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We have previously shown that glycosphingolipid analogs
are internalized primarily via caveolae in various cell types.
This selective internalization was not dependent on particu-
lar carbohydrate headgroups or sphingosine chain length.
Here, we examine the role of sphingosine structure in the
endocytosis of BODIPY™-tagged lactosylceramide (LacCer)
analogs via caveolae. We found that whereas the LacCer ana-
log with the natural (p-erythro) sphingosine stereochemistry
is internalized mainly via caveolae, the non-natural (L-threo)
LacCer analog is taken up via clathrin-, RhoA-, and Cdc42-
dependent mechanisms and largely excluded from uptake via
caveolae. Unlike the p-erythro-LacCer analog, the L-threo
analog did not cluster in membrane microdomains when
added at higher concentrations (5-20 um). In vitro studies
using small unilamellar vesicles and giant unilamellar vesi-
cles demonstrated that L-threo-LacCer did not undergo a
concentration-dependent excimer shift in fluorescence emis-
sion such as that seen with BODIPY™-sphingolipids with
natural stereochemistry. Molecular modeling studies suggest
that in p-erythro-LacCer, the disaccharide moiety extends
above and in the same plane as the sphingosine hydrocarbon
chain, while in r-threo-LacCer the carbohydrate group is
nearly perpendicular to the hydrocarbon chain. Together,
these results suggest that the altered stereochemistry of the
sphingosine group in L-threo-LacCer results in a perturbed
structure, which is unable to pack closely with natural mem-
brane lipids, leading to a reduced inclusion in plasma mem-
brane microdomains and decreased uptake by caveolar endo-
cytosis. These findings demonstrate the importance of the
sphingolipid stereochemistry in the formation of membrane
microdomains.
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Caveolar endocytosis occurs through flask-shaped invagina-
tions at the plasma membrane (PM)? that are associated with
the protein, caveolin-1. This internalization mechanism
appears to be important in the cellular uptake and intracellular
delivery of some bacteria, bacterial toxins, viruses, and circulat-
ing proteins (reviewed in Refs. 1-4). Caveolar endocytosis is
cholesterol-sensitive, dynamin-dependent, and requires Src
kinase activity (5-9). Markers used to visualize uptake through
caveolae include labeled albumin (8, 10, 11), SV40 virus (12, 13),
and in some cell types, the cholera toxin B (CtxB) subunit (8,
14.-16). In addition to these markers, we have shown that fluo-
rescently labeled lactosylceramide (BODIPY™-LacCer), and
other glycosphingolipid (GSL) analogs, are internalized almost
exclusively via caveolae in human skin fibroblasts (HSFs) and
other cell types based on multiple approaches (7, 8, 11, 17).
These include the use of pharmacological inhibitors and dom-
inant negative (DN) proteins to selectively block particular
mechanisms of endocytosis, as well as co-localization studies
with various endocytic markers and with caveolin-1-fluores-
cent proteins.

The molecular basis for selective internalization of these
GSL analogs via caveolae is unclear. We previously examined
the effect of modifying the GSL carbohydrate head group but
found no obvious difference in the internalization mecha-
nism of fluorescent analogs of GalCer, LacCer, B-maltosyl-
ceramide (MalCer), globoside, sulfatide, and G,,; ganglio-
side (8). In the same study, we also varied the chain length of
the sphingosine backbone (C,,, C,4, C,g, or C,,), the chain
length of the BODIPY ™-fatty acid, and the nature of the
fluorophore used for synthesis of the LacCer analogs, but in
each case the GSLs were internalized almost exclusively via
caveolae. In the present study, we show that changing the
sphingosine stereochemistry from the b to the L configura-

2The abbreviations used are: PM, plasma membrane; AF, Alexa Fluor;
BODIPY™, boron dipyrromethenedifluoride; BODIPY™-LacCer, N-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pen-
tanoyl)sphingosyl 1-B-p-lactoside; CtxB, cholera toxin B subunit; DN,
dominant negative; p-e, D-erythro; D-t, D-threo; LacCer, B-lactosylceramide;
GUV, giant unilamellar vesicle; HMEM, 10 mM HEPES-buffered minimal
essential medium without indicator; HSF, human skin fibroblast; L-e,
L-erythro; L-t, L-threo; PIPES, piperizine-1,4-bis(2-ethanesulfonic acid);
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; SL, sphingolipid;
SM, sphingomyelin; SUV, small unilamellar vesicle; Tfn, transferrin; GSL,
glycosphingolipid; DOPC, dioleoylphosphatidylcholine; IL, interleukin;
G, GalB1,3GalNAcB1,4(Neu5Ac a2,3)GalB1,4Glc B1,1-ceramide.
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tion inhibits LacCer uptake by caveolae and induces inter-
nalization by other endocytic mechanisms. In addition, evi-
dence is presented showing that organization of the natural
stereoisomer into PM microdomains is a prerequisite for its
internalization through caveolae.

