spectrum of 2.0 mol % NBD-cholesterol in SUV of
DPPC is shown in Fig. 3B, which shows that the peak at
436 nm, characteristic of the presence of NBD-cholesterol
dimers, is considerably reduced. More interestingly, a new
broad peak appears at 472 nm which is indicative of the
increase in the population of monomers of NBD-cholesterol
(Fig. 3 B). The spectral features change again when RLUV
is formed when the new peak at 472 nm disappears and the
original peak at 436 nm reappears, suggesting that the
reversal of membrane curvature results in an enrichment of
NBD-cholesterol dimers.

Because fluorescence lifetime serves as a sensitive indi-
cator for the local environment in which a given fluorophore
is placed, the change in organization experienced by the
NBD moiety in the dimerization process could be reflected
in its lifetime. To obtain the lifetimes of the two different
populations of NBD-cholesterol that are centered at 522 and
539 nm (the predominantly monomer and dimer population,
respectively) and to monitor their reversible interconversion
with membrane curvature, fluorescence intensity decays
were acquired under these conditions at both these wave-
lengths with the excitation wavelength at 337 nm. A typical
intensity decay profile with its biexponential fitting and the
various statistical parameters used to check the goodness of
fit is shown in Fig. 4. Table 1 shows the fluorescence
lifetimes of 2.0 mol % NBD-cholesterol in gel-phase DPPC
vesicles of varying surface curvature. All fluorescence de-
cays could be fitted well with a biexponential function.
Table 1 shows that the mean lifetime, calculated using Eq.
2, of 2.0 mol % NBD-cholesterol in gel-phase LUV of
DPPC is 7.22 ns when emission was monitored at 539 nm.
At this concentration of NBD-cholesterol, the transbilayer
tail-to-tail dimers of NBD-cholesterol are present in gel-
phase DPPC vesicles; this value reflects a population in
which the dimer form predominates. However, the mean
lifetime is considerably shortened (;33%) to 4.84 ns when
the membrane surface curvature is changed by generating
SUVs of DPPC by sonication. The fluorescence lifetime of
the NBD group is known to decrease in the presence of
polar solvents such as water (Lin and Struve, 1991; Rawat
and Chattopadhyay, 1999). The shortening of NBD lifetime
in SUV could be attributable to increased water penetration
in SUV because of high curvature stress which gives rise to
packing defects (Yogev et al., 1991). Interestingly, when the
membrane curvature is restored by producing RLUVs, the
mean lifetime is increased to 6.77 ns which is very similar
to the mean lifetime obtained with the original LUV of

DPPC (7.22 ns), thus indicating that the NBD-cholesterol
dimers are reformed upon regenerating vesicles of low
curvature.

The mean lifetimes obtained are somewhat more when
observed at the longer emission wavelength (539 nm) com-
pared with the values obtained using the shorter emission
wavelength (522 nm). This is consistent with earlier obser-
vations (Lakowicz et al., 1983; Chattopadhyay and Mukher-
jee, 1993) in which such an increase in fluorescence lifetime

FIGURE 4 Time-resolved fluorescence intensity decay of 2.0 mol %
NBD-cholesterol in LUVs of DPPC in the gel phase. Excitation was at 337
nm which corresponds to a peak in the spectral output of the nitrogen lamp.
Emission was monitored at 522 nm. The sharp peak on the left is the lamp
profile. The relatively broad peak on the right is the decay profile, fitted to
a biexponential function. The two lower plots show the weighted residuals
and the autocorrelation function of the weighted residuals. The concentra-
tion of DPPC was 0.85 mM. See Materials and Methods for other details.

TABLE 1 Lifetimes of NBD-cholesterol in vesicles of varying
membrane surface curvature at excitation wavelength 337 nm

Vesicle Type a1

t1

(ns) a2

t2

(ns)
^t&
(ns)

LUV* 0.85 3.03 0.15 10.85 6.06
SUV 0.90 1.95 0.10 7.52 3.62
RLUV 0.84 2.60 0.16 9.25 5.29
LUV† 0.78 2.93 0.22 11.20 7.22
SUV 0.85 2.37 0.15 8.66 4.84
RLUV 0.76 3.01 0.24 10.27 6.77

*Emission wavelength 522 nm.
†Emission wavelength 539 nm.

