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Abstract While plasma membrane cholesterol-rich micro-
domains play a role in cholesterol trafficking, little is known
about the appearance and dynamics of cholesterol through
these domains in living cells. The fluorescent cholesterol
analog 6-dansyl-cholestanol (DChol), its biochemical frac-
tionation, and confocal imaging of L-cell fibroblasts contrib-
uted the following new insights: i) fluorescence properties
of DChol were sensitive to microenvironment polarity and
mobility; (ii) DChol taken up by L-cell fibroblasts was dis-
tributed similarly as cholesterol and preferentially into cho-
lesterol-rich vs. -poor microdomains resolved by affinity
chromatography of purified plasma membranes; iii) DChol
reported similar polarity (dielectric constant near 18) but
higher mobility near phospholipid polar head group region
for cholesterol in purified cholesterol-rich versus -poor mi-
crodomains; and iv) real-time confocal imaging, quantitative
colocalization analysis, and fluorescence resonance energy
transfer with cholesterol-rich and -poor microdomain mark-
ers confirmed that DChol preferentially localized in plasma
membrane cholesterolrich microdomains of living cells.Hli
Thus, DChol sensed a unique, relatively more mobile microen-
vironment for cholesterol in plasma membrane cholesterol-
rich microdomains, consistent with the known, more rapid
exchange dynamics of cholesterol from cholesterol-rich than
-poor microdomains.—Huang, H., A. L. McIntosh, B. P.
Atshaves, Y. Ohno-Iwashita, A. B. Kier, and F. Schroeder. Use
of dansyl-cholestanol as a probe of cholesterol behavior in
membranes of living cells. J. Lipid Res. 2010. 51: 1157-1172.
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While the original bilayer theory of lipid membrane
structure envisioned proteins imbedded in a sea of ran-
domly organized lipids, subsequent reports increasingly
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demonstrated that membrane lipids are asymmetrically
organized both across the bilayer and laterally within the
bilayer into discrete microdomains (1-4). Recent model
membrane studies indicate that both cholesterol and
sphingolipids undergo lateral phase separation to form
microdomains rich and poor in these respective lipids (5,
6). Purified plasma membrane cholesterol-rich microdo-
mains are enriched in proteins facilitating the transport of
cholesterol (7-10), fatty acids (11), and glucose (12, 13).
Key plasma membrane proteins that facilitate reverse cho-
lesterol transport [e.g., caveolin-1, scavenger receptor
Bl (SRB1), ATP-binding cassette transport protein Al
(ABCAL), and P-glycoprotein (P-gp)] are localized in cho-
lesterol-rich microdomains isolated from cells or purified
plasma membranes (6, 7, 10). Disruption of cholesterol-
rich microdomains inhibits SRB1-mediated cholesterol
transport (6, 7, 10).

Despite these advances with biochemically isolated cho-
lesterol-rich and -poor microdomains, the lack of readily
measurable parameters for cholesterol makes direct real-
time imaging of cholesterol and cholesterol-dynamics
through these microdomains in living cells very difficult
(14-16). Although the behavior of cholesterol has been
examined by a variety of techniques in model membranes,
many are not useful for living systems, because they re-
quire extreme conditions (vacuum), probes with mobility

Abbreviations: BCH, biotinylated CO-toxin; con-A, Concanavalin-A;
Ct-B, cholera toxin subunit B; DChol, 6-dansyl-cholestanol; DHE, dehydro-
ergosterol; DiD, 1,1’-dioctadecyl-3,3,3",3"-tetramethylindodicarbocyanine,
4-chlorobenzenesulfonate salt (DilC,4(5)); FRET, fluorescence reso-
nance energy transfer; LSCM, laser scanning confocal microscopy; LUV,
large unilamellar vesicle; MBCD, methyl-B-cyclodextrin; NBD-cholesterol,
22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-33-ol;
Pgp, P-glycoprotein; POPC, 1-palmitoyl-2-oleoyl-phosphatidylcholine;
N-Rh-DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt); SRBI, scavenger receptor Bl.
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that involves time scales too slow for determining choles-
terol dynamics in living systems, and use of sterol analogs
that may not mimic the behavior of cholesterol (17, 18).
While the naturally occurring fluorescent dehydroergos-
terol (DHE) mimics the behavior of cholesterol, especially
in codistributing with cholesterol in purified cholesterol-
rich and -poor microdomains isolated from plasma mem-
branes, DHE unfortunately has low quantum yield, is easily
bleached, absorbs in the UV (i.e., near 325 nm), requires
multiphoton excitation for imaging in living cells, and is
not sensitive to the polarity of its environment (6, 14-16).
Other fluorescent sterols such as 22-(N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-cholen-33-ol
(NBD)-cholesterol distribute poorly into membranes and
preferentially localize in lipid droplets within the cyto-
plasm (14-16).

To begin to address these issues, the current study
took advantage of the unique fluorescence properties of
6-dansyl-cholestanol (DChol) to determine the structure
and polarity sensed by cholesterol in cholesterol-rich and
-poor microdomains and to use real-time confocal imaging
to explore cholesterol dynamics and trafficking through
cholesterol-rich versus -poor microdomains in the plasma
membrane of living cells. The results showed that: i) fluo-
rescence properties of DChol were sensitive to microenvi-
ronment polarity and mobility; ii) DChol was taken up by
L-cell fibroblasts and distributed preferentially and simi-
larly as cholesterol into cholesterol-rich versus -poor mi-
crodomains resolved from purified plasma membranes by
affinity chromatography; iii) DChol reported similar po-
larity but higher mobility near the phospholipid polar
head group region, for cholesterol in purified cholesterol-
rich versus -poor microdomains; and iv) real-time confocal
imaging, quantitative colocalization analysis, and fluores-
cence resonance energy transfer (FRET) with cholesterol-
rich and -poor microdomain markers confirmed that
DChol preferentially localized in plasma membrane cho-
lesterol-rich microdomains of living cells.

METHODS

Materials

1-Palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rho-
damine B sulfonyl) (ammonium salt) (Rh-DOPE) were purchased
from Avanti Polar Lipids (Alabaster, AL). Methyl-8-cyclodextrin
(MBCD), cholesterol, and 6-ketocholestanol were acquired
from Sigma (St. Louis, MO). Vybrant DiD labeling solution,
Vybrant Alexa Fluor 594 CT-B Kit, and Alexa Fluor 660 strepta-
vidin were obtained from Invitrogen Corporation (Carlsbad,
CA). Biotinylated CO-toxin (BC0), a biotinylated perfrin-
golysin O derivative, was prepared by Dr. Yoshiko Ohno-Iwashita
(Tokyo Metropolitan Institute of Gerontology, Japan) as de-
scribed earlier (19). DHE was synthesized by a modification of
an established procedure as described earlier (15). Concanava-
lin-A' (con-A) sepharose 4B resin and Percoll were purchased
from GE Healthcare Bio-Sciences Corp. (Piscataway, NJ); silica
gel G TLC plates were from Analtech (Newark, DE). All re-
agents and solvents used were of the highest grade available
and were cell culture tested.
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DChol synthesis

DChol is a structural analog of cholesterol with the dansyl
group attached at position 6 of cholestanol (Fig. 1A). DChol was
synthesized and purified based on a previously published method
(20) with some modifications (for details, see supplementary
Method I).

Determination of critical micelle concentration of
cholesterol and DChol

The critical micelle concentration of cholesterol and DChol
were determined by measuring light scatter as a function of in-
creasing cholesterol or DChol concentrations in water. The de-
tails of the critical micelle concentration measurements can be
found in supplementary Method II.

Incorporation of DChol into cultured L-cells

Murine L-cells (L arpttk’) were cultured with Higuchi medium
containing 10% fetal bovine serum (Invitrogen) and grown to
confluence at 37°C with 5% CO, in a humidified incubator as
described earlier (21). For real-time imaging, cells were seeded
onto Lab-Tek two-chambered cover-glass (Nunc, Naperville, IL
or VWR Scientific, Sugarland, TX) at a density of 25,000-50,000
cells/chamber and were cultured for 36-48 h (22). Like choles-
terol, DChol has poor solubility in aqueous media; therefore,
DChol was complexed with MBCD to facilitate uptake by cultured
L-cells. DChol-MBCD complex was prepared according to a pub-
lished procedure (20). Because MBCD alone can extract choles-
terol from membranes (23), the DChol-MBCD complexes used
herein were prepared at molar ratios of DChol-MBCD that did
not result in net change in total cell sterol (24). To incorporate
DChol into cultured L-cells for imaging, cells were incubated
with DChol-MBCD complex (DChol concentration 4-20 wg/ml)
at room temperature in PBS for 15 min unless otherwise spec-
ified.