EXPERIMENTAL PROCEDURES

Cell Culture—Normal HSFs (GM- 5659) were obtained from
Coriell Institute for Medical Research (Camden, NJ) and grown
as described (18). All experiments were performed using mono-
layer cultures grown to ~35-50% confluence on acid-etched
glass coverslips.

Lipids, Fluorescent Probes, and Miscellaneous Reagents—
The non-natural b-t, L-e, and L-£ stereoisomers of BODIPY ™.-
LacCer, and the natural isomer, BODIPY™-p-e-LacCer, were
synthesized and purified as described (18, 19). (2S)-3-Deoxy-
BODIPY"™-LacCer was synthesized as follows. After 1-penta-
decyne was converted to (2R)-octadec-4-yne-1,2-diol (20), azi-
dation with trimethylsilyl azide afforded (2S,42)-2-azido-
octadec-4-en-1-ol (21), which was used as the lactosyl acceptor.
Reaction with hepta-O-acetyl-B-lactosyl-1-trichloro-acetimi-
date (22) in methylene chloride in the presence of molecular
sieves and a catalytic amount of boron trifluoride etherate, fol-
lowed by hydrolysis of the acetate groups with sodium methox-
ide in methanol, provided (2S)-2-azido-3-deoxy-LacCer.
Reduction of the azide with triphenylphosphine in aqueous tet-
rahydrofuran and in situ N-acylation with the N-hydroxy-
succinimidoyl ester of 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-pentanoic acid (19) furnished the crude
product, which was purified by column chromatography on
silica gel followed by preparative thin-layer chromatography.
The p-e and L-t isomers of BODIPY™-sphingomyelin (SM)
were separated by thin-layer chromatography (23) using a com-
mercial sample of BODIPY'™-SM (Molecular Probes/
Invitrogen; Eugene, OR) as the starting material. Each sphingo-
lipid analog was complexed to defatted bovine serum albumin
for incubation with cells (18). Fluorescent Alexa Fluor (AF) 594
or 647 labeled-transferrin (Tfn), AF594-dextran, and AF647-
labeled anti-rabbit secondary antibodies were from Molecular
Probes. Anti-B1-integrin (IgG1) antibodies were from Pharm-
ingen (San Diego, CA). Anti-B1-integrin Fab fragments were
generated from this IgG1 using the ImmunoPure IgG1 Fab
preparation kit from Pierce and were labeled with AF647 suc-
cinimidyl ester using a protein labeling kit from Molecular
Probes. All other reagents were from Sigma.

Protein Constructs and Co-transfections—Plasmids encoding
wild type or DN AP180 (H. McMahon, Medical Research
Council Laboratory of Molecular Biology), RhoA or Cdc42 (D.
Billadeau, Mayo Foundation), or the IL-2R B chain (IL-2R B) (A.
Dautry-Varsat, Institut Pasteur, Paris) were generous gifts as
noted. For studies of protein overexpression, cells were
co-transfected with the protein construct of interest and
pDsRed2-Nuc (Clontech, Palo Alto, CA). The pDsRed2-Nuc
construct labeled the nucleus with red fluorescence and served
as a reporter for the transfected cells. Cells were transiently
transfected using FUGENE 6 (Roche Diagnostics) and 3 ug/ml
of DNA as described (8). Experiments were performed 24—48 h
after transfection.
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Incubation with Inhibitors—Cells were preincubated in
HEPES-buffered MEM (HMEM) containing PP2 (EMD Bio-
sciences, La Jolla, CA) (10 nm), genistein (50 um), or Clostrid-
ium difficile toxin B (100 um) for 1 h at 37 °C, or with nystatin
(25 pg/ml) or chlorpromazine (8 wg/ml) for 30 min at 37 °C.
Inhibitors were present in all subsequent steps of the experi-
ment. Cells were then washed with ice-cold HMEM and incu-
bated for 30 min at 10 °C with 2.5 um BODIPY ™-LacCer/bo-
vine serum albumin to label the PM, washed twice with HMEM,
and further incubated for 3 min at 37 °C, followed by back
exchange with 5% defatted bovine serum albumin (6 times, 10
min each at 10 °C) to remove fluorescent lipid remaining at the
PM after endocytosis (18). Samples were maintained at 10 °C
and viewed under the fluorescence microscope (see below).

