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A series of cholesterol (Chol) probes with NBD and Dansyl fluorophores attached to the 3-hydroxyl position
via carbamate linkers has been designed and synthesized and their ability to mimic the behavior of natural
cholesterol in bilayer membranes has been examined. Fluorescence spectroscopy data indicate that the NBD-
labeled lipids are located in the polar headgroup region of the bilayer with their position varying with the
method of fluorophore attachment and the linker length. The partitioning of the Chol probes between liquid-
ordered (Lo) and liquid-disordered (Lo) phases in supported bilayers prepared from ternary lipid mixtures of
DOPC, Chol and either egg sphingomyelin or DPPC was examined by fluorescence microscopy. The
carbamate-linked NBD-Chols show a stronger preference for partitioning into Lo domains than does a
structurally similar probe with an ester linkage, indicating the importance of careful optimization of probe
and linker to provide the best Chol mimic. Comparison of the partitioning of NBD probes to literature data for
native Chol indicates that the probes reproduce well the modest enrichment of Chol in Lo domains as well as
the ceramide-induced displacement of Chol. One NBD probe was used to follow the dynamic redistribution
of Chol in phase separated membranes in response to in situ ceramide generation. This provides the first
direct optical visualization of Chol redistribution during enzymatic ceramide generation and allows the
assignment of new bilayer regions that exclude dye and have high lateral adhesion to ceramide-rich regions.
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1. Introduction

The raft hypothesis postulates that cellular membranes contain
discrete regions enriched in sphingomyelin (SM) and cholesterol
(Chol) [1,2]. These domains, termed lipid rafts, are thought to exist in
a liquid-ordered (Lo) phase; as such they have a different composition
from the remainder of the lipid bilayer, which is thought to be in a
fluid or liquid-disordered (Ld) phase. Lipid rafts are implicated in
processes involving membrane protein compartmentalization and
lipid sorting such as cell signaling, membrane trafficking and viral
infection [3]. It has been postulated that the enzymatic generation of
ceramide promotes coalescence of small raft domains to give larger
platforms, providing a mechanism for organizing signaling molecules
to facilitate and amplify signaling [4,5]. Ceramide is a small hydro-
phobic sphingolipid that is generated in vivo by sphingomyelinase
(SMase) mediated hydrolysis of SM [4,5]. The role of ceramide in cell
signaling is well documented and its involvement in apoptosis,
differentiation and internalization of viruses and bacteria has been
extensively studied [6,7]. Ceramide also has a pronounced effect on
membrane properties, forming gel phase, ceramide-rich domains in
both cells and model membranes [5,6,8].
The inherent difficulties in studying small, dynamic membrane
domains in cells have inspired many studies of the partitioning of
lipids and proteins between ordered and disordered phases in model
membranes [1,9–11]. This approach has provided valuable informa-
tion on the factors that lead to membrane compartmentalization and
the preference of various biomolecules for specific membrane
environments. For example, a variety of studies have shown that
direct incorporation of ceramide in ternary lipid mixtures with
coexisting liquid phases leads to gel phase ceramide-rich domains
and to the expulsion of Chol from liquid-ordered phases [12–22].
Although the consequences of direct ceramide incorporation are
reasonably well-understood, enzymatic ceramide generation is more
complex, even in model membranes [12,14,21,23–27]. Recently, we
have used a combination of atomic force microscopy (AFM) and
fluorescence to demonstrate that enzymatic generation of ceramide
leads to significant membrane restructuring of phase separated lipid
bilayers with coexisting Lo and Ld phases [24,25]. These changes
include formation of ceramide-enriched regions in the original Lo
domains and the disappearance of some domains with the concom-
itant formation of new membrane regions that exclude dye and have
different thickness and higher lateral adhesion than the initial Lo and
Ld phases. The multi-modal imaging approach allowed us to probe
changes on the nanometer scale using AFM and to follow the
dynamics of the larger scale bilayer restructuring using fluorescence,
providing significant insight into this complex process. Nevertheless,
it was not possible to draw definitive conclusions on the composition
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Fig. 1. Structures of the labeled Chols and the N-NBD-DHPE standard used in this study.
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(ceramide-rich vs Chol-rich) of new regions of high lateral adhesion
that were generated [25]. Although we considered the possibility of
probing Chol distribution with an antibody, our previous work had
shown that labeling Lo domains with GM1 cholera toxin significantly
reduced enzyme-induced membrane restructuring. Thus, we
employed an alternate approach using a dye-labeled Chol to evaluate
Chol redistribution during enzymatic reaction.

Fluorescence microscopy has been widely used to visualize Lo–Ld
phase separation for ternary lipidmixtures thatmodel some aspects of
membrane raft behavior but there are few probes that can selectively
label ordered Chol and sphingolipid-rich domains [28,29]. As demon-
strated recently by Feigenson and Webb, most fluorescent lipid
analogs partition strongly into the Ld phase based on fluorescence
microscopy studies in giant unilamellar vesicles (GUVs) [28]. The
membrane partitioning behavior of a number of fluorescent Chol
derivatives has been examined with three main strategies employed
for fluorophore incorporation [30]. First, naturally fluorescent sterols
such as cholestatrienol have been shown to mimic Chol in lipid
trafficking and in sterol-rich domains in lipid bilayers [31,32]. This
approach avoids modification of the hydroxyl group and the alkyl
chain, thusminimizing disruption of Chol packing in Lo phases, but has
significant limitations due to rapid photobleaching and the require-
ment for UV excitation [28,33]. Second, Chol analogs with dyes such as
NBD attached to the aliphatic side chain have been shown to partition
into disordered phases and do not duplicate the membrane conden-
sation effect of native Chol [28,29,32]. By contrast, attachment of a
hydrophobic fluorophore to the aliphatic side chain is more successful
since a Bodipy-Chol analog was shown to condense phosphatidylcho-
line (PC) monolayers and support the formation of a SM Chol ordered
phase [34]. However,fluorescencemicroscopy of supported bilayers of
DOPC/SM/Chol mixtures indicates that this probe is very sensitive to
the bilayer composition, localizing in either ordered (brain SM) or
disordered (C16-SM) phases or showing no contrast (C18-SM) [35].
Direct measurements of partition coefficients by fluorescence corre-
lation spectroscopy confirm these qualitative conclusions from
fluorescence intensity ratios, with Kp (Lo/Ld) of 1.9 and 0.8 for
DOPC/egg SM/Chol GUVs and DOPC/C18-SM/Chol supported bilayers
[13,36]. Third, several studies indicate variable results for hydroxyl-
labeled Chols. For example, replacement of the 3-hydroxyl with a
doxyl spin label did not significantly modify the behavior compared to
natural Chol based on NMR order parameters [32], whereas a Bodipy-
labeled Chol ester partitioned strongly into liquid-disordered domains
[37]. The above results demonstrate that the choice and method of
attachment of the dye require careful adjustment to design a fluo-
rescent analog that reproduces the behavior of natural Chol.