Determination of apparent binding constants of
cholesterol and DChol to MBCD

For details, see supplementary Method III.

Esterification of DChol by cultured L-cells

To determine if L-cells esterify DChol, L-cells were incubated
with DChol-MBCD (DChol final concentration 20 pg/ml) for
the amount of time as specified. Lipids were extracted according
to previously published procedures (22). The unesterified sterol
(DChol, Chol) was separated from esterified sterol (DChol es-
ters, Chol-esters) using TLC silica gel G plates. Known amounts
of unesterified and esterified sterol standards (Chol, Chol-ester,
and DChol) were spotted on separate lanes on the same TLC
plate to construct the standard curves for quantification. The
TLC plate was developed in heptane-diethyl ether-methanol-acetic
acid (80:35:3:2) (20). Fluorescent spots were visualized and quan-
titated with FluoChem imaging system and software. To identify
fatty acids esterified to the sterols, spots corresponding to
Chol-esters and DChol-esters were scraped, transesterified, and ana-
lyzed by GC/MS using a Trace DSQ single quadrupole GC/MS
with electron impact and chemical ionization sources (Thermo
Electron, Austin, TX) in chemical ionization mode basically as
described earlier (25).

Affinity chromatography of purified plasma membranes
to resolve cholesterol-rich and -poor microdomains

DChol was incorporated into L-cells as described above. Plasma
membranes were then isolated followed by nondetergent, affin-
ity-chromatography to resolve cholesterol-rich and -poor micro-
domain-enriched fractions using con-A sepharose columns
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according to previously established procedures (22, 26-28). Lip-
ids in each fraction were then extracted as described above fol-
lowed by resolution by TLC and quantitation of DChol and
cholesterol as described above and in earlier publications (22,

29).

DChol fluorescence excitation, emission, polarization,
and light scatter

Fluorescence excitation spectra, emission spectra, polarization
and anisotropy, and light scatter measurements were obtained
with an ISS PC1 photon counting fluorimeter (ISS Instruments
Inc., Champaign, IL) basically as described earlier for DHE and
other fluorescent probes (30-34). All measurements were re-
corded at 24°C with the exception of light scatter, which was de-
termined at 37°C with a circulating water bath. DChol excitation
and emission maxima were 340 nm and 520 nm, respectively.
Light scatter was measured by setting both excitation and emis-
sion wavelengths at 380nm. All measurements were made below
0.15 absorbance units (to avoid inner filter effects) and corrected
for the appropriate blanks.

L-cell labeling with different membrane domain markers

To study DChol colocalization and FRET with different mem-
brane domain markers, L-cells were labeled with DChol only (as
described above), membrane marker only, and both, respec-
tively. The following markers were chosen for this study: Alexa
Fluor cholera toxin subunit B (CT-B; a cholesterol-rich microdo-
main marker that binds to GM1); 1,1’-dioctadecyl-3,3,3",3"-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt
(DiIC4(5)) (DiD; a liquid ordered phase marker); DHE (natu-
rally occurring fluorescent cholesterol analog that codistributes
with cholesterol in lipid cholesterol-rich and -poor microdo-
mains); BCO (specifically binds to cholesterol in cholesterol-rich
domains); and N-Rh-DOPE (a marker for fluid or liquid disor-
dered phase in lipid bilayers). L-cell labeling with Alexa Fluor
594 CT-B and DiD was done according to the manufacturer’s in-
structions (Molecular Probes, Eugene, OR). L-cell labeling with
DHE was done by incubation with DHE-MBCD (DHE concentra-
tion 20 pg/ml) in PBS at room temperature for 45 min. L-cell
labeling with Alexa Fluor 660 BC6 was done as previously de-
scribed (19). L-cell labeling with N-Rh-DOPE was done by incu-
bation at 2°C (0.8 wM) for 15 min by ethanol injection method as
described in an earlier publication (35).

Laser scanning confocal microscopy and multiphoton
laser scanning microscopy

Images of DChol and most other probes were obtained by la-
ser scanning confocal microscopy (LSCM) using an Axiovert 135
microscope (Zeiss; Carl Zeiss Inc., Thornwood, NY) and MRC-
1024MP LSCM fluorescence imaging system (Bio-Rad, Hercules,
CA) equipped with an external detection system (29, 36). The
laser lines used for excitation were: 408 nm for DChol, 568 nm
for Alexa Fluor 594 CT-B and N-Rh-DOPE, and 648 nm for Alexa
Fluor 660 BCO and DiD. The emission filters were: HQ530,/40 for
DChol, HQ598/40 for Alexa 594 CT-B and N-Rh-DOPE, and
680/32 for Alexa Fluor 660 BC6 and DiD. DHE was imaged by
multiophoton laser scanning microscopy as described previously
using a Coherent Mira 900F Ti:sapphire laser pumped at 10 W
with a Spectra-Physics Millenia Classic laser (Newport, Santa
Clara, CA) (37, 38). All images were acquired in PBS at room
temperature and analyzed using LaserSharp (Bio-Rad Inc., Her-
cules, CA) and MetaMorph Image Analysis (Advanced Scientific
Imaging, Meraux, LA) software. Fluorescent intensity in images
of single living cells was expressed as the mean fluorescence in-
tensity in gray scale units + SE. Colocalization was determined by

superposition of images of DChol and the fluorescent membrane
probe obtained through two different channels similarly as de-
scribed for other fluorescent lipid probes (29, 36). Quantitative
analysis of DChol fluorescence in cholesterol-rich and -poor mi-
crodomains and quantitative colocalization analysis can be found
in supplementary Method IV.

FRET between DChol and DHE in
large unilamellar vesicles

Significant overlap between DHE emission spectrum and
DChol excitation spectrum allowed the use of FRET to deter-
mine if DChol codistributed in proximity to DHE. In this FRET
study, DHE was chosen as donor and DChol as acceptor. Large
unilamellar vesicle (LUVs) were prepared with 65% POPC, 5%
DHE, 0.1-10% DChol, and cholesterol to make the total sterol
content to be 35%. Corresponding LUVs made with i) no fluores-
cence sterols, ii) 5% DHE, and iii) 0.1-10% DChol were used as
controls. Fluorescence measurements were conducted with PC1
fluorimeter, excitation was set at 300 nm, and emission was mea-
sured at 325-575 nm at 37°C with a circulating water bath. The
emission spectrum of control LUVs (0.1-10% DChol only) were
subtracted from emission spectrum of sample LUVs to correct
for emission from direct DChol excitation. Energy transfer effi-
ciency E% were calculated by E = 1 — I, /I, where I, is donor
DHE fluorescence intensity at 373 nm in the presence of accep-
tor DChol and Iy, is DHE fluorescence intensity at 373 nm in the
absence of DChol.

Next, the experimental results were compared with the data
calculated for a random distribution of DChol relative to DHE in
the LUV bilayer. The efficiency of energy transfer is determined
mathematically (details can be found in supplementary Method
V). MathCAD 14 (PTC Corporation, Needham, MA) was used for
numerical calculations to determine efficiency of energy transfer
based upon the calculated R)= Ry/5, R,;,, and R, and the values
were subsequently graphed as a function of DChol% (mol%).

DChol FRET with different membrane probes in living
cells

The chosen membrane domain probes all have significant
spectral overlap with DChol to permit fluorescence energy trans-
fer. Fluorescence energy transfer was determined for the follow-
ing pairs: DChol as donor, Alexa Fluor CT-B, DiD, Alexa Fluor
660 BCO, and N-Rh-DOPE as acceptors, respectively; DHE as do-
nor, and DChol as acceptor. Cells labeled with both the donor
and the acceptor were excited at donor excitation wavelength,
and FRET was observed as increase in acceptor emission and/or
decrease in donor emission. For the probes relatively easy to pho-
tobleach (such as N-Rh-DOPE), acceptor photobleaching was
also used to see if there was increase in donor emission upon ac-
ceptor photobleaching. Controls were run with donor only and
acceptor only samples to ensure spectral bleed through was elim-
inated or corrected.