Incubation with Various Markers—Cells were incubated
with 5 ug/ml AF594 Tfn for 30 min at 10 °C, further incubated
for 3 min at 37 °C, and acid-stripped (8) to remove labeled pro-
tein remaining at the cell surface. For fluid phase uptake, cells
were incubated with 1 mg/ml AF594-dextran for 5 min at 37 °C
without preincubation or acid stripping. For IL-2R internaliza-
tion studies, cells transiently transfected with IL-2R 3 were
incubated with 1 nm IL-2 and 5 pg/ml phycoerythrin-mik-33
(the IL-2R B chain antibody) for 5 min at 37 °C as described
(17).

Microdomain Studies—HSFs were washed with ice-cold
HMEM and transferred to 10 °C. Cells were incubated with the
indicated concentration of BODIPY™-LacCer isomer for 30
min at 10 °C to label the PM. Samples were then washed, and
images were acquired simultaneously at green and red wave-
lengths (see below). For specimens labeled with BODIPY ™.-
lipid and AF647-Tfn or -Fab, images were acquired at three
wavelengths (green, red, and far red) and subsequently ren-
dered in pseudo color with green and red corresponding to
LacCer and blue for the Tfn or Fab markers. All images were
acquired on a cooled microscope stage maintained at 10 °C.

Fluorescence Microscopy and Analysis—Fluorescence micro-
scopy was performed using an Olympus IX70 fluorescence
microscope as described (7, 24). The microscope was equipped
with a Dual-View module (Optical Insights; Tucson AZ) for
simultaneous acquisition of green and red images. In experi-
ments using double- or triple-labeled specimens, control sam-
ples were labeled identically with the individual fluorophores
and exposed identically to the dual- or triple-labeled samples at
each wavelength to verify that there was no crossover among
emission channels. Digital images were quantified by image
processing using Metamorph software (Molecular Devices,
Sunnyvale, CA) as described (24, 25).

Lipid Vesicle Experiments—Small unilamellar vesicles
(SUVs) were formed from 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and various amounts of BODIPY™™-
D-e- or L-t-LacCer (refer to Fig. 5) as described (26). Fluores-
cence scans of SUVs were performed using a Fluoromax-3
spectrofluorometer (HORIBA Jobin Yvon Inc., Edison, NJ).
Giant unilamellar vesicles (GUVs) were prepared and exam-
ined by confocal fluorescence microscopy as described (27)
with slight modifications. One ml of a chloroform solution con-
taining 360 nmol of dioleoylphosphatidylcholine (DOPC), 20
nmol of dipalmitoylphosphatidylglycerol, 20 nmol of dilaur-
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FIGURE 1. Structures of BODIPY™-LacCer stereoisomers used in the current study. Note that b-erythro is the naturally occurring stereochemistry for all SLs.
Numbers on the p-erythro structure indicate the standard carbon numbering for sphingosine.

oylphosphatidylglycerol, and 40 nmol of BODIPY "™-p-¢ or L-¢-
LacCer in a glass test tube was dried with a rotary evaporator to
form a thin lipid film. The tubes were placed in vacuo for >2 h.
After the completely dried lipid films were prehydrated with
water-saturated nitrogen for 20 min at 50 °C, 1.6 ml of 5 mMm
PIPES buffer (pH 7.0) containing 50 mm KCl and 1 mm EDTA
was added gently to the test tubes. The tubes were incubated at
55 °C overnight and then the samples were slowly cooled to
room temperature. Harvested GUVs were placed on a coverslip
and were enclosed on a slide glass within a ring of silicone high
vacuum grease. The specimens were allowed to settle for 10
min. Fluorescence images were obtained with a Zeiss LSM 510
confocal microscope equipped with Plan-Apochromat 40X /1.2
water-corrected objective. Green fluorescence was observed by
using a 488-nm argon laser for the excitation and a
505-530-nm filter for the emission. Red fluorescence was
measured using the same excitation and a 560-nm cutoff filter
for the emission.

Molecular Modeling Studies—Models of BODIPY ™ -LacCer
stereoisomers were constructed and steric energy was mini-
mized using the Chem3D program (Ultra 9.0, CambridgeSoft
Corp., Cambridge, MA) with MM2 force field for removing van
der Waals repulsions (28). This served to create the initial struc-
tures for calculating the ground-state equilibrium geometry by
ab initio restricted Hartree-Fock methods (29) using the Spar-
tan molecular modeling program for Windows (Spartan’04;
Wavefunction Inc., Irvine, CA) on a desktop computer. Calcu-
lations were performed with the 3—21G* basis set (30) using the
Pulay DIIS extrapolation (31) excluding solvent molecules for
faster convergence.