We have synthesized 4 novel fluorescent Chols (Fig. 1, 1–4) that
are labeled with fluorophores at the 3β-OH position, characterized
their fluorescence behavior in vesicles and examined their suitability
for visualization of phase separation in supported bilayers with
coexisting Lo and Ld phases. A combination of fluorescence and AFM
shows that the various Chol analogs have modest preferences for
either Lo or Ld phases, depending on the lipid composition, the
fluorophore and the length of the linker. One derivative has been used
to probe Chol displacement by direct ceramide incorporation in
bilayers containing SM. The same probe was employed to follow the
dynamics of membrane reorganization during enzymatic generation
of ceramide, providing the first direct visualization of enzyme-
mediated Chol redistribution, as well as information on the bilayer
composition after in situ ceramide generation.

2. Materials and methods

2.1. Materials

Dioleolylphosphatidylcholine (DOPC), dipalmitoylphosphatidylcho-
line (DPPC), chicken egg sphingomyelin (ESM), C16:0 ceramide (Cer),
cholesterol (Chol), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (N-NBD-
DHPE), and 5-cholesten-3β-ol 6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]caproate (NBD-6 Chol, 5) were purchased from Avanti
Polar Lipids (Alabaster, AL) and were used as received. Texas Red
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethyl-
ammonium salt (TR-DHPE) was obtained from Invitrogen (Eugene,
OR). Chol analogs 1–4 were synthesized from Chol and NBD-
alkylendiamines as described in the Supplementary material. Sphingo-
myelinase (SMase) isolated from Staphylococcus aureus was obtained
from Sigma-Aldrich. All aqueous solutions were prepared using
18.3 MΩcm Milli-Q water. SMase buffer: 125 mM NaCl, 10 mM CaCl2,
2 mMMgCl2, 10 mM HEPES, pH 7.4.

2.2. Preparation of bilayers

Small unilamellar vesicles were prepared with minor adjustments
to a previously described protocol [14]. Briefly, chloroform solutions
of phospholipids and dye-labeled lipids were mixed in the appropri-
ate ratios and the lipid films obtained after evaporating the solvent
were hydrated in water. The samples were then sonicated in a bath
sonicator to clarity to form SUVs with a final lipid concentration of
0.5 mg/mL. All vesicle solutions were sonicated at temperatures
above the Tm of the constituent lipids and were used immediately or
stored at 4 °C for up to 1 week prior to use.

Planar supported bilayers were formed on mica via vesicle fusion.
Vesicle solution (60 μl) and 750 μl CaCl2 (15 mM) were added to
freshly cleaved mica (15–25 μm thick for fluorescence imaging)
clamped in a liquid cell. After incubation at 45 °C for 60 min, bilayers
were gradually cooled to RT over a period of 2 h, and then gently
washed with Milli-Q water to remove unattached vesicles before
imaging. The presence of occasional defects allowed us tomeasure the
bilayer thickness, confirming the presence of a single bilayer.

2.3. Spectroscopic measurements

Absorption spectra were measured with a Cary 5000 UV–vis-NIR
spectrophotometer at 22 °C, using a 1-cm-path length quartz cuvette.
Absorption spectra for NBD-labeled Chols 1–3 and 5, and N-NBD-
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DHPE were measured in water at 0.5 mol% dye to total lipid in ves-
icles, with the total lipid concentration at 1.3×10−3 M. The spectra of
vesicle solutions containing dye-labeled lipids were corrected for
scattering using a vesicle solution of the same lipid composition in the
absence of dye. Emission spectra were recorded at 22 °C using a
Horiba Jobin Yvon FL3-21 2tau spectrofluorometer with slit widths of
1 nm. Fluorescence quantum yields Φ were obtained with reference
to N-NBD-DHPE in vesicles of egg yolk PC (Φ=0.16 [38]) at an
excitation wavelength of 470 nm and absorbance b0.2.

2.4. Fluorescence microscopy

Fluorescence images of most bilayers were measured in total
internal reflection fluorescence (TIRF) mode on an Olympus 1X81
microscope equipped with a high resolution CCD camera (CoolSNAP,
Photometrics, US) and a 60×/1.45 NA Plan Apochromat objective. The
NBD-labeled Chols were excited at 488 nm and emission collected at
530 (±20)nm. Dansyl-Chol images were obtained using an arc lamp
and a UV excitation/visible emission filter set (Semrock) in
epifluorescence mode. For SMase treatment, the bilayers were
washed with SMase buffer and imaged. The effect of enzyme on the
bilayer was followed in time by imaging the same area before and
after addition of buffered enzyme solution at room temperature.
Control experiments indicated that irradiation of bilayers containing
NBD-Chol 2 for similar time periods to those used for the SMase
treatments led to no changes in bilayer morphology, although
significant photobleaching of the dye was observed. The use of TIRF
microscopy is an advantage, even for thin bilayer samples, because
background fluorescence from residual vesicles in the solution does
not contribute to the bilayer signals. This is particularly useful for
studies of SMase-treated bilayers since enzyme activity frequently
leads to release of fluorescent vesicles into the solution.

For the fluorescence intensity analysis, the intensity counts of
adjacent domain and fluid-phase regions were obtained using
ImagePro software. A background fluorescence count was obtained
by either completely bleaching an area immediately adjacent to the
area-of-interest or by using a bilayer defect in the region of interest.
Care was taken to ensure that background, domain and fluid phase
intensities were measured within a small area (2–4 μm)with uniform
excitation intensity to minimize effects due to variation in excitation
intensity across the field of view. Several different areas were imaged
for each sample. The relative intensities of adjacent Ld fluid-phase and
Lo domains were taken from intensity cross sections of the area-of-
interest. These values were then corrected for background fluores-
cence to give an Ld/Lo intensity ratio (ILo/ILd). A minimum of ten
corrected ILo/ILd values were collected per region (approximately
100 µm2), and a number of different samples were measured for each
analog to check for reproducibility.

2.5. Quantification of bilayer standards

Relative quantum yieldmeasurements for supported bilayers were
measured using a recently reported procedure for quantifying
fluorescence microscopy data using supported bilayer standards
[39]. First, plots of fluorescence intensity vs [probe 2] in DOPC bilayers
were measured (in epifluorescence mode on an IX81 inverted optical
microscope) and shown to be linear between 0.1 and 1.0 mol% dye
(Fig. S1). Then fluorescence intensities for single phase bilayers of
DOPC, DOPC/Chol, DOPC/ESM and DOPC/DPPC (all 2:1 molar ratios)
containing 0.5 mol% 2 were measured under matched conditions. To
account for variations in spectral properties of the probe in different
lipid environments the intensity data was corrected using a scaling
factor measured on the same microscope. This was accomplished by
measuring the fluorescence intensity of vesicle solutions used to
prepare the supported bilayers by focusing the excitation laser deep
into the sample and verifying that the intensity measured did not vary
with small changes in the focus. The ratio of corrected intensities for
DOPC/Chol and DPPC (or ESM)/Chol bilayers provides an estimate of
the relative quantum yields for probe 2 in Lo/Ld phases.