Cholesterol Organization at Low Concentrations 2127

Biophysical Journal 81(4) 2122–2134



with increasing emission wavelength (keeping the excita-
tion wavelength constant) has been reported in motionally
restricted media such as the membrane. Table 1 also shows
that the reversal of mean lifetime accompanied with resto-
ration of the original vesicle curvature is independent of the
wavelength at which fluorescence emission is monitored
because the mean fluorescence lifetime obtained using an
emission wavelength of 522 nm shows a very similar trend
in both cases.

These results using absorption and fluorescence (excita-
tion and emission) spectral features with altered vesicle
curvature point out that the organization of NBD-choles-
terol in gel-phase DPPC membranes undergoes a change in
terms of monomer/dimer population ratio in response to
membrane surface curvature change even as the concentra-
tion is kept constant at 2.0 mol %. These results are rein-
forced by the corresponding changes in mean fluorescence
lifetime. A comprehensive representation of all the spectral
parameters showing the effect of curvature stress on cho-
lesterol organization in membranes at low concentrations is
shown in Fig. 5. It is clear from Fig. 5 that the organization
of NBD-cholesterol in any type of membrane is dependent

on its curvature and this conclusion is independent of the
actual parameter used.

To examine the sensitivity of the transbilayer dimer or-
ganization to variations in membrane thickness, we moni-
tored the fluorescence emission spectrum of NBD-choles-
terol in membranes of varying acyl chain length. Fig. 6A
and B shows the emission spectra of NBD-cholesterol in
different concentrations (0.1–2.0 mol %) in LUVs of DAPC
and DSPC in the gel phase. DAPC and DSPC have 20 and
18 carbon atoms in their respective fatty acyl chains and the
thickness of the lipid bilayers formed by them is more than
bilayers of DPPC, which has 16 carbon atoms (Lewis and
Engelman, 1983). The shape of the fluorescence emission
spectra remains invariant in both cases at all concentrations
and the emission maximum is centered at;522 nm. In
addition, the spectra are smooth and homogeneous even at
2.0 mol % NBD-cholesterol. This is in sharp contrast to
what is observed with DPPC vesicles where a new peak at
539 nm appears at concentrations.0.1 mol % and the
spectra become broad and inhomogeneous (Fig. 2, Mukher-
jee and Chattopadhyay, 1996), indicating the growing pres-
ence of NBD-cholesterol dimers with increase in concen-

FIGURE 5 A comprehensive representation of spectral parameters
showing the effect of curvature stress on cholesterol organization in mem-
branes at low concentrations: change in absorbance ratio at 436 and 472 nm
(a), ratio of fluorescence intensities at excitation wavelengths 436 and 494
nm (b), ratio of fluorescence intensities at emission wavelengths 539 and
522 nm (c), and mean fluorescence lifetimes^t& (calculated using Eq. 2) of
2.0 mol % NBD-cholesterol in gel-phase DPPC vesicles of varying mem-
brane surface curvature (d).

FIGURE 6 Fluorescence emission spectra of NBD-cholesterol in mem-
branes of varying thickness. The emission spectra correspond to different
concentrations of NBD-cholesterol in LUVs of gel-phase DAPC (a), gel-
phase DSPC (b), and fluid-phase DLPC (c). The sample temperature was
23°C in all cases. The concentration of the specific phospholipid used was
0.43 mM in all cases, whereas the NBD-cholesterol concentrations in the
samples were 0.43mM (0.1 mol %), 4.3mM (1.0 mol %), 8.6mM (2.0 mol
%), and 21.5mM (5.0 mol %). The excitation wavelength was 484 nm in
all cases. See Materials and Methods for other details.
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tration. Therefore, we conclude that the dimers are not
formed in gel-phase membranes made with longer chain
lipids such as DAPC and DSPC where the membrane thick-
ness is more, and that an optimal membrane thickness is
required for the dimerization of NBD-cholesterol. This is
further supported by experiments (Fig. 6c) in which the
fluorescence emission spectra of different concentrations
(0.1–5.0 mol %) of NBD-cholesterol is monitored in LUVs
of DLPC (containing 12 carbon atoms in its acyl chain) in
the fluid phase. As shown in Fig. 6c, the maximum of
fluorescence emission remains centered at;522 nm at all
concentrations and the spectra are smooth and homoge-
neous even at 5.0 mol % NBD-cholesterol. This shows that
the NBD-cholesterol dimers are not detected in the rela-
tively thin DLPC membranes. In contrast to this, Fig. 7
shows the emission spectra of varying concentrations of
NBD-cholesterol in DPPC and DMPC membranes in the gel
phase. The spectrum is smooth and homogeneous when
NBD-cholesterol concentration is kept extremely low (0.1