RESULTS

Endocytosis Mechanism for the p- and L-Isomers of
BODIPY™LacCer Are Distinct—Qur previous studies dem-
onstrated that fluorescent analogs of LacCer and other GSLs
are selectively internalized via caveolae in multiple cell types (7,
8, 11). These analogs all contained the natural, p-erythro (p-e)
ceramide moiety. However, the ceramide moiety of all mamma-
lian GSLs has two asymmetric carbon atoms and therefore four
possible stereoisomers. In the present study, we synthesized all
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four stereoisomers of BODIPY"™™-LacCer (Fig. 1) and charac-
terized their endocytosis in HSFs. The effect of various phar-
macological inhibitors and DN AP180 on the internalization (3
min at 37 °C) of the different stereoisomers of BODIPY ™-Lac-
Cer is shown in Fig. 2, A and B. Internalization of the p-threo
(p-t) isomer was similar to that of the p-e isomer in that both
were sensitive to treatments that inhibit caveolar uptake (nys-
tatin, mB-CD, genistein, or PP2) but were insensitive to inhib-
itors of clathrin-dependent endocytosis (chlorpromazine or
DN AP180) (8, 17, 32). In contrast, the internalization of the
L-erythro (L-e) and L-threo (L-t) isomers of BODIPY™-LacCer
were also similar to each other but different from that seen
using the D-isomers. Both of the L-isomers were inhibited
~70% by chlorpromazine or in cells expressing DN AP180,
while little or no effect was seen using the other inhibitors.
Additional studies were carried out using Clostridium difi-
cile toxin B (toxin B) (a broad range Rho GTPase inhibitor
that inhibits fluid phase endocytosis and phagocytosis (33,
34)), as well as DN constructs of RhoA and Cdc42 (Fig. 2, C
and D). These treatments had little effect on the internaliza-
tion of the BODIPY™.-p-LacCer isomers but inhibited
uptake of the L-e and L-£ analogs by about 30 -40% (Fig. 2, C
and D).

Since both D-isomers behaved similarly to each other, and
both L-isomers behaved similarly to each other, we restricted
our further studies to the p-e and the L-£ analogs of BODIPY *™™-
LacCer. The contrast between the internalization mechanisms
utilized by these analogs is further illustrated in Fig. 3. First we
examined the effect of DN Rab5a on internalization of the two
isomers. Rab5a promotes the homotypic fusion of very early
endosomes to generate the early endosome compartment. As
previously shown (24), expression of DN Rab5a had no effect on
the initial internalization of the p-e-isomer of the LacCer ana-
log; however, uptake of the L-f analog was inhibited by about
60% (Fig. 3, A and B). We also carried out co-localization stud-
ies in which cells were double labeled with BODIPY ™-p-e- or
-L-t-LacCer and either fluorescent Tfn or dextran (Fig. 3, C-E).
In the case of the p-e analog and Tfn, there was only about
10-15% overlap of the two markers at an early time point (30 s),
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FIGURE 2. p- and L-stereoisomers of BODIPY™-LacCer are internalized by distinct endocytic mechanisms in HSFs. A, effect of pharmacological inhibitors
and DN AP180 on uptake of BODIPY™-LacCer. Cells were pretreated = the indicated pharmacological inhibitors or co-transfected with DN AP180 and DsRed
Nuc constructs. Samples were then incubated with the different BODIPY™-LacCer stereoisomers for 30 min at 10 °C, washed and warmed for 3 min at 37 °C,
and then back-exchanged to remove any fluorescent lipid remaining at the PM. Cells were then viewed by fluorescence microscopy and the uptake quantified
by image analysis. Percent inhibition is expressed relative to control or untransfected cells. Values are mean * S.D. of at least 10 cells in each of three
independent experiments. B, fluorescence micrographs showing the differential endocytosis (3 min at 37 °C) of BODIPY™-p-e- versus L-t-LacCer in HSFs
transfected with DN AP180 (white outlines indicate transfected cells). Corresponding images of the same cells are shown in green (BODIPY™-LacCer) and red (to
identify cells transfected with DsRed Nuc and DN RhoA\). C, effect of Rho GTPases on internalization of the BODIPY™-LacCer stereoisomers. Cells were treated
with C. difficile toxin B or co-transfected with DsRed Nuc and DN RhoA or DN Cdc42. Samples were then pulse-labeled with BODIPY™-LacCer as in A, and
internalization was quantified. WT, wild type. D, fluorescence micrographs showing the differential endocytosis (3 min at 37 °C) of BODIPY™-p-e- versus
L-t-LacCer in HSFs transfected with DN RhoA (white outlines indicate transfected cells). Bars, 10 um.

increasing to about 40% at 3 min. This increase presumably
reflects the merging of markers internalized by caveolae and the
clathrin pathway at early endosomes (24). In contrast, there was
65—75% overlap of the L-¢ analog with Tfn at all time points
examined (0.5-3 min) (Fig. 3D). When similar experiments
were carried out using the BODIPY"™-LacCer analogs and flu-
orescent dextran, little overlap was seen at any time point using
the p-e isomer, while ~35% co-localization was seen between
L-t-LacCer and fluorescent dextran at all times points examined
between 0.5 and 3 min (Fig. 3E).