2.6. Correlated fluorescence-atomic force microscopy

Correlated images were recorded using a JPK NanoWizard®II
BioAFM (JPK Instruments, Berlin, Germany) integrated with an
Olympus IX81 inverted optical microscope. AFM was performed in
contactmode and imageswere captured usingDNP-S (Veeco, CA) AFM
cantilever/tips with spring constants of 0.15–0.32 N/m. Images were
recorded in both topographic and lateral deflection modes. The
contrast in lateral deflection scans depends strongly on the normal
force applied to the sample and the scan speed. Epifluorescence images
were obtained using lamp excitation with a 100× oil immersion
objective (Olympus), FITC WF filter set (Chroma Technology) and a
high resolution CCD camera (CoolSNAP, Photometrics).

Solid-supported bilayers of the desired compositionwere prepared
and AFM and fluorescence images of the same sample area were
recorded sequentially, after locating a suitable sample region. Fluo-
rescence images had acquisition times of b3 s, much shorter than the
∼10 min required to obtain the AFM images. Typically fluorescence
images were recorded both before and after AFM images of the same
area to verify that the membrane morphology had not changed
dramatically during the time required for AFM imaging. For SMase
treatment the bilayer was imaged in water (using both techniques)
prior to replacing the water with a known volume of buffered enzyme
solution; this was followed by incubating the sample at room
temperature for 10–20 min while following its evolution by fluores-
cencemicroscopy. The samplewas then rinsed extensively with water
and re-imaged by both AFM and fluorescence.

3. Results

3.1. Design and synthesis of cholesterol analogs

Based on the advantages and limitations of the fluorescent sterols
that have been examined previously, we chose to synthesize Chol
probes with dyes conjugated at the 3-hydroxyl position. This choice
was based on the observation that Chols with polar fluorophores
attached to the aliphatic tail show a preference for labeling disordered
phases [28], while partitioning of the tail-labeled Bodipy-Chol is very
sensitive to the membrane composition, specifically the chain length
and heterogeneity of the SM component [13,35,36]. We selected the
small, polar NBD fluorophore, reasoning that the failure of the Bodipy-
Chol esters to partition into ordered domains [37] was due to insertion
of the hydrophobic Bodipy moiety into the membrane, disrupting
lipid packing. NBD is an environment sensitive dye with fluorescence
quantum yields that vary with solvent polarity, and has been widely
used as a probe in cells and model membranes [38,40]. The NBD
fluorophorewas attached via a carbamate group, as used previously to
attach a Dansyl chromophore to the C-6 position [41]; the carbamate
group is resistant to hydrolysis and retains some of the hydrogen
bonding capability of the free hydroxyl group. Diamine linkers with 2,
4 and 6 carbons were used to determine the optimal linker length to
minimize disruption of the polar head group packing by the
fluorophore. NBD-Chols 1–3 have intramolecular distances between
C-3 of the sterol and C-4 of the fluorophore ranging from 8.5 to 13.5 Å,
based on calculations for the lowest energy, anti-staggered linker
conformation. We also synthesized one analog with a Dansyl
fluorophore, which is similar in size to NBD but less hydrophilic.
Synthesis and characterization of probes 1–4 are described in the
Supplementary material. The structures for dye-labeled Chols (1–4), a
commercially available NBD-Chol ester with a 6-carbon linker (5) that
was used for comparison and the N-NBD-DHPE standard are shown in
Fig. 1.
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3.2. Fluorescence spectroscopy

Absorption and fluorescence spectra were measured for NBD-
Chols 1–3 and 5 and N-NBD-DHPE in aqueous vesicle solutions of 2:1
DOPC/Chol, 2:1 DPPC/Chol, and 2:1 ESM/Chol. These mixtures were
selected to approximate the composition of the Ld and Lo phases in the
domain-forming bilayers used for fluorescence microscopy; repre-
sentative data for several probes in DOPC were also measured. The
absorption spectra for all four probes were similar with maxima at
335 and 470 (±5) nm, corresponding to the π, π* and charge transfer
bands, respectively. The maximum of the fluorescence emission
spectra varied by ∼10 nm for the various probe/lipid combinations,
ranging from 527 to 537 nm, Supplementary material, Table S1. The
emission maxima are similar to literature values of 541 and 535 nm
for N-NBD-DHPE and several acyl chain labeled phospholipids in fluid
vesicles [38,40]. They are significantly blue-shifted from the 566 nm
emission maximum reported for n-propylamino-NBD in water,
reflecting the less polar environment of the lipid bilayer [42].

Fluorescence quantum yields, Φ, were determined in the same
lipid vesicles (Table S2) using N-NBD-DHPE in DOPC vesicles (Ф of
0.16 at 2.0 mol% dye in egg PC) as a standard [38]. Ф values for the
NBD-labeled lipids ranged from 0.12 to 0.26 for the different lipid
compositions, indicating relatively modest changes in the polarity
experienced by the NBD fluorophore as a function of either probe
structure or lipid composition. The effect of probe concentration in
ESM/Chol was examined for 2 (Table S2); the quantum yield
decreased by less than a factor of two over a probe concentration
range of 0.1 to 1 mol%.

3.3. Partitioning of dye-labeled cholesterols in ternary lipid mixtures

Lipid mixtures of DOPC, DPPC or ESM, and Chol in a 2:2:1 mol ratio
and containing 0.5 mol% of the dye-labeled lipids were used as a
starting point to study the partitioning behavior of the new Chol
analogs. Supported lipid bilayers of these mixtures display coexisting
Lo/Ld phases and afford Lo domains large enough to visualize using
fluorescence microscopy, as reported in previous studies [14,25,43].
Representative images for DOPC/ESM/Chol and DOPC/DPPC/Chol
bilayers containing 0.5 mol% probe 2 are shown in Fig. 2A, B. The
bilayer for the ESMmixture hasmany small dye-excluded regions that
correspond well to the dark domains observed for this mixture using
Texas Red-DHPE to visualize phase separation in our earlier work
[14,25]. The contrast between domains and fluid phase is much lower
than that observed for Texas Red-DHPE which has approximately 3-
fold higher intensity in the fluid phase than in the domains. The image
in Fig. 2A provides qualitative evidence for a modest preference of the
labeled Chol for the fluid phase. By contrast, the image in Fig. 2B for
the DOPC/DPPC/Chol bilayer shows small bright domains, indicating
that probe 2 preferentially stains the ordered domains; AFMwas used
to verify that the bright regions corresponded to higher liquid-
ordered domains.

