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Abstract The neutral glycosphingolipid lactosylceramide
(LacCer) forms lipid rafts (membrane microdomains)
coupled with the Src family kinase Lyn on the plasma
membranes of human neutrophils; ligand binding to LacCer
activates Lyn, resulting in neutrophil functions, such as
superoxide generation and migration (Iwabuchi and
Nagaoka, Lactosylceramide-enriched glycosphingolipid
signaling domain mediates superoxide generation from

human neutrophils, Blood 100, 1454–1464, 2002 and Sato
et al. Induction of human neutrophil chemotaxis by
Candida albicans-derived beta-1,6-long glycoside side-
chain-branched beta glycan, J. Leukoc. Biol. 84, 204–211,
2006). Neutrophilic differentiated HL-60 cells (D-HL-60
cells) express almost the same amount of LacCer as
neutrophils. However, D-HL-60 cells do not have Lyn-
associated LacCer-enriched lipid rafts and lack LacCer-
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mediated superoxide-generating and migrating abilities.
Here, we examined the roles of LacCer molecular species
of different fatty acid compositions in these processes.
Liquid chromatography-mass spectrometry analyses
revealed that the very long fatty acid C24:0 and C24:1
chains were the main components of LacCer (31.6% on the
total fatty acid content) in the detergent-resistant membrane
fraction (DRM) from neutrophil plasma membranes. In
contrast, plasma membrane DRM of D-HL-60 cells
included over 70% C16:0-LacCer, but only 13.6% C24-
LacCer species. D-HL-60 cells loaded with C24:0 or
C24:1-LacCer acquired LacCer-mediated migrating and
superoxide-generating abilities, and allowed Lyn coimmu-
noprecipitation by anti-LacCer antibody. Lyn knockdown
by siRNA completely abolished the effect of C24:1-LacCer
loading on LacCer-mediated migration of D-HL-60 cells.
Immunoelectron microscopy revealed that LacCer clusters
were closely associated with Lyn molecules in neutrophils
and C24:1-LacCer-loaded D-HL-60 cells, but not in D-HL-
60 cells or C16:0-LacCer-loaded cells. Taken together,
these observations suggest that LacCer species with very
long fatty acids are specifically necessary for Lyn-coupled
LacCer-enriched lipid raft-mediated neutrophil superoxide
generation and migration.
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Abbreviations
DMSO Dimethyl sulfoxide
D-HL-60
cells

DMSO-treated neutrophilic differentiated hu-
man promyelocytic leukemia HL-60 cells

fMLP Formyl peptide (N-formyl-methionyl-leucyl-
phenylalanine)

CSBG Candida albicans-derived β-glucan
SCG Sparassis crispa-derived β-glucan
SM Sphingomyelin
PC Phosphatidylcholine
PE Phosphatidylethanolamine

Introduction

Glycosphingolipids (GSLs) are membrane components
consisting of hydrophobic ceramide and hydrophilic sugar
moieties [1]. More than 400 species of GSL have been
identified to date based on their sugar chain structures [2].
Furthermore, the ceramide structures of each GSL are also
highly variable [3]. GSL metabolism and composition are
specifically altered during cell proliferation and differenti-
ation in various cell types [2, 4], indicating that expression
patterns of GSLs may reflect the functions of those cells.

For example, lactosylceramide (LacCer, CDw17;
Galβ4Glcβ1Cer) is not expressed on the surface of human
metamyelocytes, but is expressed on the plasma membrane
of neutrophils with differentiation [5]. Essential functions
of GSLs, defining cellular phenotype, are based on their
clustering with signal transducers to form lipid rafts
(membrane microdomains) [6–9]. Lipid rafts are subdo-
mains of the plasma membrane highly enriched in GSLs,
sphingomyelin, glycosylphosphatidylinositol (GPI)-an-
chored proteins and cholesterol [6, 10]. Several types of
membrane-anchored protein partition into lipid rafts [2, 11].
Although lipid rafts have been implicated in a number of
important membrane events [2, 8, 12, 13], the molecular
mechanisms of GSL-mediated cell functions are still
unclear. One of the main issues regards the molecular
connection of GSLs or GPI-anchored proteins, inserted into
the external leaflet of the membrane bilayer, with signal
transduction molecules located at the cytoplasmic side.