Together, the results in Figs. 2 and 3 demonstrate that the p-e
and D-f isomers were internalized by a similar mechanism.
Based on our previous studies showing that the p-e analog is
internalized via caveolae, we conclude that this mechanism also
holds for p-t-LacCer. In contrast, the L-e and L-f isomers were
internalized primarily by clathrin-dependent endocytosis, with
smaller amounts of internalization taking place by RhoA-de-
pendent and Cdc42-dependent mechanisms. However, our

OCTOBER 13, 2006 +VOLUME 281+-NUMBER 41

data suggest that a small amount of the L-isomers was also inter-
nalized via caveolae (e.g. see Fig. 2A).

Organization of BODIPY™-LacCer into PM Domains and
Mapping of Endocytic Cargo—We next compared the distribu-
tion of BODIPY "™™-p-e- versus 1-t-LacCer at the PM of treated
cells. HSFs were incubated with various concentrations of each
of these lipids for 30 min at 10°C, and then images were
acquired while maintaining the cells at 10 °C to inhibit endocy-
tosis. To distinguish PM microdomains enriched in LacCer
from other regions of the same membrane containing lower
concentrations of lipid, we simultaneously monitored both
monomer (green) and excimer (red) fluorescence emission (see
“Experimental Procedures”) (Fig. 44). When low concentra-
tions of BODIPY "™.-p-e-LacCer were used, little heterogeneity
in the distribution of the labeled lipid was seen and the PM
emitted green fluorescence. When higher concentrations (=2.5
um) of the D-e analog were used, micron size “patches” of yel-
low/orange fluorescence were seen on a background of green
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LacCer microdomains (Fig. 4B).
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FIGURE 3. Characterization of the initial endocytosis of BODIPY™-LacCer. A and B, effect of DN or wild type
(WT) Rab5a. HSFs were co-transfected with DsRed Nuc and WT or DN Rab5a. Samples were then pulse labeled
with BODIPY™-p-e versus L-t-LacCer as in Fig. 2A. A, corresponding images of the same cells are shown in green
(BODIPY™-LacCer) and red (to identify cells transfected with DsRed Nuc and Rab5a). B, quantitation of DN
Rab5a on the uptake of BODIPY™-LacCer isomersin HSFs. Samples were treated as described for A, and uptake
was quantified by image analysis. Values are mean = S.D. of at least 10 cells in each of the three independent
experiments. C and D, co-localization of BODIPY™-LacCer with fluorescent Tfn or dextran. Cells were co-
labeled with 1.25 um BODIPY™-p-e- or L-t-LacCer (green) and 5 ug/ml AF594 Tfn (red) (C) or 1 mg/ml AF594
dextran (data not shown) for 1 min at 37 °C. In control experiments, no crossover between BODIPY™-LacCer
and Tfn or dextran fluorescence was detected using these concentrations of markers. Note the extensive
co-localization of BODIPY™.-L-t-LacCer and Tfn (as seen by the yellow endosomes), while for the b-e isomer,
individual endosomes were either green or red. In D and E extent of overlap was quantified between the

indicated markers following different periods of co-incubation. Bars, 10 um.

fluorescence at the PM. In contrast, when cells were treated
identically, but using BODIPY "™.-L-¢-LacCer, only green fluo-
rescence was detected regardless of the concentration used.
However, using this analog, we did detect small green patches
of fluorescence distributed over the cell surface regardless of
the concentration of fluorescent lipid that was used. The
absence of excimer fluorescence at the PM of BODIPY ™. -¢-
LacCer-treated cells was not due to decreased incorporation of
the L-£ analog relative to that observed with the p-e analog since
extraction of the treated cells and quantitative lipid analysis
demonstrated that the uptake was approximately the same for
both isomers (1744 * 345 versus 1726 * pmol/mg cell protein
for the p-e versus L-t isomers, respectively).