Since the two raft mixtures showed different partitioning behavior
for probe 2, we examined several additional compositions within the
Ld/Lo co-existence region for DOPC/ESM/Chol membranes (Fig. 2)
[43,44]. The bilayer morphology changed as the lipid composition was
varied and AFM was used to verify the assignment of dye-excluded
areas to either fluid or ordered regions. Representative data for
correlated fluorescence and AFM imaging of a 7:9:4 DOPC/ESM/Chol
bilayer are shown in Fig. 3. The darker regions in the optical image
(Fig. 3A) correspond to raised domains and higher frictional contrast
in the AFM height and lateral deflection scans, respectively (Fig. 3B,
C), consistent with their assignment to areas of Lo phase. Similarly, the
areas of stronger fluorescence match the phase with lower height and
lower frictional contrast observed by AFM, and are identified as the
fluid or Ld phase (Fig. 3D). Comparison of AFM and fluorescence
images for the other compositions indicates that probe 2 partitions
more strongly into the Ld phase in all but one of the ESMmixtures (see
representative fluorescence images in Fig. 2C–F). The exception is the
bilayer with the highest fraction of ESM (3:5:2 DOPC/ESM/Chol, 50%
ESM, fluorescence in Fig. 2C, AFM not shown) where the ordered
phase has the stronger fluorescence; this composition gave
interconnected domains, making it difficult to distinguish Lo and Ld
phases based solely on the fluorescence images. The AFM and
fluorescence images for mixtures with variable ESM ratios indicate
that domains of the higher ordered phase become less round and
increasingly irregular in shape and cover a larger fraction of the
surface area as the fraction of ESM increases. The 1:1:1 bilayers
typically exhibited smooth, round domains (Fig. 2F) that were
consistently larger than those for the other ESM mixtures.

For comparison to literature data [45], DOPC/brain SM/Chol
bilayers (3:2:1 and 4:2:1) containing 0.5 mol% probe 2 were imaged
by fluorescence microscopy and AFM. These mixtures gave higher
liquid-ordered domains (as visualized by AFM) that were slightly
darker than the surrounding membrane in fluorescence images;
representative images are shown in Fig. S2. Thus, both egg and brain
SM have qualitatively similar partitioning behavior for NBD-Chol 2.

The ratios of intensities (ILo/ILd) for Lo and Ld phases in bilayers of
various ternary lipid mixtures with 0.5 mol% of probes 1–5 were
measured for multiple bilayers for each probe/lipid composition
(Table 1). The differences between probes and for different lipid
compositions aremodest, with a slight preference for localization in the
Ld phase in most cases. Intensity ratios are one of the most important
factors for assessing the utility of probes for labeling specific membrane
domains for microscopy experiments. However, the intensity ratios
reflect changes in both probe concentration and probe brightness and
thus provide only qualitative information on the partitioning of probes
between lipid environments. For example, a probe may show stronger
fluorescence in one phase due to changes in its photophysical behavior,
rather than a higher concentration. Changes in probe brightness are
caused by variation in quantum yields, concentration-dependent self-
quenching or excitation efficiency (due to different molecular orienta-
tions) as a function of lipid environment [28]. Although many
investigations of probe partitioning are based solely on a comparison
of fluorescence intensities, others report directly measured partition
coefficients, making a quantitative comparison between the two types
of measurements problematic.

Differences in probe brightness between Lo and Ld phases for 2
were measured in order to estimate partition coefficients from the
fluorescence intensity data for this probe in supported bilayers [39].
First, plots of fluorescence intensity as a function of [2] in DOPC
bilayers were linear between 0 and 1% (Fig. S1), demonstrating that
self-quenching does not occur at the dye concentration (0.5%) used
for the phase separated bilayers. Although self-quenching has been
reported for NBD-labeled lipids in vesicles, it occurs over a higher
range of concentrations (eg, between 3 and 9% for C12-NBD-PC) [46].
Second, the relative quantum yields for probe 2 in different lipid
environments were estimated from fluorescence intensity measure-
ments for single phase DOPC, DOPC/Chol, DPPC/Chol and ESM/Chol
bilayers under matched conditions, as outlined in the Materials and
Methods. PC or SM/Chol mixtures with 2:1 molar ratios were used,
providing an upper limit for the fraction of Chol in the Lo and Ld
phases. The intensity ratios provide an estimate for the ratio of
quantum yields for Lo vs Ld phases of 0.72 and 0.76 for ESM and DPPC
mixtures, respectively. The ratio of quantum yields measured for
vesicles of the same composition in solution gives similar results (0.73
and 0.79 for ESM and DPPC mixtures, respectively). This validates the
approach based on quantification of intensities from supported lipid
bilayers [39] and indicates either that the solid support does not affect
the probe brightness or that the effect of the support is similar for both
ordered and disordered phases. The quantum yield ratios for probe 2
were then used to estimate Kp from the (ILo/ILd) data for phase
separated bilayers of ternary lipid mixtures (Table 1). Note that this



Fig. 3. Correlated fluorescence and AFM images for a DOPC/ESM/Chol (7:9:4) supported lipid bilayer containing 0.5 mol% NBD-Chol 2: (A) epifluorescence image; (B, C) height and
lateral deflection AFM images, respectively; (D) intensity and height cross sections for the lines indicated in A and B. The cross sections indicate that the raised Lo domains observed
by AFM are ∼0.8 nm higher than the surrounding Ld phase and correspond to the dark, dye-excluded regions in the fluorescence image.

Fig. 2. Fluorescence images (TIRF) illustrating the partitioning of NBD-Chol 2 (0.5 mol%) between liquid-ordered and liquid-disordered phases in supported lipid bilayers prepared
from ternary lipid mixtures: (A) DOPC/ESM/Chol 2:2:1; (B) DOPC:DPPC:Chol 2:2:1; (C) DOPC/ESM/Chol 3:5:2; (D) DOPC/ESM/Chol 5:3:2; (E) DOPC/ESM/Chol 7:9:4; (F) DOPC/
ESM/Chol 1:1:1.
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Table 1
Ratio of fluorescence (ILo/ILd) intensities and partition coefficients (Kp) for liquid-
ordered/liquid-disordered phases for Chol analogs 1–5 in bilayers with various lipid
compositions. Data from TIRF microscopy, except for probe 4 and Cer and brain SM
mixtures, which were measured by epifluorescence.