Real-time fluorescence imaging of DChol uptake
through plasma membrane cholesterol-rich and -poor
microdomains of living L-cell fibroblasts

To determine if DChol/MBCD complexes mediated DChol
uptake into L-cells primarily through cholesterol-rich or -poor
microdomains, L-cells were first labeled with Alexa Fluor CT-B as
described above, then were incubated with DChol-MBCD (DChol
concentration 10 wg/ml) in PBS. After DChol addition, images
were acquired continuously for the first 15 min at room tempera-
ture. Images of Alexa Fluor 594 CT-B (Ex 568 nm, Em HQ598/40
filter) were acquired simultaneously with DChol (Ex 408 nm, Em
HQ530/40 filter) through separate photomultipliers. DChol in
cholesterol-rich and -poor microdomains was obtained by mea-
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Structure and fluorescence properties of DChol. A: Structure of DChol. The properties of DChol in solvents are shown in B-H as
follows. B: Excitation and emission spectra of DChol in ethanol (5 pg/ml). Effect of solvent polarity (100% to 0% dioxane in water) on
DChol (5 wg/ml) excitation and emission maximum (C), stokes shift (D), fluorescence excitation intensity at maximum (E), fluorescence
emission intensity at maximum (F), polarization changes (G), and light scattering (H). The properties of DChol in LUV are shown in I and
J. LUV (POPC:total sterol = 65:35) were prepared with increasing DChol (0.1-10% of total sterol). I: Maximal fluorescence emission inten-
sity (excitation at 336 nm) of DChol in LUV with increasing amount of DChol. J: Fluorescence polarization of DChol (excitation at 336 nm;
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suring fluorescence intensity of pixels in the plasma membrane
that were colocalized and not colocalized with cholesterol-rich
microdomain marker Alexa Fluor 594 CT-B, respectively, as de-
scribed above. Average DChol fluorescence intensities in whole
cell, plasma membrane, intracellular region, and-cholesterol-rich
and —poor microdomains versus time were plotted.

RESULTS

DChol in aqueous buffers

Fluorescence excitation and emission maxima of the
purified DChol in ethanol were 336 nm and 522 nm, re-
spectively (Fig. 1B). Fluorescence spectral properties of
dansyl groups attached to proteins and polar lipids are
strongly dependent on solvent polarity and order (39, 40).
To study if DChol behaves similarly, spectra of DChol were
recorded in dioxane-water mixtures wherein the dielectric
constant ranged from 2 (100% dioxane) to 80 (100% wa-
ter). As shown in Fig. 1C, whereas DChol fluorescence
excitation maximum changed very little, its emission maxi-
mum was highly responsive to solvent polarity. As the
solvent dielectric constant increased from 2 to 42, the
emission maximum of DChol was red shifted by 26 nm.
However, further increasing solvent polarity to dielectric
constant 80 blue shifted the DChol emission maximum by
4 nm. The latter was most likely due to the limited aqueous
solubility of the DChol resulting in formation of micelles/
microcrystals as solvent polarity exceeded that of dielectric
constant 40. This was confirmed by light scatter and polar-
ization measurements (as will be discussed below). When
DChol was not micellar (i.e., dielectric constant 2—-40),
DChol Stokes shifts (i.e., difference between excitation
and emission wavelength at maximum) increased linearly
with the dielectric constant (Fig. 1D).

In addition to DChol emission wavelength sensitivity,
the maximal fluorescence excitation and emission intensi-
ties of DChol were also responsive to solvent polarity (Fig.
1E, F). When solvent dielectric constant increased from 2
to 42, the DChol maximal excitation intensity (Fig. 1E)
and maximal emission intensity (Fig. 1F) were decreased
nearly 70%. However, as the polarity of the solvent was fur-
ther increased, the DChol excitation and emission maxi-
mum intensity increased (Fig. 1E, F), again consistent with
micellization of DChol at solvent polarity greater than di-
electric constant of 40.

Fluorescence polarization (i.e., anisotropy) and light
scatter measurements confirmed the formation of DChol
micelles/microcrystals at solvent dielectric constant = 40.
DChol polarization in the most nonpolar environment
was very low (near 0.007 in solvent of dielectric constant
2), consistent with mobility of DChol monomers in isotro-
pic solvent (Fig. 1G), and increased very slowly as the sol-
vent dielectric constant increased to 40. When solvent
dielectric constant further increased = 40, DChol polar-
ization increased much more dramatically, consistent with
a more ordered/rigid microenvironment. Increased light
scattering at dielectric constant = 40 (Fig. 1H) also indi-
cated formation of larger particles or aggregation. There-
fore, polarization and light scattering data both are

consistent with formation of DChol micelles/microcrystals
at solvent dielectric constant = 40.

To further establish that the tendency of DChol to form
micelles/microcrystals in polar solvents was similar to
other fluorescent sterols and to cholesterol, light scatter
measurements were performed to determine the critical
concentration at which DChol form micelles/microcrys-
tals. The results showed that this critical concentration was
near 155 nM for DChol and 35 nM for cholesterol (supple-
mentary Fig. I). The result for cholesterol was consistent
with previously published data (41). Thus, similar to other
fluorescent sterols (15, 16, 42), DChol exhibited a some-
what higher critical concentration for micelle/micro-
crystal formation in aqueous buffer than exhibited by
cholesterol. Nevertheless, DChol, like cholesterol and
other fluorescent sterols, was very poorly soluble in aque-
ous buffer.

The above results indicated that the spectral properties
of the dansyl group present in DChol were greatly affected
by polarity and structure of the environment: i) DChol ex-
hibit the smallest Stokes’ shift and highest fluorescence
intensity in most hydrophobic environments (100% diox-
ane or micelle); ii) DChol showed the largest Stokes’ shift
and lowest intensity in the more polar environment (~40%
dioxane); and iii) as the solvent polarity increased to >40%
dioxane, DChol showed increased polarization and light
scattering, consistent with the low critical micelle/micro-
crystalline concentrations exhibited by both cholesterol
and fluorescent sterol analogs in aqueous buffers (15, 16,

49).

DChol in LUV model membranes

To determine the apparent polarity of the microenvi-
ronment sensed by DChol in a membrane lipid bilayer in-
dependent of the presence of proteins, DChol fluorescence
spectrawere obtained in a model membrane system (LUV)
comprised of POPC:total sterol = 65:35, with DChol ac-
counting for 1% of total sterol. Comparison with DChol
Stokes shift of 186 in LUV with that in solvent of different
polarity (Fig. 1D) indicated the polarity of the microenvi-
ronment sensed by DChol in lipid LUV was near a dielec-
tric constant of 15.

To determine the structural order of the cholesterol mi-
croenvironment sensed by DChol in a membrane lipid bi-
layer environment, DChol polarization was measured in
the above LUV. The polarization of DChol in the LUV
membrane lipid environment was 0.2, nearly 2-fold higher
than for DChol localized in micelles (Fig. 1G). This sug-
gested that the DChol either exhibited 2-fold higher order
in the lipid environment of LUV than in DChol micelles/
microcrystals, or DChol was self-quenched in micelles,
which resulted in decreased polarization as compared with
DChol in LUV.

Experiments were carried out to determine if DChol ex-
perienced self-quenching in lipid bilayer. When the per-
centage of DChol in the total sterol in LUVs was increased
from 0.5 to 10%, fluorescence intensity of DChol in LUV
increased linearly (Fig. 1I), and DChol polarization did
not change significantly (Fig. 1J). These results indicated
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that when DChol comprised up to 10% of total sterol in
lipid bilayer, there was very little if any DChol self-quench-
ing and DChol did not cause any disruption of membrane
structure.