We next co-incubated cells with BODIPY ™-p-e- or -1-¢-
LacCer and various fluorescently labeled endocytic markers to
map the distribution of these markers on the PM relative to the
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BODIPY™.p-e-LacCer were incor-
porated into the vesicles, the intensity
of the monomer peak at 515 nm
decreased, while there was an in-
crease in excimer emission in the red
region (620 nm) (Fig. 5, A and B), sim-
ilar to results previously demon-
strated for BODIPY"™-p-e- ceramide
(26).In contrast, when BODIPY ™. -
t-LacCer was used, no excimer shift
was seen over this concentration
range (Fig. 5, A and B). In control
experiments, the vesicles were lysed
with detergent and the total fluorescence was measured at 515 nm
to confirm that the same amount of fluorescent lipid had been
incorporated into the vesicles for each mol %, regardless of the
stereoisomer used (data not shown).

Similarly, when we prepared GUVs containing BODIP
D-e- and L-t-LacCer at the same concentration, GUVs with
BODIPY™.p-e-LacCer emitted more red fluorescence than
GUVs with BODIPY ™-1-t-LacCer, when viewed by confocal
microscopy (Fig. 5C and supplemental Fig. 1). Thus, data
from both fluorometry and confocal microscopy suggest that
the BODIPY™.-L-t-LacCer monomers have a decreased
ability to interact closely with each other and thus exhibit a
diminished excimer shift in fluorescence.

Structural Modeling of BODIPY™-LacCer Analogs—We
also used chemical modeling programs to generate energy-
minimized models of structures of all four stereoisomers of

Time (min)

YTM_
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A 1.25 uM 2.5 uM

D-e-LacCer

L-t-LacCer

B Green + Red - LacCer
Blue - B1-integrin Fab
F: ] ™ -

Inset - LacCer Inset - B1-integrin Fab

—iff—

D-e-LacCer

L-t-LacCer

e

Green + Red - LacCer

Blue -Tfn Inset - LacCer Inset - Ttn

D-e-LacCgr

L-t-LacCer

FIGURE 4. Distribution of BODIPY™-p-e- versus L-t-LacCer at the PM. A, HSFs were incubated with the indicated concentration of BODIPY™-LacCer for 30
min at 10 °C, washed, and observed under the fluorescence microscope at low temperature to inhibit endocytosis. Images were acquired simultaneously at
green and red wavelengths (see “Experimental Procedures”) and merged. Note the presence of yellow/orange micron size patches when BODIPY™-p-e-LacCer
was used at high concentrations. No such domains were observed using BODIPY™-L-t-LacCer. Bar, 10 um. Band C, mapping endocytic markers to PM domains.
HSFs were co-incubated with 5 um BODIPY™-p-e- or L-t-LacCer and AF647-labeled anti-B1 integrin Fab (caveolar marker) or AF647-Tfn (clathrin marker) for 30
min at 10 °C. Samples were then observed on the fluorescence microscope at low temperature at green and red wavelengths (BODIPY™-LacCer) and far red
wavelengths (endocytic marker). Representative images are shown at low and high magnifications. In corresponding images of the same cell, arrows mark the
position of BODIPY™-LacCer clusters, while arrowheads mark the position of Tfn. Bars, 10 um.
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A

findings of our study are (i) the sphin-
gosine stereochemistry dramatically
affects the mechanism of LacCer
endocytosis, (ii) the natural p-e iso-
mer of BODIPY™-LacCer clusters
into micron size domains at the PM
with increasing concentrations of the
lipid, while no such effect is seen using
the L-f isomer, and (iii) excimer fluo-

250 D-e-LacCer - L-t-LacCer
mol %
—~ 200+ -
g2 — 1
=
g 5 1504 — 2 1
iz 5
g E 1001 10 1
=)
g . + ]
v L] L] I% L] L] L] L] L] VI L] L] L]
460 500 540 580 620 660 700 74 460 500 540 580 620 660 700 74
Wavelength (nm) Wavelength (nm)
B .. C

5 mol% D-e-LacCer

10 mol % D-e-LacCer
— 5 mol% L-t-LacCer
— 10 mol % L-t-LacCer

Fluorescence
(relative units)

T T T T 1
600 620 640 660 680

Wavelength (nm)

FIGURE 5. Spectral properties of BODIPY™-LacCer isomers in SUVs and GUVs. A, fluorescence emission
spectra of SUVs formed from POPC and containing 1,2, 5, or 10 mol % BODIPY™-p-e-LacCer or -L-t-LacCer. Note
the presence of monomer (515 nm) and excimer (620 nm; indicated by arrows) fluorescence when the p-e
isomer was used at high mol % fractions. In contrast, no excimer fluorescence was seen under the same
conditions using the L-tisomer. B, plot of fluorescence intensity at long wavelengths for SUVs containing 5 and
10 mol % BODIPY™-p-e- or -L-t-LacCer. C, red/green (R/G) fluorescence ratios of GUVs prepared from DOPC/
BODIPY™:-LacCer/ dipalmitoylphosphatidylglycerol/dilauroylphosphatidylglycerol, 18/2/1/1 mol/mol/mol/
mol. GUVs were excited at 488 nm and viewed by confocal microscopy at red and green wavelengths. D,
-LacCer stereoisomers (see “Experimental Procedures”).