mol %) with the maximum of fluorescence emission at
;522 nm. As the NBD-cholesterol concentration increases,
the spectra start showing deviations and a new peak cen-
tered at ;539 nm seems similar to our earlier report
(Mukherjee and Chattopadhyay, 1996). The spectra also
become broad and inhomogeneous at higher concentrations.
Taken together, these results show that the dimers of NBD-
cholesterol are formed in DPPC and DMPC membranes in
the gel phase but not in thicker DSPC and DAPC mem-
branes. The process of dimerization is therefore well regu-
lated by membrane thickness.

Sphingomyelins have been implicated in many cases in
the formation of lipid microdomains, especially in the pres-
ence of cholesterol (Brown, 1998). To assess whether such
dimerization of NBD-cholesterol takes place in membranes
containing sphingomyelin, we monitored the fluorescence
emission spectrum of varying concentrations (1–5 mol %)
of NBD-cholesterol in LUVs of DPPC containing 30 mol %
of sphingomyelin. These results are depicted in Fig. 8,
which shows that the maximum of fluorescence emission

FIGURE 7 Fluorescence emission spectra of NBD-cholesterol in mem-
branes of varying thickness. The emission spectra correspond to different
concentrations of NBD-cholesterol in LUVs of (a) DPPC, (b) DMPC, both
in the gel phase. The sample temperature was 23°C for DPPC vesicles
whereas it was maintained at 15°C for DMPC vesicles. The concentration
of DPPC or DMPC used was 0.43 mM in all cases, whereas the concen-
trations of NBD-cholesterol in the samples were 0.43mM (0.1 mol %), 4.3
mM (1.0 mol %), and 8.6mM (2.0 mol %). The excitation wavelength was
484 nm in all cases. See Materials and Methods for other details.

FIGURE 8 Fluorescence emission spectra of varying concentrations of
NBD-cholesterol in LUVs of DPPC/sphingomyelin (70:30, mol/mol). The
concentration of total lipid used was 0.43 mM, whereas the NBD-choles-
terol concentrations in the samples were 4.3mM (1.0 mol %), 8.6mM (2.0
mol %), and 21.5mM (5.0 mol %). The excitation wavelength was 484 nm.
See Materials and Methods for other details.
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spectrum is centered at;522 nm when the concentration of
NBD-cholesterol is 1 mol %. However, the emission spectra
at NBD-cholesterol concentrations.1 mol % display a shift
in emission maximum with an emission maximum of 539
nm at 5 mol %, similar to what is observed with DPPC
vesicles alone. This shows that the process of dimerization
also takes place in sphingomyelin-containing membranes.

If the local organization exhibited by cholesterol in mem-
branes of low cholesterol content is a general phenomenon,
it should not be dependent on the probe chosen. To examine
this issue, we performed experiments in which we moni-
tored an environment-sensitive spectral feature (peak inten-
sity ratio) of DHE as a function of concentration. DHE is a
naturally occurring fluorescent cholesterol analog which is
found in yeast and differs from cholesterol in having three
additional double bonds and a methyl group (Fig. 9). A
number of studies have shown that DHE faithfully mimics
natural cholesterol in biophysical, biochemical, and cell
biological studies (Schroeder et al., 1991, 1995).

The fluorescence emission spectra of DHE in DPPC
vesicles in fluid and gel phase are shown in Fig. 10. A
characteristic feature of the structured emission spectra are
the maxima at 355, 374, and 394 nm, denoted as I, II, and
III, respectively. This type of structured vibronic band in-
tensities are known to be sensitive to environment. This has
been effectively used for elucidating microenvironments of
the hydrophobic fluorophore pyrene whose emission spec-
trum shows similar vibronic fine structure (Kalyansundaram
and Thomas, 1977). In particular, the ratio of emission
maxima was shown to be sensitive to aggregation state of
the fluorophore and environmental polarity (Kalyan-
sundaram and Thomas, 1977). We used this sensitive spec-
tral feature of DHE to monitor its change in local organi-
zation at low concentrations in membranes. Fig. 11 shows
the change in peak intensity ratios (F394/F355 and F374/F355)