DChol metabolism in L-cell fibroblasts

MBCD was used as a vehicle to facilitate DChol uptake
by L-cells, because cholesterol and DChol are poorly solu-
ble in aqueous buffer. One of the advantages of using
MBCD complex is that once the complex is formed, cho-
lesterol and DChol will not precipitate out of the solution
upon dilution. It was reported previously that cholesterol
binds 2-hydroxypropyl-B-cyclodextrin with the dissociation
constant = 1.5 mM, an affinity sufficiently weak to thereby
make the cholesterol cyclodextrin complex an excellent
cholesterol donor (43). The dissociation constants of
MBCD were determined to be 1.3 mM and 2.0 mM for
cholesterol and DChol, respectively (supplementary Fig.
IT). Therefore, MBCD showed similarly weak affinity for
both cholesterol and DChol.

DChol metabolism in L-cells was studied. After 30 min
incubation with DChol-MBCD, none of the DChol taken
up by L-cells was esterified (Table 1). If at the end of 30
min incubation, the DChol-MBCD complex was removed
and cells were incubated with serum containing medium
without DChol, then 5.4% and 19.4% of DChol taken up
were esterified after 3 and 24 h, respectively (Table 1).
The pattern of fatty acids esterified to DChol was very simi-
lar to that of cholesterol esters (not shown). Because total
DChol uptake (3.6 and 2.8 nmol/mg protein, respectively)
after 3 h or 24 h incubation with DChol free medium was
not substantially different from that of cells incubated for
only 30 min with DChol (2.7 nmol/mg protein), the
DChol taken up was not degraded by the L-cell fibroblasts.
Finally, when cells were incubated with DChol-MBCD
complex continuously overnight (24 h), total uptake of
DChol was 3.2-fold greater than the 30 min pulse incuba-
tion and about 4% of the DChol was esterified (Table 1).
In earlier studies, it was reported that 3.7% ['H]choles-
terol was esterified by L-cells after 24 h incubation, while
1.4-7.5-fold more NBD-cholesterol and DHE were esteri-
fied (29). Therefore, DChol was esterified similarly to
cholesterol by L-cells, unlike NBD-cholesterol and DHE.
In addition, the results suggested that incubating L-cells
with DChol-MBCD for less than 30 min would allow real-

TABLE 1. DChol esterification in L-cell fibroblasts

Incubation Time

With/Without DChol nmol/mg Protein %

With (h) Without (h) DChol Ester DChol Ester
0.5 0 2.7+0.4 ND 100 0

0.5 3 34+02 0.19+0.01 94.6+04 5.4+0.4
0.5 24 23+0.3 054+0.06 80.6+0.7 19.4+0.7
24 0 86+05 0.35+0.02 96.1+0.1 3.9+0.1

L-cells were incubated with medium containing DChol-MBCD (20
rg/ml). Cells were incubated for 30 min—24 h with DChol, followed by
incubation without DChol for 0-24 h as indicated. Cells were then
washed, lipid extracted and resolved by TLC, and DChol and DChol
ester quantitated as described in Methods. ND: not detected. Values
represent the mean = SEM, n = 4.
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time imaging primarily of the unesterified form of
DChol.

Incorporation of DChol into cholesterol-rich and -poor
fractions resolved by affinity chromatography of purified
plasma membranes from L-cell fibroblasts

Plasma membranes of eukaryotic cells are not homoge-
nous but are instead comprised of distinct lateral microdo-
mains termed cholesterol-rich and -poor microdomains
(3, 4, 6). Because cholesterol-rich microdomains isolated
biochemically are enriched in cholesterol (6), the distri-
bution of DChol in cholesterol-rich and -poor microdo-
mains was compared with that of cholesterol.

When L-cells were incubated with DChol-MBCD com-
plex, the distribution of DChol taken up into cholesterol-
rich vs. -poor microdomains was highly dependent on
incubation time (Table 2). On a mass basis, after 15 min
incubation, cholesterol-rich microdomains were enriched
2.1-fold in DChol compared with cholesterol-poor micro-
domains. This is similar to cholesterol, which was reported
to be enriched 2.5-fold in the cholesterol-rich microdo-
mains compared with cholesterol-poor microdomains on
a mass basis (22). When compared on a percent of total
sterol basis, DChol comprised essentially the same low per-
centrage of total sterol in cholesterol-rich and -poor mi-
crodomains, indicating that DChol codistributed with
cholesterol in both cholesterol-rich and -poor microdo-
mains. In contrast, at longer incubation times, larger
amounts of DChol (0.5-2.4% of total sterol) were incorpo-
rated into the plasma membrane and DChol was increas-
ingly distributed into cholesterol-poor microdomains
(Table 2).

DChol detects the polarity and structure of sterol in
affinity purified cholesterol-rich and -poor
microdomain-enriched fractions resolved from
isolated L-cell plasma membranes

Because DChol was sensitive to polarity and order/
structure in solvents and model membranes, these proper-
ties of DChol were examined in affinity-purified choles-
terol-rich and -poor microdomains from L-cells incubated
for 15 min with DChol-MBCD. Comparison of Stokes shift
of DChol in cholesterol-rich and -poor microdomains
(Table 3) with those in solvents (Fig. 1D) allowed estima-
tion of the relative dielectric constants of the microenvi-
ronment sensed by the dansyl group in DChol in these
plasma membrane microdomains to be near 18. The re-
sults suggested that the polarity of the microenvironment
sensed by DChol was the same in both cholesterol-rich and
-poor membrane domains and that the dansyl group was
located near the polar aqueous/membrane bilayer inter-
face in both plasma membrane domains.

In contrast to the lack of difference in membrane mi-
croenvironment polarity sensed by DChol in cholesterol-
richand-poormicrodomains, the fluorescence polarization
of DChol differed markedly in these domains. The fluores-
cence polarization of DChol in the cholesterol-rich micro-
domain fraction was significantly lower than in the
cholesterol-poor microdomain fraction (Table 3). Because
DChol was not self-quenched when DChol comprised up
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Distribution of DChol in cholesterol-rich and -poor microdomains isolated from L-cell fibroblast
plasma membranes by affinity chromatography

Incubation with DChol (h)

DChol

(nmol/mg protein) % Chol Replaced by DChol

Ratio in Cholesterol-Rich/
Cholesterol-Poor
Microdomains

Cholesterol-Rich
Microdomains

Cholesterol-Rich
Microdomains

Cholesterol-Poor
Microdomains

Cholesterol-Poor
Microdomains

0.25
1
24

2.06 + 0.69 0.98 + 0.58 2.10 £ 0.84 0.21 +0.07 0.25+0.15
4.52 +0.90 4.53 +0.18 0.99+0.16 0.46 + 0.09 1.16 + 0.05
7.10 + 0.65 9.37+£0.25 0.76 + 0.04 0.72 + 0.05 2.4+ 0.06

L-cells were incubated with DChol-MBCD complex (20 pg/ml medium) for the indicated times as described in Methods. Cells were then
fractionated to isolate plasma membranes, which were in turn resolved into cholesterol-rich and -poor microdomain enriched fractions by affinity
chromatography, lipids were extracted, and DChol and cholesterol were quantitated as described in Methods. Values represent mean + SEM of two

experiments.

to 10% of total membrane sterol (Fig. 1I), DChol repre-
senting 0.2% of total sterol in cholesterol-rich and -poor
microdomains was not self-quenched. Therefore, the
lower polarization indicated that DChol sensed a more
fluid microenvironment in cholesterol-rich than -poor mi-
crodomains near the polar aqueous/membrane bilayer

interface.

Real-time distribution of DChol in the plasma membrane
of living cells: qualitative colocalization with
cholesterol-rich and -poor specific microdomain markers
To determine if DChol preferentially distributed to cho-
lesterol-rich microdomains in the plasma membrane of
living cells, L-cells were double labeled with DChol and
another membrane domain marker and their colocaliza-
tion images (Fig. 2) were obtained as described in Meth-
ods. Although DChol (like cholesterol) is qualitatively
distributed in both cholesterol-rich and -poor microdo-
mains, quantitative analysis of the distribution was

594 CT-B distributed most intensely at the cell surface
plasma membrane, but not uniformly (Fig. 2A). DChol
also distributed at the plasma membrane (Fig. 2B) into
regions with high and low fluorescence intensity. Superpo-
sition of these simultaneously acquired images and quali-
tative comparison showed many pixels that were neither
red (Alexa Fluor 594 CT-B) nor green (DChol) but were
intermediate in color, suggesting colocalization (Fig. 2C).
Indeed, when only the colocalized yellow pixels were dis-
played (Fig. 2D), it was apparent that DChol significantly
colocalized with Alexa Fluor 594 bound to GM,; at the
plasma membrane and this distribution was not uniform.
Plotting the ratio of DChol distribution in cholesterol-rich
regions (colocalized with Alexa Fluor CT-B)/cholesterol-
poor regions (not colocalized with Alexa Fluor CT-B) showed
that at earlier time point, DChol preferentially distributed to
cholesterol-rich microdomains than at later time points (Fig.
2Q). The imaging results agreed with the results obtained
from biochemical fractionation shown above.

expected to reveal preferential distribution into choles-

terol-rich microdomains.