Lipid compositiona Dye ILo/ILd Kp
b

DOPC/DPPC/Chol
2:2:1 1 0.77±0.04 0.65
2:2:1 2 1.37±0.08 1.0
2:2:1 3 1.26±0.07 1.8
2:2:1 4 0.55±0.03
2:2:1 5 0.69±0.04 0.4

DOPC/ESM/Chol
2:2:1 1 0.83±0.04 1.1
2:2:1 2 0.94±0.02 0.7
2:2:1 3 0.90±0.02 1.0
2:2:1 4 0.49±0.04
2:2:1 5 0.73±0.05 0.4
3:5:2 1 0.79±0.04 1.0
3:5:2 2 1.11±0.02 0.8
3:5:2 3 0.79±0.03 0.8
5:3:2 2 0.89±0.02 0.6
7:9:4 2 0.89±0.04 0.6
1:1:1 2 0.86±0.04 0.6

DOPC/ESM/Chol/Cer
7:7:4:2 2 0.53±0.05c

DOPC/brain SM/Chol
3:2:1 2 0.88±0.05
4:2:1 2 0.90±0.04

a Molar ratios.
b Kp for probe 2was estimated using relative quantum yields from supported bilayer

experiments; for other probes quantum yield ratios for vesicle solutions were used.
c Igel/ILd for ceramide-enriched domains is 0.27±0.06.
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approach assumes that self-quenching is negligible (consistent with
the linear dependence of intensity on probe concentration) but does
not account for changes in excitation due to different orientations in
the supported bilayer [39]. Based on the similarity in quantum yield
ratios for probe 2 in Lo and Ld phases measured for supported bilayers
and vesicles, Kp values for the other NBD-Chol probes were obtained
using the quantum yield data for vesicles.

3.4. Partitioning of NBD-cholesterol 2 in ceramide-containing
lipid bilayers

Bilayers prepared from vesicle solutions of DOPC, ESM, Chol, and
synthetic ceramide (16:0) in a 7:7:4:2 ratio containing 0.5 mol% NBD-
Chol 2were imaged by AFM and fluorescence microscopy (Fig. 4A, B).
The AFM height image shows irregularly shaped domains with two
distinct heights. The lower domains are ∼1 nm higher than the
Fig. 4. Correlated AFM and fluorescence images for a DOPC/ESM/Chol/Cer (7:7:4:2) support
image; (C) fluorescence intensity and height cross sections for the lines indicated in images A
darkest domains in the fluorescence image, while Lo domains with intermediate height cor
surrounding DOPC-rich phase (Fig. 4C), consistent with the results for
Lo domains in bilayers without Cer (Fig. 3). The higher areas are
assigned to ceramide-rich domains, based on earlier studies that have
shown that direct incorporation of ceramide leads to ceramide-
enriched domains adjacent to or within the initial liquid-ordered
domains for ternary lipid mixtures containing SM [12–14,24]. As
described previously [25,47], the apparent height of the ceramide-rich
subdomains is extremely sensitive to the force applied, varying from
asmuch as 3–4 nm at relatively high setpoint (cross section in Fig. 4C)
and decreasing to ∼1 nm at lower setpoint/force.

The fluorescence image of the same region scanned by AFM shows
two different intensity levels associated with the domains (Fig. 4B, C).
The ceramide-enriched regions observed by AFM correspond to the
darkest domains while the intermediate height Lo domains have an
intensity intermediate between those of the ceramide-rich domains
and the bright Ld phase. The correlated AFM and fluorescence images
provide qualitative evidence that probe 2 has a lower preference for
the ceramide-enriched regions than for the Lo domains (Table 1). The
ILo/ILd ratio (Table 1) suggests an increased preference for probe 2 to
partition into the Ld phase in the presence of ceramide, possibly
reflecting a small fraction of ceramide in the Lo domains.

3.5. NBD-cholesterol 2 in sphingomyelinase-treated bilayers

Probe 2was used to follow membrane restructuring during SMase
treatment of supported bilayers prepared from 7:9:4 DOPC/ESM/Chol
lipid mixtures. Prior to enzyme addition AFM shows higher Lo
domains that correspond to the slightly darker areas visualized by
fluorescence microscopy in a correlated imaging experiment (Fig. 3).
The bilayer was treated with SMase, and fluorescence images of the
same area were recorded over a period of 20 min (Fig. 5). Changes in
the bilayer appeared shortly after enzyme addition, with the most
dramatic restructuring events occurring on the timescale of a few
minutes. Dark, dye-excluded patches formed within the first minute
and grew rapidly in diameter over the first 5 min following enzyme
addition (areas 1 and 2 in Fig. 5B, C). Whereas bilayers prior to
enzyme addition show only two levels of fluorescence, an intensity
cross section for the bilayer 5 min after enzyme addition demon-
strates that the dark dye-excluded regions have considerably lower
fluorescence intensity than the surrounding Lo domains, which are in
turn less intense than the fluid phase (compare cross sections a and b
in Fig. 5). The original domains are no longer visible in the dye-
excluded patches (areas 1 and 2) that form after enzyme addition, but
in other areas the original domains persist largely unchanged (area 3).

Images recorded after 10 min show the presence of bright, steadily
expanding rings that surround the large dark regions (see the bright
ed lipid bilayer containing 0.5 mol% NBD-Chol 2: (A) AFM topography; (B) fluorescence
and B. The highest domains are assigned to a Cer-rich gel phase and correspond to the

respond to areas of intermediate intensity in the fluorescence image.



Fig. 5. Fluorescence images for a DOPC/ESM/Chol (7:9:4 with 0.5 mol% 2) supported lipid bilayer before and during incubation with 0.33 U/ml SMase: (A) bilayer before enzyme
addition; (B–F) bilayer imaged at 2.5, 5, 10, 15 and 19 min after SMase addition. Three regions of the bilayer are marked (1–3) and referred to in the text. Cross sections (a, b, c) are
shown for the lines indicated in images A, C and F. Only two levels of fluorescence intensity are observed before (A, a) and at longer times after enzyme addition (F, c), while three
intensity levels are evident at intermediate times (C, b).
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rings around areas 1 and 2 in Fig. 5D–E). Other regions of the bilayer
have a mixture of bright and dark areas that retain the outlines of the
original domains. By the end of the time course, the small dark
domains are of similar intensity to the large dye-excluded patches
that grow in, rather than of intermediate intensity as for the image
recorded at 5 min (Fig. 5F and cross section c for area 2). The dark
patches and bright rings in the fluorescence images recorded during
enzyme treatment for 7:9:4 DOPC/ESM/Chol bilayers are qualitative-
ly similar to our earlier observations for bilayers prepared with
different ratios of the same lipids and using Texas Red-DHPE to
visualize bilayer morphology [24,25]. However, the NBD-labeled Chol
probe provides additional information on changes in Chol distribu-
tion, suggesting that Chol is excluded from the dark patches that form
during enzyme action, as well as from the domains.