molecular models of BODIPY™

BODIPY"™.-LacCer. All structures show a linear hydrocarbon
tail attached to the polar sugar head (Fig. 5D). In the p-e and p-¢
isomers, the sugar rings extend above the sphingosine hydro-
carbon chain almost in the same plane whereas in the L-e and L-£
isomers the carbohydrate moiety is nearly perpendicular to the
hydrocarbon chain. These differences were further highlighted
by rotating the models for the p-e and 1-£ isomers in space (see
movies in supplemental Fig. 2).

DISCUSSION

We previously showed that BODIPY "™-p-e-LacCer is internal-
ized almost exclusively by caveolar endocytosis in multiple cell
types, including HSFs (7, 8, 11, 17). This was particularly surprising
since the LacCer analog appeared to label the PM uniformly and
multiple endocytic mechanisms were operative in the cell types we
examined. Endocytosis of BODIPY ™-p-e-LacCer via caveolae
was found to be independent of particular carbohydrate head-
groups and of sphingosine chain length (8). In the current study we
prepared all four possible stereoisomers of BODIPY ™-LacCer
and investigated their mechanisms of endocytosis. The major
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rescence is readily detected using high
concentrations of the p-e (but not L-£)
isomer of BODIPY™-LacCer, both
in cells and in lipid vesicles (SUVs and

» 15 GUVs). Our findings suggest that
% L the stereochemical orientation of
2 1.0 the sphingosine moiety of SLs
; plays a critical role in the associa-
T 05 == tion of these lipids with membrane
& microdomains.

® g0 T T We first investigated the mecha-

nism of endocytosis of the four ste-
reoisomers. The p-e and D-£ analogs
behaved identically to one another
and were both selectively internal-
ized via caveolae as previously
reported for the p-e analog (8, 11).
TheL-eand L-tisomers also behaved
identically to one another, but in
contrast to the D-isomers, these
analogs were internalized predomi-
nantly by clathrin-dependent endo-
cytosis, with additional uptake via
the RhoA- and Cdc-42-dependent
mechanisms. These data suggest
that the stereochemistry at a single
carbon (C3) of BODIPY™ - LacCer
regulates its mechanism of internal-
ization (see Fig. 1). To further test
this hypothesis we also used (25)-3-deoxy-BODIPY™-LacCer
in which the hydroxyl group, and thus the chirality, at C3 is
absent. Endocytosis of this compound is inhibited ~80% by
chlorpromazine and only 20% by nystatin (see supplemental
Fig. 3), indicating its uptake was primarily via clathrin-depend-
ent endocytosis. Thus, loss of the C3 hydroxyl group of
BODIPY™-LacCer inhibits uptake via caveolae, providing
additional evidence that the stereochemistry at C3 is impor-
tant for LacCer internalization via caveolae. We also inves-
tigated whether our observations could be generalized to
other sphingolipids by evaluating the endocytic mechanisms
of BODIPY™.-p-e- versus L-t-SM. BODIPY™-p-e-SM inter-
nalization was mainly inhibited by nystatin, whereas that of
BODIPY"™.-L-£-SM was inhibited predominantly by chlor-
promazine (see supplemental Fig. 3), similar to the results seen
with the p-e- versus L-t-isomers of LacCer (Fig. 2). Thus, inter-
nalization of SLs via caveolae appears to be regulated mainly by
their sphingosine stereochemistry and is not significantly
affected by different headgroups (see also Ref. 8).

We then investigated whether the p-e and L-¢ analogs pos-

D-e-LacCer L-t-LacCer
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sessed different abilities to cluster into microdomains in the
PM of living cells. We found that with increasing concentra-
tions of BODIPY™-p-e-LacCer, the lipid clustered into
micron size domains at the PM, which were readily detected by
monitoring excimer fluorescence at the cell surface (Fig. 4),
similar to our previous studies showing the induction of clus-
tered microdomains by treatment of cells with non-fluorescent,
C8-p-e-LacCer (32). No clustering of domains was seen using
BODIPY ™. -t-LacCer. Importantly, when we attempted to
“map” endocytic cargo to the PM domains enriched in
BODIPY ™-p-e-LacCer, we found that an Fab antibody to
Bl-integrin co-localized extensively with these domains, while
little or no co-localization was seen using fluorescent Tfn, a
marker for clathrin-dependent endocytosis (Fig. 4B). Interest-
ingly, neither the Fab fragment against S1-integrin nor fluores-
cent Tfn co-localized with the “green punctae” of BODIPY™-
L-t-LacCer at the PM (Fig. 4B).