as a function of DHE concentration in LUV of gel and fluid
phase DPPC (Fig. 11,a andb) and in fluid phase DLPC, and
gel-phase DSPC (Fig. 11,c andd, respectively). The fluo-
rescence intensity ratio initially increases with increasing
DHE concentration in all cases and then attains a steady
value. We attribute this change in slope to the change in
local organization of DHE. Fig. 11 shows that for gel-phase
DPPC membranes (a), the intensity ratio changes sharply
and assumes a steady value at DHE concentrations$1.0
mol %. In contrast, in case of fluid-phase DPPC, fluid-phase
DLPC, or gel-phase DSPC vesicles, the change in slope is
much more gradual and is observed at a much higher
concentration. The intensity ratio does not seem to assume
a constant value even at higher concentrations in these
cases. This indicates that the change in local organization of
DHE occurs at a low concentration in gel-phase DPPC
vesicles but not in the other cases. This is in excellent
agreement with Fig. 6 and with our earlier observation using
NBD-cholesterol (Figs. 10 and 11, Mukherjee and Chatto-
padhyay, 1996) where the appearance of a new fluorescence
or absorbance peak was observed at NBD-cholesterol$1.0

FIGURE 9 Chemical structure of DHE. The structure of cholesterol is
shown in the inset for comparison.

FIGURE 10 Fluorescence emission spectra of 2.0 mol % DHE in LUVs
of DPPC in fluid phase (a) and in gel phase (b). The sample temperature
was maintained at 55°C for the fluid-phase experiment whereas the gel-
phase experiment was performed at 23°C. The emission maxima at 355,
374, and 394 nm are marked as I, II, and III, respectively. The concentra-
tion of DPPC was 0.43 mM in both cases. The excitation wavelength was
324 nm. See Materials and Methods for other details.
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mol % in the gel phase and at a much higher concentration
($5.0 mol %) in the fluid phase.

DISCUSSION

Very little is known about the organization and dynamics of
membranes when the cholesterol content is very low (,5.0
mol %). Because there are a number of intracellular or-
ganelles such as the ER and the inner mitochondrial mem-
brane where the cholesterol content is actively maintained at
a low level (Bretscher amd Munro, 1993; Lange, 1991), any
information on cholesterol organization in such membranes
will be useful. It has recently been reported (Lemmich et al.,
1997) that low amounts (,3.0 mol %) of cholesterol con-
tribute to softness of the membrane. Cholesterol in amounts
up to 3.0 mol % softens the lipid bilayer and only at
concentrations higher than 4.0 mol % leads to the well
known effect of rigidification, which is responsible for the
mechanical coherence of eukaryotic plasma membranes. In
another study (Raffy and Teissie´, 1999), membrane perme-
ability changes at very low cholesterol concentrations have
been studied and were very different from results obtained
at high concentrations of cholesterol.

We have previously shown that cholesterol may exhibit
local organization even at very low concentrations (,2.0
mol %) in membranes using NBD-cholesterol. Our results
indicated the possible presence of transbilayer tail-to-tail
dimers of cholesterol in such membranes (Mukherjee and

Chattopadhyay, 1996). This is supported by similar obser-
vations reported by other groups obtained under comparable
cholesterol concentrations (Harris et al., 1995; Loura and
Prieto, 1997). We show that some of the basic features of
cholesterol organization in membranes at low concentra-
tions obtained using NBD-cholesterol are in agreement with
concentration-dependent changes observed in certain spec-
tral features of DHE, a naturally occurring fluorescent cho-
lesterol analog which closely mimics cholesterol.