LacCer is a neutral GSL, and is associated with a
number of key cellular processes. It has been demonstrated
that LacCer activates NADPH oxidase to modulate inter-
cellular adhesion molecule-1 expression on human umbil-
ical vein endothelial cells [14], and to induce the
proliferation of human aortic smooth muscle cells [15].
Therefore, it is possible that LacCer activates NADPH
oxidase, and thereby affects the functions of superoxide-
producing cells. LacCer is also a receptor activator of NF-
κB ligand and is essential for osteoclastogenesis mediated
by macrophage colony stimulation factor [16]. Recently,
LacCer has been shown to recruit PCKα/ε and phospho-
lipase A2 to stimulate PECAM-1 expression in human
monocytes and adhesion to endothelial cells [17] and to
regulate β1-integrin clustering and endocytosis on cell
surfaces [18]. LacCer has been shown to bind specifically
to several types of pathogenic microorganism, including
Escherichia coli, Bordetella pertussis, Bacillus dysenteriae,
Propionibacterium freudenreichii, and Candida albicans
[19–25], suggesting that LacCer plays roles in the interactions
between these microorganisms and host cells.

Neutrophils play important roles in innate immunity. On
infection with pathogenic microorganisms, circulating
neutrophils immediately migrate toward and phagocytose
and kill the microorganisms with microbicidal molecules
and by superoxide generation [26]. LacCer accounts for
about 70% of the GSL in human neutrophils. These
immune cells migrate toward C. Albicans-derived β-glucan
(CSBG) [23], and generate superoxide anions via LacCer
[12]. Therefore, LacCer is thought to be involved in
neutrophil microbicidal functions. On neutrophil plasma
membranes, LacCer forms lipid rafts with the Src family
kinase Lyn; these rafts are also called LacCer-enriched
glycosignaling domains [12]. Dimethyl sulfoxide (DMSO)-
treated neutrophilic differentiated human promyelocytic
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leukemia HL-60 cells (D-HL-60 cells) possess chemotactic
and superoxide-generating activities induced by formyl
peptide fMLP. Interestingly, D-HL-60 cells do not show
superoxide-generating or chemotactic activity induced by
anti-LacCer antibodies, although these cells express almost
the same amount of LacCer on the plasma membrane as
neutrophils. LacCer is localized mainly in the detergent-
resistant membrane fractions (DRMs) [12, 27, 28], which
are membrane fragments isolated biochemically at low
temperature from cellular membranes using non-ionic
detergents, such as Triton X-100; there is thought to be a
close relationship between rafts and DRMs, and isolation
of DRMs is one of the most widely used biochemical
methods for studying lipid rafts [6]. Importantly, the Src
family kinase Lyn was immunoprecipitated by anti-LacCer
antibody from DRMs of neutrophils but not D-HL-60
cells. Furthermore, Lyn was activated by crosslinking of
LacCer with anti-LacCer antibody in neutrophils but not
D-HL-60 cells. These observations suggested that some
essential molecule(s) linking LacCer with Lyn may be
lacking in the LacCer-enriched lipid rafts of D-HL-60
cells.

In the present study, we found that C24:0- and C24:1-
fatty acid-containing LacCers are the major species of
plasma membrane DRM of neutrophils and are minor
species of those of D-HL-60 cells. Although exogenously
loaded C24:0-, C24:1-, C22:0-, and C16:0-LacCer were
incorporated into plasma membrane DRM of D-HL-60
cells, only C24:0- and C24:1-LacCer-loaded D-HL-60
cells showed LacCer-mediated neutrophil superoxide
generation and migration. In addition, Lyn activation by
LacCer crosslinking and Lyn-coimmunoprecipitation
with anti-LacCer antibody were observed only in the
C24:0- and C24:1-LacCer-loaded D-HL-60 cells. These
observations suggest that C24 fatty acid chains of LacCer
play an important role in the formation of LacCer-
enriched lipid rafts coupled with Lyn as functional lipid
domains responsible for chemotaxis and superoxide
generation.