DChol colocalization with cholesterol-rich microdomain marker
L-cells were preincubated with Alexa Fluor
594-cholera toxin B (Alexa Fluor 594 CT-B), which directly
binds to GM;, a known marker of cholesterol-rich micro-
domains (6, 22, 26). Cells were then further incubated
with DChol-MBCD Complex (DChol), followed by simul-
taneous imaging of DChol (Fig. 2B) and Alexa Fluor 594
CT-B (Fig. 2A) in real time by LSCM through two separate
photomultipliers, as described in Methods. Alexa Fluor

GM, .

TABLE 3. Polarity and polarization of DChol in cholesterol-rich
and -poor microdomains resolved from plasma membranes
isolated from L-cell fibroblasts

DChol colocalization with the cholesterol-rich microdomain lig-
uid ordered phase marker DiD. Because cholesterol-rich mi-
crodomains are more liquid ordered than cholesterol-poor
microdomains, it was important to determine if DChol
also colocalized with a fluorescence probe DiD, a probe
preferentially localized to liquid ordered phase (44, 45).
DiD distribution in the plasma membrane was nonuni-
form, displaying a patchy pattern with strong fluorescent
areas and weak fluorescent areas (Fig. 2E). DChol distri-
bution in the plasma membrane (Fig. 2F) exhibited a very
similar pattern to that of DiD, as shown by colocalization
(Fig. 2G) and display of only colocalized pixels (Fig. 2H,
yellow pixels). To quantitatively determine the relative
DChol distribution between cholesterol-rich and -poor mi-

Parameter

crodomains, the fluorescence intensities of DChol colocal-

Cholesterol-Rich ized with as well as those not colocalized with DiD were

Microdomains

Cholesterol-Poor
Microdomains

Excitation Maximum (nm)
Emission Maximum (nm)
Stokes shift (nm)

Polarization

determined and the ratio in cholesterol-rich-cholesterol-poor

ggg f% ggi f; microdomains was plotted for the first 20 min (Fig. 2R).
188 + 1 190 + 9 The results clearly showed that at earlier time points,
0.203 + 0.005 0.244 + 0.002 DChol preferentially distributed to cholesterol-rich micro-

domains.

L-cells were incubated with DChol-MBCD complex (20 pg/ml
medium) for 15 min as described in Methods. Cells were then

fractionated to isolate plasma membranes, plasma membranes were
resolved into cholesterol-rich and -poor microdomain enriched
fractions by affinity chromatography, and fluorescence parameters
were determined as described in Methods. Values represent the mean +

SEM (n = 3-10).

DChol colocalization with cholesterol-rich microdomain marker
BCo6. BCH, the nonlytic fragment of a bacterial cytolysin,
has high affinity for cholesterol in cholesterol-rich micro-
domains (46). Alexa Fluor 660 BC6 was distributed non-
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randomly at the surface plasma membrane of cultured
L-cell fibroblasts (Fig. 2I). DChol was highly colocalized
with BCO as shown by superposition of DChol (Fig. 2]) and
BCO (Fig. 2I) images to yield a superposed image (Fig.
2K). Display of only colocalized pixels showed that DChol/
BCO colocalized pixels were distributed in a clustered pat-
tern at the plasma membrane (Fig. 2L).

Colocalization between DChol and the cholesterol-poor microdo-
main marker N-Rh-DOPE. N-Rh-DOPE, which contains two
unsaturated acyl chains, is known to preferentially distrib-
ute to fluid or liquid disordered phase in lipid bilayers (47,
48). Because cholesterol-poor as well as cholesterol-rich
microdomains contain DChol, confocal imaging (Fig. 2M-
P) also detected regions in the PM where Rh-DOPE and
DChol colocalized.

Real-time distribution of DChol in the plasma membrane
of living cells: quantitative analysis of colocalization with
cholesterol-rich and -poor specific microdomain markers
Confocal colocalization images showed that DChol co-
localized to some degree with all the membrane probes
tested regardless of whether the probes were cholesterol-

1164 Journal of Lipid Research Volume 51, 2010
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Fig. 2. Colocalization of DChol with different mi-
crodomain markers in living cells. L-cells were dou-
ble labeled with DChol and another membrane
domain marker, which were then simultaneously im-
aged through separate photomultipliers as described
in Methods. Images of DChol are shown in green in
B, F, J, and N. The images of membrane domain
markers are shown in red: Alexa Fluor 594 CT-B (A),
DiD (E), BC6 (I), and N-Rh-DOPE (M). The super-
position of red and green images are shown in C, G,
K, and O, and the yellow colocalized pixels are shown
in D, H, L, and P. Changes in DChol uptake into cho-
lesterol-rich and -poor microdomains with time were
followed by measuring the ratio dansyl fluorescence
(cholesterol-rich/-poor microdomains) with time
based on DChol colocalization with Alexa Flour 594
CT-B as shown in Q. ***, Significantly different from
6 min (P < 0.001); #, significantly different from 10
min (P < 0.05). R: DChol fluorescence distribution
(cholesterol-rich/-poor microdomains) with time
based on colocalization with DiD. *, Significantly dif-
ferent from 10 min (¥, P < 0.05, *** P < 0.001); #,
significantly different from 15 min (P< 0.05).
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rich or -poor domain probes. This was not unexpected,
because both types of microdomains contain cholesterol,
albeit at different concentrations. Therefore, quantita-
tive colocalization analysis was performed with three
independent procedures (supplementary Method IV) to
determine whether the observed colocalizations were sig-
nificantly different from each other and from that by
chance alone.

Mander’s colocalization coefficients. Mander’s colocaliza-
tion coefficients, M,,; and M,,,,, were calculated for each
pair of probes. For DHE, DiD, CT-B, and BC6, M, showed
that about 50-60% of their fluorescence intensities were
colocalized with DChol; in contrast, <30% of the N-Rh-
DOPE fluorescence was colocalized with DChol (Table 4).
M,,.., showed higher percentages of DChol fluorescence
colocalization with DHE (56%) and DiD (50%) and lower
percentages of DChol fluorescence colocalization with
CT-B, BC6, and N-Rh-DOPE (Table 4). The percentages
of colored pixels (data not shown) were calculated for
each probe to determine the degree of labeling. The re-
sults indicated that the percentages of DChol labeling
were relatively stable regardless of the second probe used.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2009/12/11/jir. M003244.DC1

Therefore, the difference in M,., indicated that DHE,
DiD, CT-B, and BCO had a higher tendency to colocalize
with DChol than N-Rh-DOPE. In contrast, the abundance
and/or degree of labeling varied greatly between these
different membrane markers (data not shown) in the or-
der of DHE = DiD = N-Rh-DOPE > CT-B = BCH. Therefore,
as shown in Table 4, even though Mg, showed different
degrees of colocalization of DChol with the other probes,
the differences in M, could be due to differences in co-
localization tendency or due to differences in the availabil-
ity of the other probe. To resolve this issue and determine
if the observed colocalization was significant and not just
due to chance, the observed colocalizations were com-
pared with the colocalizations predicted for a random dis-
tribution as described below.

Costes randomization test. Image ] with Colocalization
Test plugin was used to create 200 randomized DChol im-
ages by scrambling DChol fluorescent pixels within the
plasma membrane regions of interest. Then Pearson’s cor-
relation coefficient for the two channels (R,,) was calcu-
lated and compared with the Pearson’s coefficients for red
channel against the randomized DChol channel images
(R,4,0). For DChol colocalization with DHE, DiD, CT-B,
and BCO, R, > R4 100% of time (Table 4), indicating
the observed colocalizations between DChol and these
probes were significantly more than if due to random
chance. For DChol colocalization with N-Rh-DOPE, calcu-
lations revealed that R < R,,q4 100% of time (Table 4),
indicating a greater tendency for exclusion.