We speculate that the PM domains enriched in fluorescent
D-e-LacCer may correspond to sites of caveolar endocytosis
which will form upon shifting the cells to 37 °C. There are two
important consequences of such a scenario. First, the concen-
tration of BODIPY™-p-e-LacCer in vesicle membranes
formed upon scission from the PM is expected to be higher than
the bulk concentration of the lipid analog at the PM. Such
experiments have previously been carried out in our laboratory
using BODIPY "™-p-e-SM (25), a lipid analog that is internal-
ized atleast in part through caveolae (7), and are consistent with
this hypothesis. In those experiments, we found that the aver-
age value of the fluorescence ratio (red (excimer)/green (mon-
omer)) in endosomes after 7 s of endocytosis was higher than
the value of this ratio at the PM prior to endocytosis (25). Sec-
ond, while these data demonstrate that the p-e isomer may be
selectively recruited to future sites of caveolar uptake, they do
not explain the absence of internalization of this isomer via
other mechanisms (e.g. the clathrin pathway). At present we
speculate that an additional unknown “exclusion mechanism”
is required to minimize uptake of the natural GSL isomer by
non-caveolar endocytosis. This idea is consistent with a report
demonstrating that G,,; ganglioside is depleted in clathrin-
coated pits (36).

In vitro studies with lipid vesicles and molecular modeling
revealed a possible explanation for why BODIPY "™ -1-¢-LacCer
does not partition into PM microdomains. When we incorpo-
rated varying amounts of BODIPY™-p-e-LacCer into unila-
mellar lipid vesicles formed from DOPC, we found that both
monomer (A, ~ 515 nm) and excimer (A, ~ 620 nm) flu-
orescence were readily detected using 5-10 mol % of the lipid
analog. In contrast, when we used BODIPY™-L-t-LacCer at
the same concentrations, very little excimer formation was
observed (Fig. 5, A and B). Similarly, unlike the case for
BODIPY™.p-e-LacCer, no red excimer fluorescence was
detected in GUVs containing 1-¢-LacCer (Fig. 5C). The molec-
ular models shown in Fig. 5D suggest that as a result of the
different orientation of BODIPY™-LacCer isomers, the “dis-
tance of closest approach” may be greater for the L-£ isomer
than for the p-e isomer. Since excimer formation requires close
apposition of fluorophores, restricting this approach should
reduce the extent of excimer emission. Together, our in vivo

max
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and in vitro data suggest that L-isomers of LacCer are unable to
pack as closely to each other and to endogenous SLs as are the
D-stereoisomers. This feature may explain their inability to
cluster in microdomains and thus be internalized via caveolae.

Finally, our results have important implications for the
molecular mechanisms by which SLs become associated with
lipid microdomains. Several theories have been proposed to
explain the enrichment of SLs in liquid-ordered microdomains.
First, it has been proposed that SLs associate with such
microdomains as a result of the ability of their saturated acyl
chains to tightly pack (37-39). However, in a previous study, we
modified the length of the sphingosine base (from 12 to 20
carbons), and the acyl spacer for the fluorescent fatty acid in
BODIPY™.-p-e-LacCer and found no differences in selective
internalization by caveolae for these analogs (8). Furthermore,
in the current study, both the p-e- and the L-f isomers of
BODIPY™.-LacCer possess identical fluorescent fatty acids
and sphingosine moieties of the same chain length, and yet only
the p-e analogs associates with microdomains and is internal-
ized via caveolae. Thus, long, saturated acyl chains do not
appear to be an essential factor in the association of SL analogs
with microdomains, although they may be important for natu-
ral SLs. It has also been proposed that SLs may self-associate on
the basis of hydrogen-bonding interactions between sphingo-
sine groups (e.g. amido/hydroxy interactions) and/or carbohy-
drate headgroups (39 —41). Our observation that alteration of
the stereochemistry at C3 of sphingosine perturbs the ability of
a LacCer analog to partition into microdomains and to be inter-
nalized via caveolae lends support to the idea that the sphingo-
sine moiety is involved in specific SL-SL interactions. The
altered structure of L-t-LacCer could likely interfere with its
ability to form hydrogen bonds involving the C3 hydroxyl
group. Because of the drastically altered angle of its lactosyl
group (see Fig. 5D and supplemental Fig. 2), .-t-LacCer may
also have a reduced ability to interact with neighboring carbo-
hydrate chains. These findings demonstrate the importance of
the configuration at C3 of the sphingosine moiety for the asso-
ciation of SLs with lipid microdomains.
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