To confirm the above hypothesis, the bilayer was washed to
inactivate/remove enzyme and correlated AFM and fluorescence
images were recorded (Fig. 6). Although a different area is imaged
after washing, the fluorescence image (Fig. 6A) has similar features to
those in Fig. 5F; cross sections (Fig. 6D, E) show 3 intensity levels with
the large dye-excluded patches being the least intense. This confirms
that a difference in dye bleaching efficiency in Lo and Ld phases is not
responsible for the observed intensity variations in Fig. 5. The
correlated images allow us to draw three conclusions on the
restructured bilayer. First, the AFM image shows many small raised
features that are similar in size and shape to domains observed prior
to enzyme treatment (Fig. 6B, areas outlined in blue). Some of these
domains have raised edges, analogous to those assigned to ceramide-
rich subdomains in earlier AFM studies [14,25]. The domain
heterogeneity is also visible by fluorescence for the larger domains,
as indicated by the intensity cross sections shown in Fig. 6E, F. Note
that small dark domains with brighter centres are found in other
areas, for example area 3 in Fig. 5. Second, the bright fluorescent rings
correspond to uniform lower regions in the AFM image, consistent
with a disordered DOPC-rich phase. Third, the dark patch (circled in
green) in the centre of the bright ring in the fluorescence image has a
height intermediate between those of the small ceramide-enriched
domains and the lower DOPC-rich regions. This feature shows up
clearly in lateral deflection scans (Fig. 6C), and probe 2 suggests that
this region is depleted in Chol. The combination of different imaging
modes demonstrates that the dark patches in the centre of the bright
rings have properties that are different from other regions of the
bilayer, consistent with ceramide-enriched platforms formed by
enzyme activity. Elsewhere ceramide localizes in small subdomains
within and surrounding the original Lo domains. The composition of
the two ceramide-enriched regions is likely to be significantly
different.

The reorganization of the enzyme-treated bilayers varies for
different regions of an individual sample (and from sample to sample)
and is attributed to variable numbers of active enzyme molecules in
specific regions [25]. The complexity of the enzyme-initiated bilayer
restructuring makes it essential to correlate AFM and fluorescence
images for the same bilayer area. Correlated AFM and fluorescence



Fig. 6. Correlated fluorescence and AFM images for a DOPC/ESM/Chol (7:9:4 with 0.5 mol% 2) bilayer that was treated with 0.33 U/ml SMase for 22 min and washed prior to
imaging: (A) fluorescence; (B, C) AFM height and lateral deflection images; (D–F) intensity and height cross sections for the lines indicated in images A and B. The large dark patches
have lower fluorescence intensity than regions that retain the outlines of the initial domains (D) and show enhanced contrast in lateral deflection (C). Superimposed fluorescence
intensity and height cross sections (E) confirm that the domain perimeters are taller and brighter than the dye-excluded patches. Another superposition of intensity and height
(F) shows that the domain perimeter (brown arrow) has lower fluorescence than the domain interior.
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images for a second SMase-treated bilayer are presented in Fig. S3 to
illustrate the range of morphologies produced by enzyme treatment.
The results are qualitatively similar to those in Figs. 5 and 6 in that 3
intensity levels are evident in the fluorescence image (Fig. S3A, B)
with large dark patches and areas of intermediate intensity that
correspond to the initial Lo domains. However, the bright rings of fluid
phase are not observed, possibly due to lower enzyme activity. A
lateral deflection AFM image (Fig. S1D) shows that the dark areas
have high frictional contrast and the smaller domains are heteroge-
neous with raised edges; both of these effects are attributed to
ceramide-rich bilayer regions.

4. Discussion

4.1. NBD-Chol photophysics in lipid bilayers

NBDhas strong solvatochromic propertieswith a quantumyield that
decreases with increasing solvent polarity, a property that has been
exploited to assess the location and orientation of fluorophore-labeled
lipids in membranes [38,40]. In the present study we have observed
quantum yields ranging from 0.12 to 0.26 for the various NBD-labeled
Chols. By comparison to earlier studies on the solvatochromic properties
of n-propylamino-NBD in organic solvents andwater-dioxanemixtures,
these data indicate a relatively polar environment with dielectric
constants between 30 and 40 [38,42]. A wider variation in quantum
yields was observed previously for acyl chain labeled NBD-phospholi-
pids that adopt a looping configuration with the NBD group in the
relatively polar headgroup region of the bilayer [38].

NBD-Chols 1–3 show only small variations in quantum yield as a
function of the linker length in DOPC/Chol and the observed values
are similar to those in DOPC as well as to those for NBD-DHPE and the
ester-linked NBD-Chol, 5. This suggests that, in the Ld phase, the
polarity of the NBD environment is insensitive to the linker length and
the method of fluorophore attachment, consistent with the disor-
dered lipid packing in a fluid bilayer. By contrast, the quantum yields
for the DPPC/Chol and ESM/Chol vesicles show larger changes when
the linker length is varied from 2 to 6 carbons. Probe 2 with the 4-
carbon linker has significantly higher quantum yields, indicative of a
less polar environment, than do 1 and 3 which have shorter and
longer linkers, respectively. The more polar environment for 3 (with
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the 6-carbon linker) is consistent with positioning of the NBD closer to
the bilayer interface in a more aqueous environment. It is less obvious
why the short two-carbon linker also places the NBD in a more polar
environment; one possibility is that the short linker causes significant
disruption of headgroup packing, leading to greater water penetra-
tion. Interestingly, quantum yields for NBD-DHPE and 5 follow the
same trend as 2 in DPPC/Chol and ESM/Chol vesicles, indicating that,
despite the change in lipid and method of linker attachment, the
fluorophore senses a similar and slightly less polar environment
(compared to DOPC) for all three probes. Note that the distance
between the Chol oxygen and the dye in ester 5 is almost the same as
for probe 2.

The observation of a less polar environment for 2, 5 and NBD-DHPE
in liquid-ordered vesicles is in contrast to the conclusion that the NBD
group in acyl chain labeled lipids is expelled from the bilayer toward
the aqueous phase in a gel phase relative to a fluid phase [38]. We
attribute this difference to disruptions to lipid packing caused by the
looping conformation assumed by the NBD fluorophore for chain
labeled phospholipids. Variations in lipid packing and hydration for a
Chol-enriched Lo phase, compared to a gel phase, may also play a role
[48].