The overall goal of this paper is to examine the role of
membrane surface curvature and thickness on transbilayer
dimerization occurring at low cholesterol concentrations
using NBD-cholesterol as a fluorescent cholesterol analog.
Our results show that the transbilayer dimer arrangement of
cholesterol, observed previously (Mukherjee and Chatto-
padhyay, 1996; Harris et al., 1995; Loura and Prieto, 1997),
is sensitive to surface curvature of the membrane and cho-
lesterol dimerization is not favored in highly curved mem-
branes. Thus, the monomer/dimer equilibrium is shifted
toward monomers upon sonication of DPPC LUVs, i.e., by
increasing surface curvature in SUVs. Characteristic fea-
tures of SUVs include small size and higher (; 60–70% of
total) population of lipids in the outer leaflet (Huang and
Mason, 1978). The average area per lipid headgroup and
effective length of the lipid are greater in the outer leaflet
than in the inner leaflet of SUVs, which gives rise to
dynamic transmembrane asymmetry. The packing of lipid
molecules are thus quite different in the two leaflets of
SUVs (the inner leaflet being more constrained) and this
mismatch in packing in the two monolayers could inhibit
the transbilayer tail-to-tail interaction necessary for the
dimer formation. The equilibrium is shifted back toward
dimers upon release of the curvature stress by RLUVs, as
evidenced by the reversible modulation of the spectral fea-
tures we monitored. In addition, we have investigated the
effect of bilayer thickness on the monomer/dimer equilib-
rium of NBD-cholesterol. Our results show that the dimers
of NBD-cholesterol are formed in DPPC and DMPC mem-
branes in the gel phase but not in thicker DSPC and DAPC
membranes. Interestingly, NBD-cholesterol dimers are not
detected in the relatively thin DLPC membranes either. We
therefore conclude that the process of dimerization is strin-
gently controlled by a narrow window of membrane thick-
ness. A comprehensive representation of these two effects
(effects of curvature stress and membrane thickness on the
organization of NBD-cholesterol in membranes at low con-
centrations) is schematically shown in Fig. 12.

The nature of the putative dimer organization of NBD-
cholesterol deserves comment. It has been previously
shown that the NBD group in NBD-cholesterol is located
close to the center of the bilayer (Chattopadhyay and Lon-
don, 1987). This spatial arrangement would bring the NBD
groups from opposite leaflets in close proximity and make
the interaction of the two NBD groups energetically favor-
able. [This would not be true, for example, if the NBD

FIGURE 11 Change in peak intensity ratios F394/F355 (F) and F374/F355

(E) as a function of DHE concentration in LUVs of gel-phase DPPC (a),
fluid-phase DPPC (b), fluid-phase DLPC (c), and gel-phase DSPC (d). The
sample temperature was maintained at 23°C in all cases except in the case
of gel-phase DPPC (b) in which a temperature of 55°C was maintained.
The concentration of the phospholipid was 0.43 mM in all cases. The
excitation wavelength was 324 nm. See Materials and Methods for other
details.
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group looped up in the bilayer as is often seen with NBD-
labeled phospholipids with NBD groups placed at the end of
the fatty acyl chain (Chattopadhyay and London, 1988).]
Fluorophores, when placed close to each other without any
specific pattern (spatial arrangement) of organization, often
give rise to self-quenching (Chattopadhyay et al., 1992). In
fact, concentration-dependent self-quenching of the NBD
group is well characterized and constitutes the basis of a
number of assays in membrane biology because this type of
quenching is very sensitive to local surface density of lipids
in the membrane (Nichols and Pagano, 1981; Chatto-
padhyay, 1990). It is interesting that the association of the
NBD groups from the opposing leaflets in this case does not
give rise to self-quenching, but, instead, gives rise to a new
peak and other well defined spectral features in the fluores-
cence and absorption spectra (Figs. 1–3). The unique spec-
tral features imply that the two NBD groups are not only
close in space but have a definite spatial orientation which
would have been lacking otherwise. That this is a ground-
state phenomenon is supported by the concomitant changes
in absorption spectrum with changes in fluorescence spec-
tra. An important factor contributing to the stability of the
NBD-cholesterol dimers is aromatic-aromatic interaction
between the NBD rings. However, the possibility of other
types of association cannot be ruled out from the present
data. Moreover, at this point it is not clear whether the
dimers can lead to further aggregation. The formation of
such transmembrane dimers could represent the first step in
the ultimate separation of a pure cholesterol domain.

The transbilayer tail-to-tail cholesterol organization could
have a role in diseased states. The importance of cholesterol
transbilayer domains in atherogenesis was recently demon-
strated by Tulenko et al. (1998). In this study, small angle
x-ray diffraction was used to examine arterial smooth mus-
cle cell plasma membranes isolated from control and cho-
lesterol-fed (2.0%) atherosclerotic rabbits. Beyond 9 weeks
of cholesterol feeding, x-ray diffraction patterns demon-
strated a lateral immiscible cholesterol domain with a bi-
layer thickness of 34 Å coexisting with the liquid crystalline
(fluid) lipid bilayer. The membrane thickness of 34 Å cor-
responds to a tail-to-tail arrangement of cholesterol dimers
as the length of an individual cholesterol molecule is 17 Å
(Craven, 1976). This points out the possible involvement of
the transbilayer tail-to-tail organization of cholesterol in
atherogenesis.