Materials and methods

Antibodies and reagents

Mouse anti-LacCer monoclonal IgMs T5A7 [12] and Huly-
m13 (Ancell, Bayport, MN) were used. Mouse anti-Lyn
monoclonal IgG and anti-Lyn polyclonal rabbit IgG used
here were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Monoclonal anti-β-actin IgG was from Sigma-
Aldrich (St. Louis, MO). Normal mouse IgM and rabbit
IgG were obtained from Zymed (San Francisco, CA).
Bovine and porcine LacCers (Galβ1-4Glc-ceramides) were

from Matreya (Pleasant Gap, PA). Candida albicans-
derived-βglucan (CSBG) and Sparassis crispa-derived
β-glucan (SCG), isolated as described previously [23],
were kindly provided by Drs. Adachi and Ohno (Tokyo
University of Pharmacy and Life Science) and Dr. Tamura
(Seikagaku Corporation), respectively. Dimethylsulfoxide
(DMSO) and N-formylmethionine-leucine-phenylalanine
(fMLP) were purchased from Sigma-Aldrich Japan (Tokyo,
Japan).

Synthesis of GSLs and [1-3H]sphingosine

C16:0-(palmitic acid), C22:0-(behenic acid), C24:0-(ligno-
ceric acid), and C24:1 (nervonic acid; C24:1ω9)-LacCer
were synthesized from the corresponding lyso compounds.
LacCer was prepared by acid hydrolysis of GM1, which
was isolated from bovine brain [29]. C16:0- and C22:0-
compounds were prepared using commercial C16:0 and
C22:0 anhydrides (Sigma-Aldrich). C24:0- and C24:1-
compounds were prepared using pentafluorophenol-activated
C24:0 and C24:1 fatty acids. LC-MS and NMR analysis
indicated that the synthesized compounds used in this study
were pure [30, 31]. [1-3H]sphingosine was prepared by
specific chemical oxidation of the primary hydroxyl group of
sphingosine followed by reduction with sodium boro-[3H]-
hydride [32].

Cell culture and loading with LacCers

Human neutrophils were isolated from heparinized periph-
eral blood of normal volunteers by PolymorphprepTM

(Nycomed Pharma AS, Oslo, Norway) centrifugation, and
suspended at 2×107 cells/ml in DMEM/F12 medium. The
purity of human neutrophils was >95% as estimated by
Wright–Giemsa staining.

HL-60 cells were maintained in RPMI1640 medium
supplemented with 10% FBS. To induce differentiation into
neutrophilic lineage cells, HL-60 cells were cultured with
1.3% DMSO for 7 days [12]. In the case of the metabolic
labeling of sphingolipids, DMSO-treated HL-60 cells (D-
HL-60, 2×107 cells/ml) on day 5 were incubated in RPMI-
1640+10% FBS for 2 h in the presence of 0.8 nM [1-3H]
sphingosine. After washing, cells were further cultured for
48 h in the presence of 1.3% DMSO.

For loading of D-HL-60 cells with LacCers, aliquots of
10 ml of D-HL-60 cells (2×107cells/ml) in Dulbecco’s
phosphate buffered saline (PBS) were mixed with 10 μl of
0.01–10 mg/ml GSLs in DMSO (final concentration: 0.01–
10 μg/ml) for 30 min at 20°C with gentle shaking (30
strokes/min). After incubation, cells were washed twice
with 10 ml of PBS+0.1% BSA to remove non-incorporated
or attached LacCers, and then used immediately for
analysis.
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Transfection with siRNA

After 5 days of treatment with DMSO, D-HL-60 cells (4×
106 cells) were transfected with short interfering RNA
(siRNA) for human Lyn (siGenome SMARTpool reagent;
Dharmacon, Lafayette, CO) and non-targeting siRNA
(control siRNA) at a final concentration of 250 nM using
an Amaxa Nucleofector with a Nucleofector Kit V in
accordance with the manufacturer’s protocol with slight
modifications (Amaxa Biosystems, Cologne, Germany).
After transfection with siRNA, cells were cultured for
72 h in RPMI1640 medium supplemented with 10% FBS.
The cells were then collected and suspended in PBS, and
then incubated with C24:1-LacCer for 30 min at 20°C.
siRNA-transfected C24:1-LacCer-loaded D-HL-60 cells
were subjected to migration assay.