4.2. Fluorescent analogs for modeling free cholesterol

The qualitative partitioning data obtained from fluorescence
intensity ratios indicate that the four NBD-Chols show modest pref-
erences for either Lo or Ld phases, depending on the lipid composition
and the length and method of attachment of the linker. The estimated
partition coefficients show the same general trend in most cases. For
the DOPC/DPPC/Chol bilayers, probe 3 shows a significant preference
(Kp=1.8) for the Lo domains in DOPC/DPPC/Chol bilayers, whereas
probe 1 with the short carbamate linker and ester 5 partition more
strongly into the Ld phase. Probe 2 is similar to probe 3 in terms of
fluorescence intensity data but after taking changes in probe
brightness into account, it actually shows no preference for Lo over
Ld phase (Kp of 1). Although the variation in partitioning behavior is
relatively modest, the results suggest that the length of the linker and
the use of an ester vs carbamate linker do influence probe
partitioning. Of the probes that we have examined, a carbamate
linker with approximately 13.5 Å between C-3 of cholesterol and C-4
of NBD (probe 3) gives the highest Lo partitioning.

The data for DOPC/DPPC/Chol mixtures can be compared to recent
studies that have used NMR and/or fluorescence to examine phase
separation in DOPC, DPPC and Chol mixtures, demonstrating that the
Lo phase is strongly enriched in DPPC andmoderately enriched in Chol
[49,50]. For example, a partition coefficient for Chol of 1.4 was
measured for a 1:1 mixture of DOPC/DPPC with 30 mol% Chol at 20 °C
[50] and it was concluded that Chol concentrations ranged from 10 to
20 mol% in the Ld phase and 30 to 40% in the Lo phase for 1:1 DOPC/
DPPC mixtures with 15 or 30% Chol [49]. These data indicate that 3
(and to a lesser extent 2) provide reasonably good models for the
behavior of native Chol in DOPC/DPPC/Chol mixtures, significantly
better than either 1 or 5. It is evident that relatively small changes to
the linker and method of attachment can modulate the partitioning of
the NBD-labeled lipids between Lo and Ld phases.

The 3 carbamate-linked NBD-Chols have a reduced preference for
the Lo phase for 2:2:1 DOPC/ESM/Chol bilayers, compared to the
corresponding DPPCmixtures. Probe 2 does not show a preference for
localization in the Lo phase for any of the SMmixtures (including brain
SM) that we have examined. The reduced preference for the Lo phase
for ESM mixtures compared to DPPC mixtures is consistent with
results for several carbocyanine dyes that were shown to partition
into the Ld phase for ternary lipid mixtures containing SM but into the
Lo phase for DSPC mixtures [28]. By contrast, the ester-linked NBD-
Chol, 5, has a Kp value of 0.4 in both ESM and DPPC ternary lipid
mixtures. Interestingly, the Dansyl probe (4) has the strongest
preference for the Ld phase based on fluorescence intensities in both
DPPC and ESM mixtures, consistent with the hypothesis that the less
hydrophilic probe may interact more strongly with the bilayer,
leading to a preference for the disordered phase.

A recent NMR study of lipid diffusion in DOPC/ESM/Chol mixtures
has concluded that Chol partitions to roughly the same extent into
both Lo and Ld phases and that the driving force for phase separation
in this system is the increasing difficulty of incorporating DOPC into
an ordered phase [51]. This observation is in good agreement with the
probe partitioning that we observe for 1–3. However, other studies
have shown a strong affinity of cholesterol for ESM or brain SM Lo
domains when the unsaturated lipid component is POPC and have
concluded that the interaction between Chol and SM is at least as
favorable as that between a long chain saturated PC and Chol [52,53].
The lack of quantitative information on the ratio of Chol in Lo and Ld
phases for DOPC/ESM/Chol precludes a direct assessment of the
ability of the NBD-Chol probes to mimic the behavior of native Chol in
the ESMmixture. Nevertheless, the stronger preference of 1–3 for the
Lo phase, relative to the ester-linked derivative, is encouraging.

NBD-Chol probes 1–3 have advantages over some of the other
fluorescent sterols that have been used to mimic the behavior of free
Chol in model membranes [30]. Intrinsically fluorescent sterols, such
as cholestatrienol and dehydroergosterol, are generally accepted to be
reasonably good models for native Chol. However, they do show
differences in NMR order parameters relative to Chol, and their rapid
photobleaching and requirement for UV excitation limit their utility
for studying biological samples [28,30,32,33]. The two alternate
approaches of attaching a fluorophore to either the alkyl side chain
or the hydroxyl group of the sterol backbone have met with limited
success. As summarized in the introduction, the attachment of polar
fluorophores to the alkyl chain generally decreases the affinity for
ordered domains and has the added complication of reversing the
orientation of Chol so that the fluorophore-labeled tail, rather than the
hydroxyl group, is positioned in the polar headgroup region of the
bilayer. This limitation can be overcome by conjugation of the rel-
atively non-polar Bodipy to the alkyl chain (so-called Bodipy “free”
cholesterol, Bodipy-FChol). The “upright” orientation of this probe in
the bilayer is maintained and its partitioning behavior in supported
bilayers varies significantly for mixtures containing C16-SM, C18-SM
and brain SM, based on qualitative measurements of fluorescence
intensities [35]. Measured partition coefficients, Kp(Lo/Ld), of 1.9 and
0.8 for DOPC/egg SM/Chol GUVs and DOPC/C18-SM/Chol supported
bilayers confirm the strong dependence on the chain length and
heterogeneity of the SM component [13,36]. Interestingly, the three
carbamate-linked NBD-Chols studied here show a similar reversal in
partitioning for DPPC vs SM mixtures, but not for ESM vs brain SM.
Although Bodipy-FChol has the advantage of a higher quantum yield,
the use of hydroxyl-labeled Chols may be advantageous in cases
where it is preferable to avoid introducing a dye in the bilayer interior.

Although several Chol analogs with doxyl spin labels attached to the
hydroxyl group adequately model the behavior of natural Chol [32],
attaching Bodipy to this position via an ester linker produces a probe
that partition strongly into Lo domains. For example, a Bodipy-Chol
ester with the dye attached via a C12 alkyl chain has Kp (Lo/Ld)=0.16 in
DOPC/SM/Chol supported bilayers as measured by FCS) [37]. By
contrast, the carbamate-linked NBD-Chols that we have synthesized
show significantly stronger preferences for the Lo phase in both DPPC
and ESM ternary lipid mixtures. This confirms our hypothesis that the
partitioning of the Bodipy-Chol ester is dominated by the propensity for
Bodipy to insert into the alkyl chain region of themembrane, disrupting
lipid packing. The carbamate-linked NBD probes show close to 2-fold
higher partitioning into Lo domains than does the commercial ester-
linked NBD probe, 5. Like hydroxyl groups, carbamates can act as both
hydrogen bond donors and acceptors, and the presence of this
functional group may allow these probes to behave more like free
Chol in model membranes. The Dansyl analog, 4, has a considerably
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lower ILo/ILd that any of the NBD-Chol analogs in both ESM and DPPC
mixtures. This is likely due to incorporation of the less polar Dansyl into
the hydrophobic region of the bilayer, similar to Bodipy. Although
effects of changes in probe brightness were not measured for 4,
literature data on solvatochromic properties of Dansyl fluorophores
suggest that variations in fluorescence efficiency will be comparable to
those for NBD [54].