Such cholesterol domains found in membranes of low
cholesterol content (such as the ER or the inner mitochon-
drial membrane) could have important functional implica-
tions in intracellular sorting and trafficking. The low cho-
lesterol content of the ER membrane has been attributed to
its need to be readily deformable in order for newly syn-
thesized membrane proteins to be folded and assembled
properly (Bretscher and Munro, 1993). It has been sug-
gested that the specific gradient of cholesterol concentration
found in Golgi and ER facilitates protein sorting in the
secretory pathway via cholesterol’s ability to modify the
membrane thickness (Pelham and Munro, 1993). Membrane
softening caused by low levels of cholesterol (Lemmich et
al., 1997) may play a role in the vesicle budding process
associated with membrane traffic in Golgi and ER. Choles-
terol is removed from ER, its site of synthesis, by using the
membrane traffic pathway where membranes move from
the ER to the plasma membrane through the Golgi appara-
tus. Cholesterol is known to modulate lipid-protein interac-
tions by increasing the thickness of the lipid bilayer. For
example, it has been shown that 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine vesicles have a bilayer thickness
of ;26 Å which increases to 30 Å in the presence of 30 mol
% cholesterol (Nezil and Bloom, 1992). In fact, there is
evidence that a gradient of cholesterol exists in Golgi and
the membrane coming from the Golgi apparatus is believed
to be thicker and to have more cholesterol than the mem-
brane entering from the ER. Because our results show that
cholesterol dimerization is controlled by membrane thick-
ness, this could imply that there is a gradient of cholesterol
dimers across the Golgi apparatus.

It is noteworthy that many important cellular trafficking
events (such as vesiculation, tubulation, pinching off of
endocytic vesicles, and fusion of exocytic vesicles) are
accompanied by sharp changes in membrane curvature
(Zimmerberg, 2000). The overall process of membrane traf-
ficking and turnover is influenced by membrane curvature,
e.g., vesicles budding from ER or Golgi may have more
surface curvature than their parent membrane. Curvature-

FIGURE 12 A schematic diagram of the membrane bilayer showing the
effects of curvature stress and membrane thickness on the organization of
NBD-cholesterol in membranes at low concentrations. (a) The transbilayer
tail-to-tail dimers of NBD-cholesterol proposed earlier (Mukherjee and
Chattopadhyay, 1996). (b) NBD-cholesterol monomers in membranes with
high surface curvature such as SUVs. (c) NBD-cholesterol monomers in
relatively thick membranes formed by phospholipids having longer fatty
acyl chains. (d) NBD-cholesterol monomers in relatively thin membranes
formed by phospholipids having shorter fatty acyl chains. See text for other
details.
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induced membrane domains have recently been reported to
be responsible for differential sorting and trafficking of lipid
analogs in CHO cells (Mukherjee et al., 1999). Some of the
vesicles involved in cellular traffic, e.g., coated vesicles
used in exocytosis, are quite small (;500 Å diameter,
comparable with SUV dimensions) and are highly curved
(Aridor and Balch, 1996). Certain regions of sorting endo-
somes experience high curvature stress (Mukherjee et al.,
1999). The endosomal vesicles also experience low (acidic)
pH (Mukherjee et al., 1997). Interestingly, it has recently
been reported that pH has a strong effect on the membrane
curvature (Lee et al., 1999).

In summary, we have investigated the role of membrane
surface curvature and thickness on transbilayer dimerization
occurring at low concentrations of cholesterol using NBD-
cholesterol as a fluorescent cholesterol analog. Our results
show that the transbilayer dimer arrangement of cholesterol
previously observed at low concentrations in membranes is
sensitive to the membrane surface curvature and is strin-
gently controlled by a narrow window of membrane thick-
ness. These results are significant in the context of choles-
terol organization in membranes at low concentrations in
particular, and in the dynamics and regulation of cellular
cholesterol, in general.
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