Ratio of observed-random colocalizing pixels. The ratios of
the observed percentages of colocalizing pixels to the pre-
dicted percentages using a random distribution of the
peak intensities were calculated for each pair of fluores-
cent probes. The results, tabulated in Table 4, showed the

TABLE 4. Comparison of DChol (green) colocalization with
different fluorescent membrane markers (red)

Colocalization Coefficients

Costes
Mander’s Randomization Observed/Random

Fluorescent PM (N =200) Ratio
Markers Mica  Mgeen % (Rops> Rigna) (mean + SE)
DHE (n =22) 0.61 0.56 100% 2.28 + (.08 ** #
DiD (n =23) 0.51 0.50 100% 1.93 +£0.14 * ##
Alexa Fluor CT-B 0.59 0.30 100% 2.19 +0.13 ** #

(n =26)
BC-H (n=14) 0.59 0.27 100% 2.69 + 0.21 **
N-Rh-DOPE 0.29 0.20 0% 1.49 + 0.10

(n=16)

DChol and a membrane domain probes were collected in two
separate channels. The images were background corrected, threshold
was set to select pixels with above average intensities, and regions of
interests were drawn to include only the plasma membrane of each cell.
Mander’s colocalization coefficients M,,; and M,,,,, were calculated and
Costes Randomization Test was performed with Image] using
Colocalization Test plugin as described in supplementary Method IV.
The observed/random ratio was the ratio of the observed percentage of
colocalized pixels to the predicted percentage of colocalized pixels
assuming a random distribution of both probes. *, **, Significantly
different from that of N-Rh-DOPE; #, ##, significantly different from
that of BCO; *, #, P< 0.05; **, ##, P<0.01.

following: 7) ratios for all the pairs were higher than 1, sug-
gesting higher colocalization than random distribution; )
the ratios for DChol colocalization with DHE, DiD, CT-B,
and BCO were significantly higher than that for N-Rh-
DOPE, indicating DHE, DiD, CT-B, and BCO had a higher
preference for colocalization with DChol than N-Rh-
DOPE; i) the ratio for BC6, a marker for cholesterol-rich
microdomains, was significantly higher than the ratios for
DHE, DiD, and CT-B, indicating BCO had the highest pref-
erence for colocalization with DChol.

Taken together, the above quantitative analyses of colo-
calization data were consistent with DChol residing in
both cholesterol-rich and -poor microdomains but prefer-
entially distributing to cholesterol-rich microdomains in
plasma membranes of living L-cell fibroblasts.

FRET to determine intermolecular distance between
DChol and cholesterol-rich or -poor microdomain
markers

Resolution of confocal imaging is >2,000 A and some
microdomains may be much smaller (3, 4, 6, 14, 16, 38,
49). Therefore, FRET experiments were performed to de-
termine if DChol and the membrane probes were in prox-
imity to allow fluorescence energy transfer. The limit of
resolution of FRET is in the range of 10-100 A (depend-
ing on the donor/acceptor pair) (50), well within the
range of small microdomains (3, 4, 6, 14, 16, 38, 49).

FRET between DChol (acceptor) and the cholesterol-rich microdo-
main marker DHE (donor) in model membranes (LUVs). When
acceptor DChol content increased from 0 to 10%, donor
DHE emission decreased, while the emission of acceptor
DChol increased (Fig. 3A), indicating energy transfer from
donor DHE to acceptor DChol. The energy transfer effi-
ciency was calculated and shown as a function of DChol
content (Fig. 3B, open circles). At 10% (mol%) DChol, the
energy transfer efficiency was about 70%.

Next, the predicted energy transfer efficiency using a
mathematical model of DChol randomly codistributed
with DHE in the LUV was calculated. The Forster distance
using the typical dynamical averaged value of K= 2/3 was
found to be R,=15.5 A. By implication, two probes would
have to be fairly close for a FRET interaction, as could be
the case if the two probes codistributed in lipid membrane
bilayers. Because the orientation factor of k” can range be-
tween 0 and 4 depending upon the orientational freedom
of the donor and acceptor involved in FRET (51), the
range was further narrowed by experimental techniques
to determine the upper and lower bounds for «”. Time-
resolved measurements of anisotropy parameters were
made using donor LUVs containing 5 mol% DHE and ac-
ceptor LUVs containing 10 mol% DChol in 2 m] PBS (see
supplementary Method VI). The two rotational times for
DHE and DChol, the fractional anisotropies, and, subse-
quently, the limiting anisotropy of each probe, were used
to calculate the depolarization factors of DHE and DChol
(Table 5). The minimum and maximum values of the ori-
entation factor for donor-acceptor resonance interaction
yielded the upper and lower limits on the Forster distance,
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Fig. 3. FRET between DChol and cholesterol-rich microdomain markers DHE, DiD, and BC6. A and B:
FRET between DChol and DHE in LUVs. A: Emission spectra (325-575 nm) of LUVs containing 5% DHE
and increasing amount of DChol. The spectra were recorded at 37°C with 300 nm excitation. B: The energy
transfer efficiency E% as a function of increasing DChol (mol%). Open circles, E% was calculated from
experimental data by E = 1 — I, /I, where I, and I, were donor DHE fluorescence intensity at 373 nm in
the presence and absence of acceptor DChol, respectively; lines, E% was calculated using a mathematical
model of random distribution of DChol relative to DHE in LUV bilayer as described in Methods. Solid line,
R = 15.5; short dashed line, R = 19.1; long dashed line, R = 13.1. C-H: FRET between DChol and DHE in
living cells by multi-photon imaging. Images were taken with multi-photon excitation using a 900 nm laser
and a D375/50 (350-400 nm) emission filter for DHE (C, E), BGG22 (410-490 nm) emission filter for
DChol (D, F). C: DHE emission when L-cells were incubated with DHE only. D: DChol emission when
L-cells were incubated with DChol only. E: DHE emission when L-cells were incubated with both DHE and
DChol. F: DChol emission when L-cells were incubated with both DHE and DChol. G: Average fluorescence
intensity of whole cells (mean + SE, n = 16-24). H: Average fluorescence intensity of PM (mean * SE,
n =16-24). ** P<0.01 ttest, significantly different from DHE only for DHE emission and significantly dif-
ferent from DChol only for DChol emission. FRET between DChol and DiD (I-K) and BC6 (L-N). The
excitation laser 408 nm was chosen to only excite the donor DChol and emission filter 680/32 was used to
only detect the emission from acceptor DiD and BC6. Upper panels show FRET between DChol (donor)
and DiD (acceptor). I: Image of cells labeled with donor DChol only. J: Image of cells labeled with acceptor
DiD only. K: Cells were labeled with both DChol and DiD. Lower panels show FRET between DChol
(donor) and Alexa Fluor 660 BC6 (acceptor). L: DChol only. M: Alexa Fluor 660 BC6 only. N: DChol plus
Alexa Fluor 660 BC6.
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R,;, and R,,. Due to the uncertainty in the orientation
factor, the curves (Fig. 3B) show the possible range of
FRET efficiencies as a function of DChol% (mol%) for a
random distribution of DChol about DHE in the model
membranes.

FRET Between DChol (acceptor) and cholesterol-rich microdo-
main marker DHE (donor) in plasma membranes of living
cells. To show if DChol and DHE were also codistributed
in proximity in plasma membranes of living cells, FRET be-
tween DChol (acceptor) and DHE (donor) was performed
by multiphoton laser scanning microscopy. When cells were
incubated with only DHE, DHE emission was prominently
detected at the plasma membrane in a visually nonrandom
pattern but less intensely within the cells (Fig. 3C). A simi-
lar pattern was observed when cells were incubated only
with DChol and DChol emission was observed (Fig. 3D).
However, when IL-cells were incubated with both DHE
(FRET donor) and DChol (FRET acceptor), the emission
of the DHE donor was weaker, especially at the plasma
membrane but still in a nonrandom pattern (Fig. 3E). Con-
comitantly, emission of the acceptor DChol was increased,
especially at the plasma membrane in a nonrandom pat-
tern (Fig. 3F). Quantitative FRET analysis of whole cells
(Fig. 3G) and plasma membranes (Fig. 3H) revealed the
DChol emission was significantly increased several-fold.
The results indicated that in living L-cells, the DChol and
DHE were also codistributed in proximity. Further, the
FRET pattern at the plasma membrane was not uniformly
distributed along the plasma membrane but instead ap-
peared clustered into bright and less intense regions consis-
tent with microdomains rich or poor in DChol and DHE.