The ability of probe 2 to mimic the well-known exclusion of Chol
from ceramide-rich membrane domains was also examined. The
displacement of 2 from ceramide domains was confirmed by correlated
AFM and fluorescence imaging. A number of methods have provided
convincing evidence for the expulsion of Chol by ceramide [12,16–19]
and Bodipy-FChol has recently provided the first direct optical
visualization of this phenomenon in DOPC/SM/Chol/Cer supported
bilayers [13]. However, unlike Bodipy-FChol, NBD-Chol 2 has the
advantage of allowing simultaneous visualization of all three coexisting
phases (ceramide-rich, Lo and Ld) produced by direct incorporation of
ceramide in DOPC/ESM/Chol bilayerswith a single probe. Together, our
work plus the previous study using Bodipy-FChol, suggest that
designing a probe to reproduce the exclusion of Chol from ceramide-
rich domains is more straightforward than designing one to mimic the
more subtle interactions of Chol with PC or SM in Lo domains.

4.3. Probing cholesterol redistribution during in situ generation of
ceramide in phase separated bilayers

NBD-Chol 2was used to follow changes in bilayer morphology and
Chol redistribution during enzymatic generation of ceramide in
DOPC/ESM/Chol bilayers. Although the initial fluorescence intensities
for probe 2 are similar in Lo domains and the surrounding Ld phase,
the contrast is adequate to visualize the domains and to show that the
overall bilayer restructuring induced by SMase is analogous to that
observed in our earlier studies using Texas Red-DHPE, which has a
strong preference for the Ld phase [24,25]. The use of NBD-Chol 2 has
two important advantages, as discussed below: (1) it allows vi-
sualization of the dynamic reorganization of Chol during enzyme
activity and (2) it provides information on the composition of various
regions of the restructured bilayer.

Bilayers that initially have only two levels of fluorescence intensity,
corresponding to Ld and Lo phases identified by AFM, evolve to show
greater heterogeneity upon exposure to SMase. The Lo domains show
progressively lower fluorescence intensity, with concomitant forma-
tion of bright rings of fluid phase around large dye-excluded patches
(Figs. 6 and S3). This provides the first direct visualization of the
dynamic displacement of Chol from liquid-ordered domains in
response to in situ enzymatic ceramide production. Changes in domain
structure and evolution from amixture of Lo and Ld phases to a gel and
liquid phase have been reported after enzymatic generation of
ceramide in GUVs of ternary lipidmixtures [26]. A related fluorescence
microscopy study has provided evidence for pore formation and
vesicle collapse for SMase-treated GUVs [23]. Of particular interest,
Silva et al. have examined enzymatic hydrolysis of SM in PSM/POPC/
Chol vesicles, a lipid mixture for which a detailed phase diagram is
available [27]. This work demonstrated that the physical properties of
themembrane stronglymodulate SMase activitywith phase separated
(Lo/Ld)mixtures showing higher activity. The effects of ceramidewere
dependent on the Chol concentration, leading to the hypothesis that
Chol in particular, and lipid rafts in general, function as modulators of
SMase in cells [27]. The development of specific probes to track Chol
will facilitate a better understanding of the complex bilayer changes
that occur after enzymatic ceramide generation, as illustrated here for
one lipid mixture.

The domain heterogeneity produced by ceramide generation and
concomitant Chol expulsion are clearly visualized by AFM which
shows raised ceramide-enriched regions around many of the initial Lo
domains. These ceramide “fences” are believed to form at the
perimeter of the SM-rich domains because the interface between
the two phases is disordered, facilitating access of the enzyme to its
substrate [14,55,56]. Although the domain heterogeneity is typically
below the resolution limit of fluorescence microscopy, there are some
larger domains that do show two levels of fluorescence after enzyme
treatment (Fig. 6), with the darker domain perimeter corresponding
to raised domain edges in the AFM. The loss of 2 from the ceramide-
enriched regions in enzyme-treated bilayers is consistent with the
exclusion of probe 2 from ceramide-enriched domains when
ceramide is directly incorporated in DOPC/ESM/Chol bilayers.

In addition to observing the dynamic reorganization of Chol, probe
2 provides insight on the composition of the large dye-excluded
patches that form during enzyme activity. In earlier studies using AFM
and fluorescence imaging with Texas Red-DHPE as a probe, it was not
possible to assign the composition of these new membrane regions.
Although we initially hypothesized that the dye-excluded patches
were enriched in Chol, AFM showed that they had high lateral
adhesion, more consistent with ceramide-enriched regions [14,25].
The use of probe 2 demonstrates that the large dye-excluded patches
that form during enzyme activity exclude Chol, leading to the
conclusion that they are ceramide-enriched membrane regions. The
SMase-induced coalescence of small raft domains to form larger
ceramide platforms has been postulated to provide a mechanism for
modulating signaling processes [4,5]. Nevertheless, most of the
available evidence suggests that ceramide forms small gel phase
domains that are unlikely to localize membrane proteins. The recent
study of ceramide-induced membrane alterations by Silva et al. has
suggested that platforms may be Chol-enriched SM-depleted Ld
domains [27]. Our work indicates that large ceramide-enriched
regions can form, at least in supported bilayers. Additional studies
of the properties of these ceramide-enriched regions and their ability
to include signaling molecules will be necessary to assess their
relevance to the ceramide-enriched platforms that are hypothesized
to form in cells.

5. Conclusions

A series of Chol probes with NBD attached to the 3-hydroxyl
position via carbamate linkers with variable lengths has been
synthesized based on rational design principles. The photophysical
properties of the probeshave been characterized and their partitioning
in phase separated supported bilayers estimated based on Lo/Ld
fluorescence intensity ratios. The carbamate-linked NBD-Chols show a
stronger preference for partitioning into Lo domains than does a
structurally similar probe with an ester linkage, 5, illustrating the
importance of careful optimization of probe and linker to provide the
best mimic of free Chol. Comparison of the partitioning of NBD probes
to available literature data for Chol indicates that the probes reproduce
well the relatively modest enrichment of Chol in Lo vs Ld domains for
DOPC/DPPC/Chol mixtures as well as the ceramide-induced displace-
ment of Chol. Probe 2was used to follow the dynamic redistribution of
Chol in phase separated membrane in response to in situ ceramide
generation. This provides the first direct optical visualization of Chol
redistribution during enzymatic ceramide generation and allows the
assignment of new bilayer regions that exclude dye and have high
lateral adhesion to ceramide-rich regions. Overall this study illustrates
the feasibility of the rational design of fluorophore-labeled lipids to
track specific bilayer components and the utility of a correlated AFM-
fluorescence imaging approach for probing complex bilayer
morphology.
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