FRET between DChol (donor) and cholesterol-rich liquid-ordered
microdomain marker DiD (acceptor) in plasma membranes of
living cells. FRET was carried out by exciting the donor
DChol with a 408 nm laser and observing the emission of
acceptor DiD with a 680/32 filter. When cells were labeled
with donor DChol only, no fluorescence signal was de-
tected (Fig. 3I), because the emission filter blocked out
donor DChol emission. When cells were labeled with only
DiD, no fluorescence emission signal was observed (Fig.
3]), because DiD does not absorb at 408 nm. When cells
were labeled with both DChol as well as DiD and then ex-
cited at 408 nm (excites only donor DChol), the fluores-
cence emission of acceptor DiD was clearly observed (Fig.

3K), indicating DiD and DChol were in proximity to per-
mit energy transfer from DChol to DiD.

FRET between DChol (donor) and cholesterol-rich microdomain
marker BCO (acceptor) in plasma membranes of living cells.  BCO,
the nonlytic fragment of a bacterial cytolysin, has high af-
finity for cholesterol in cholesterol-rich microdomains
(46). FRET was performed to excite donor DChol (408
nm laser at 30% power) and detect acceptor Alexa Fluor
660 BCO emission. When DChol and Alexa Fluor 660 BC6
were both present and donor DChol was excited, the ac-
ceptor emission appeared brighter (Fig. 3N) compared
with when only the acceptor was present (Fig. 3M). The
increase in fluorescence was not due to emission from do-
nor DChol, because when only DChol was present, no
emission signal was detected (Fig. 3L).

Lack of FRET between DChol (donor) and cholesterol-poor micro-
domain marker N-Rh-DOPE (acceptor) in plasma membranes of
living cells. FRET experiments were carried out to investi-
gate if N-Rh-DOPE and DChol were in close proximity to
permit fluorescence energy transfer. First, when donor
DChol was excited at 408 nm, there was no significant in-
crease in acceptor emission or significant decrease in donor
emission (data not shown). Second, when N-Rh-DOPE ac-
ceptor was photobleached with 100% laser power at 568 nm
for 6 min, there was no significant change in DChol donor
emission compared with DChol donor emission before ac-
ceptor photobleaching. As a control experiment, when cells
labeled with DChol only were subjected to the same photo-
bleaching procedure, DChol fluorescence emission was not
altered. Therefore, donor emission, acceptor emission, and
acceptor photobleaching experiments all showed no signifi-
cant FRET between DChol and Rh-DOPE.

In summary, FRET experiments demonstrated that
DChol was very close (10-100 A) to cholesterol-rich liquid-
ordered microdomain markers (DHE, DiD, BCO) but not
cholesterol-poor microdomain markers (N-Rh-DOPE) in
the plasma membrane of living cells.

Real-time confocal imaging of DChol trafficking
through plasma membrane cholesterol-rich and -poor
microdomains of living cells: DChol uptake from
DChol/MBCD

DChol uptake from DChol-MBCD was examined in
real time by LSCM of living L-cell fibroblasts. Uptake into

TABLE 5. Time-resolved anisotropy parameters, FRET orientation factor k°, and Férster distance for DHE

and DChol in LUVs
Fluorophore 7 6, (ns) vy 0,(ns) i)
DHE 0.098 + 0.001 0.39 £ 0.03 0.204 + 0.003 13.8 +0.4 0.302 + 0.003
DChol 0.05 +0.01 3.1+05 0.08 +0.01 23 +2 0.134 + 0.009
dix KZmin szax R’rnin N Rmax o
DHE 0.68 = 0.01 0.24 +0.03 23+04 13.1+0.3A 191 +06 A
DChol 0.60 + 0.08

Time-resolved anisotropy parameters (fractional anisotropies 7, rotational correlation times, 6, and limiting
anisotropy, 7)) for DHE and DChol in LUVs were measured as described in Methods. From these parameters,

X

depolarization factor (d;"), upper and lower limits on the FRET orientation factor k°, and Forster distance (R) were

calculated, as described in Methods.
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whole cells, plasma membranes, and intracellular regions
was monitored as described in Methods. DChol uptake
into control whole cells was rapid, detectable at the earli-
est time points measured, and did not plateau even by 14
min (Fig. 4A, solid circles). The uptake kinetics into the
plasma membrane (Fig. 4A, solid inverted triangles) was
faster, whereas that into the intracellular regions (Fig. 4A,
solid squares) was slower compared with uptake into the
whole cell (Fig. 4A, solid circles). DChol uptake into cho-
lesterol-rich and -poor microdomains was estimated from
DChol fluorescence measurement of pixels that were co-
localized (Fig. 4B, solid triangles) and not colocalized
(Fig. 4B, open triangles) with Alexa Fluor 594 CT-B, re-
spectively, at the plasma membrane. For the first 15 min,
DChol distribution into cholesterol-rich microdomains
was significantly faster than into cholesterol-poor micro-
domains. These were consistent with the results from
con-A affinity column isolation of cholesterol-rich and
-poor fractions, which also showed DChol preferentially
distributed to cholesterol-rich domain at shorter incuba-
tion times.

DISCUSSION

Plasma membrane cholesterol-rich microdomains are
rich in cholesterol and liquid ordered phase compared
with cholesterol-poor microdomains (3, 5, 6, 22, 26, 49,
52-54). Despite the more ‘rigid’ environment of choles-
terol-rich microdomains, experiments performed in vitro
with purified cholesterol-rich and -poor microdomains
show that cholesterol transfers into and out of cholesterol-
rich microdomains much more rapidly than into/out of

cholesterol-poor microdomains (6, 22, 26, 52, 53). While
these in vitro studies suggest that cholesterol may reside in
a significantly different microenvironment in cholesterol-
rich than -poor microdomains, the significance of these in
vitro studies of plasma membranes to living cells has not
been established. These issues were addressed herein by
use of DChol, model membrane system, affinity purifica-
tion of cholesterol-rich and -poor microdomains, and real-
time imaging of DChol in cultured L-cell fibroblasts to
yield the following new insights.

DChol was oriented similarly to cholesterol in mem-
brane bilayer as shown by polarity sensitivity. The polarity
sensed by DChol in model membrane bilayer correlated
with a dielectric near 15 very similar to that sensed by dan-
syl attached to the polar head group of dansyl-phosphati-
dylethanolamine in model membrane bilayer, which
correlated with a dielectric near 19 (40). This suggests the
dansyl group in DChol resides closer to the surface rather
than deep toward the center of the bilayer.

Because naturally occurring fluorescent sterol DHE is
known to orient similarly and codistribute with cholesterol
in cholesterol-rich and -poor microdomains (14-16, 37,
38), FRET between DHE and DChol was used to deter-
mine if DChol oriented and codistributed in proximity
similarly to DHE and, by extension, thereby similarly to
cholesterol. A mathematical model of DChol randomly
codistributed with DHE in the LUV was used to predict
energy transfer efficiency and then compared with the ex-
perimental data. In this model, changes in external radii
(7,) while maintaining a constant interaction thickness in-
volved had little effect on the resultant FRET efficiency.
However, changes in the interaction distances along the
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Fig. 4. Real-time confocal imaging of DChol uptake through cholesterol-rich and -poor microdomains of
L-cell fibroblasts. Cells were first labeled with Alexa Fluor CT-B as described in Methods, then DChol-MBCD
(DChol concentration 10 wg/ml) was added to the cells in PBS and fluorescence images were acquired
continuously for the first 15 min at room temperature. A: Average DChol fluorescence in the whole cell
(solid circles), in the plasma membrane (PM, solid inverted triangles), and intracellular regions (solid
squares). B: Average DChol fluorescence in the PM that colocalized with the cholesterol-rich microdomain
marker Alexa Fluor CT-B (solid triangles) and not colocalized with Alexa Fluor CT-B (open triangles). Im-
ages of DChol was obtained with 408 nm excitation and HQ530/40 emission filter, images of Alexa Fluor
CT-B were obtained with 568 nm excitation and HQ598/40 emission filter. Data were presented as mean +

SE (n = 25).
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bilayer thickness might be important. It has been reported
recently (55) that the top of the B ring of the steroid back-
bone of cholesterol resides 16 A from the bilayer center in
model membranes composed of 16:0-18:1 PC as measured
using a [2,2,3,4,4,6—2H6]labeled cholesterol in combina-
tion with neutron diffraction. This location would be
within 2 A from the relative center of the fluorescent DHE
conjugated system similarly arranged as cholesterol within
the bilayer. Subsequent calculations (not shown) using
different bilayer thicknesses found that as a result of the
short Forster distance between DHE and DChol (R,=15.5
A), the model was insensitive to any increases in the inter-
action distances along the bilayer depth (Ar> 32 A) across
the range of concentrations used in this experiment.
However, the model became increasingly sensitive for sub-
stantial decreases in interaction depths (Ar< 26 A), result-
ing in a significant increase in FRET efficiency compared
with the calculation at Ar=32 A (Fig. 3B). Thus, the data are
consistent for a random distribution of the DChol about the
DHE with orientations of the fluorescently labeled sterols
oriented with the hydroxyl group at the water-lipid interface
as has been reported for cholesterol’s polar head group
(33-OH) orientation in POPC and most other model mem-
brane bilayers (55). The only exception is the inverted
(3B-OH in center of bilayer) orientation of cholesterol in
pure di-C22:6n-3PC/cholesterol bilayers (55). However,
cholesterol-rich and -poor microdomains from plasma mem-
branes of L-cells or other cells contain many different fatty
acid species and only very low amounts of C22:6n-3, less in
cholesterol-rich than -poor microdomains (22, 56, 57).
DChol fluorescence spectral and polarization data
from isolated cholesterol-rich and -poor domain fractions
showed that DChol sensed similar polarity but different
fluidity between these two microdomains. Therefore,
the faster spontaneous sterol transfer from cholesterol-
rich microdomains observed in vitro (22, 26, 27, 52, 58)
was not due to differences in exposure of cholesterol to
the aqueous environment but to greater fluidity near the
head group region in cholesterol-rich than in -poor mi-
crodomains. Spontaneous cholesterol transfer is known
to be faster from more fluid membranes (2, 59). These
findings were consistent with those of the naturally oc-
curring fluorescent sterol DHE, which also exhibited
lower polarization in cholesterol-rich than -poor micro-
domains isolated from L-cells (52). Interestingly, it
should be noted that the bulk fatty acyl chain fluidity of
L-cell plasma membrane cholesterol-rich microdomains
was lower and more liquid ordered than in cholesterol-
poor microdomains (6, 26, 52). This finding suggested
that cholesterol may reside in a much more mobile re-
gion than the bulk lipid in the cholesterol-rich than -poor
microdomains and that even though the interior (acyl
chain region) of the phospholipid bilayer is more rigid,
the region near the phospholipid polar head group is
more fluid in cholesterol-rich than in -poor microdo-
mains. In an analogous study, it was reported that the
dansyl group attached to the polar head group in dansyl-
phosphatidylethanolamine experienced decreased polar-
ization in cholesterol-rich model membranes, suggesting

that while cholesterol increased the rigidity of the acyl
chain region, it conversely increased the mobility/fluid-
ity of the polar head group region (40). The localization
of the dansyl group of DChol in a less ordered microen-
vironment in cholesterol-rich than -poor microdomains
may account for the fact that cholesterol in cholesterol-
rich microdomains exhibits faster and greater: i) sponta-
neous cholesterol trafficking (6,22,26,52),ii) accessibility
to cholesterol oxidase (8), iii) accessibility to the intracel-
lular cholesterol transporter SCP-2 (6, 26, 36, 52), iv) di-
rect interactions with caveolin-1, which is enriched in
cholesterol-rich microdomains/caveolae, but not choles-
terol-poor microdomains (60, 61), v) accessibility to
plasma membrane cholesterol-rich microdomains/cave-
olae proteins involved in cholesterol uptake/efflux
including caveolin-1, ABCAI transporter, and SRBI
(62-64), and vi) accessibility to HDL and apoAl (27, 63).
These data suggest that not only the presence of reverse
cholesterol transport proteins in cholesterol-rich micro-
domains and the expression of intracellular cholesterol
binding proteins but also the structural properties of
cholesterol therein play important role(s) in regulating
cholesterol uptake/efflux.

Affinity chromatography of purified plasma membranes
and real-time imaging of living L-cells indicate that at early
time points of incubation, DChol was preferentially incor-
porated into plasma membrane cholesterol-rich microdo-
mains. The findings fit either of two models: i) DChol was
first taken up into cholesterol-rich microdomains and
then diffused laterally into cholesterol-poor microdo-
mains; or ii) DChol was taken up simultaneously into cho-
lesterol-rich and -poor microdomains but at different
rates. Studies with radiolabeled cholesterol and agents
that disrupt cholesterol-rich microdomains favor the for-
mer possibility (7, 65, 66).

DChol showed intense colocalization with and partici-
pation in FRET with multiple cholesterol-rich microdo-
main markers. Confocal colocalization images showed that
DChol colocalized to some degree with all the membrane
probes tested regardless of whether the probes were cho-
lesterol-rich or -poor domain probes. This was consistent
with the fact that cholesterol distribution is not absolute
but rather preferential, i.e., more in cholesterol-rich
and less in cholesterol-poor microdomains (6, 14-16, 37).
Results from additional quantitative colocalization analy-
ses demonstrated that DChol preferentially distributed
to cholesterol-rich compared with cholesterol-poor
microdomains in the plasma membrane of living L-cell
fibroblasts under nonsaturating conditions.

The FRET studies were particularly significant, be-
cause the limit of resolution of FRET (a few A) is well
within the size range of even the smallest cholesterol-
rich microdomains (3, 6, 14-16, 37, 38, 49). Importantly,
while efficient FRET was observed between DChol/DHE,
DChol/BC8, and DChol/DiD pairs, FRET did not occur
between the DChol/Alexa Fluor CT-B pair (not shown).
The latter observation served as a key negative control,
because cross-linking studies with photoactivatable GM1
show that GM1 also does not cross-link with cholesterol
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in cholesterol-rich microdomains (67). Furthermore,
cholesterol is enriched in the cytofacial leaflet of L-cell
plasma membranes, thereby making the intermolecular
distance between DChol (enriched in cytofacial leaflet)
and Alexa Fluor CT-B (exclusively at the exofacial leaf-
let) too great for efficient FRET (1, 68). Conversely,
FRET between DChol and DiD was efficient, because
DiD is preferentially distributed into more ordered lip-
ids and the cytofacial leaflet is more ordered (2, 6, 26,
44, 45, 52, 69).

Kinetic analysis of real-time DChol uptake images indi-
cated for the first time that DChol trafficked faster through
cholesterol-rich than -poor microdomains of plasma
membranes in living cells. These findings were consistent
with earlier studies performed in vitro with purified cho-
lesterol-rich and -poor microdomains isolated from
plasma membranes of L-cell fibroblasts or cultured pri-
mary hepatocytes (22, 26, 52, 53). The molecular basis for
faster DChol uptake via cholesterol-rich microdomains is
not completely clear. In the case of L-cell fibroblasts,
plasma membrane cholesterol-rich microdomains are
rich in caveolin-1 and SRB-1, proteins known to facilitate
cholesterol trafficking (7, 22, 27, 60, 61, 70). Although
hepatocyte plasma membranes are relatively deficient in
caveolin-1 (56), they nevertheless contain several other
proteins that facilitate cholesterol trafficking through the
plasma membrane (SRBI1, P-gp, ABCG1, ABCAL) (6, 10).
SRBI, P-gp, ABCG1, and likely ABCAL at the plasma mem-
brane are selectively localized in cholesterol-rich micro-
domains (6, 10, 56).

Taken together, the above findings indicated that DChol
was a useful probe of cholesterol-rich and -poor microdo-
mains with preferential selectivity for cholesterol-rich mi-
crodomains at early incubation times. il

The helpful technical assistance of Ms. Kerstin Landrock was
much appreciated.
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