Molecular species analysis of lipids in DRMs

To isolate plasma membrane and granular DRM, cells (2×
107 cells/ml) were disrupted by the N2-cavitation method
[12], and the plasma membrane and granule fractions were
isolated from the cavitates by the differential centrifugation
method [33]. Briefly, cells were suspended in relaxation
buffer (100 mM KCl, 3mM NaCl, 3.5 mM MgCl2, 1mM
ATP-2Na, 10 mM PIPES, pH 7.3) at 2×107cells/ml, and
disrupted by N2 gas cavitation for 20 min at 350 psi on ice.
The cavitated fraction was dropped into EGTA solution
(final concentration: 1.25 mM, pH 7.4). The cell homoge-
nates were centrifuged at 500×g for 10 min at 4°C, and the
supernatants thus obtained were centrifuged at 8,500×g for
20 min at 4°C to isolate granules (granule fraction). The
supernatants thus obtained were centrifuged at 200,000×g
for 60 min at 4°C to isolate plasma membranes (plasma
membrane fraction). The isolated fractions were resus-
pended in 1 ml of TNE-T buffer (1% Triton X-100, 10 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM
DFP, 1/20 v/v Complete) and allowed to stand on ice for
20 min, and then homogenized by 17 strokes in a Dounce
homogenizer. The homogenates were mixed with an equal
volume of 85% sucrose (w/v) containing 10 mM Tris buffer
(pH 7.5), 150 mM NaCl, 5 mM EDTA (Tris–NaCl-EDTA
buffer). The resulting diluent was placed at the bottom of a
discontinuous sucrose concentration gradient (30–5%) in
the same buffer, and then centrifuged for 17 h at 200,000×g
at 4°C. After centrifugation, each 1-ml fraction from the top
was collected. The LacCer-enriched DRM fraction was
isolated from DRM of D-HL-60 cells using a combination
of anti-LacCer antibody Huly-m13 and rat anti-mouse IgM-
bound Dynabeads (Invitrogen Japan, Tokyo, Japan) as
described [12].

Lipid components were extracted with chloroform/
methanol (2/1 v/v) solution, and then analyzed by single

or two-dimensional high-performance thin-layer chroma-
tography (HPTLC) [12]. The migrated lipids were visual-
ized by primulin spray. In some experiments, to remove
glycerophospholipids, lipid extracts were treated with
0.1 M sodium hydroxide in methanol at 40°C for 2 h
before HPTLC analysis. Molecular species of LacCer
extracted from HPTLC plate were identified by reverse-
phase liquid chromatography/electrospray ion trap mass
spectrometry (LC-ESI-MSn) analysis as described previ-
ously [3]. The LacCer contents of each LacCer band were
quantified by densitometric scanning of migrated bands on
HPTLC plates using a VersaDoc™ Model 3000 Imaging
System (Bio-Rad Japan, Tokyo Japan). Compositions of the
recovered LacCer added to the plasma membrane DRM
fractions were measured by HPTLC analysis as described
above. The abundance of LacCer species in each sample
was calculated from the peak area ratios on the LC chart on
LC-ESI-MS analysis.

Molecular species of sphingomyelin (SM) were con-
firmed by LC-ESI-MS/MS analysis. LC separation was
performed using Capcellpak C8 UG120, 1.0 mm ID,
150 mm reverse phase column (Shiseido Fine Chemicals,
Tokyo, Japan). The mobile phases were as follows: solvent
A was 1 mM ammonium acetate in methanol:water (76:24
v/v) and solvent B was 1 mM ammonium acetate in
methanol:water (96:4 v/v). The elution program was
isocratic elution with 80% B for 5 min, increase to 95%
B, and then hold for 30 min. The flow rate was 50 μl/min.
The HPLC was connected to a mass spectrometer (TSQ
Quantum Ultra AM; ThermoFisher Scientific, San Jose,
CA). The MS conditions were as follows: ion transfer tube
temperature, 350°C; spray voltage, 4.5 kV; sheath gas
pressure, 20 U. The collision gas used for MS/MS experi-
ments was argon at 0.8 mTorr and the collision energy was
set to 15 eV plus 0.05 eV per m/z.

Molecular species of phosphatidylcholine (PC) were
confirmed by LC-ESI-MS/MS analysis with both positive
and negative mode using an LCQ DECA XP ion trap mass
spectrometer (ThermoFisher Scientific). Other conditions
were the same as described for LacCer. Fatty acyl
compositions of PCs were confirmed from MSn spectra.

Superoxide generation assay

Superoxide generation from D-HL-60 cells was assayed by
superoxide dismutase-inhibitable cytochrome c reduction,
as described [12]. Aliquots of 100 μl of the loaded or non-
loaded D-HL-60 cells (2.5×105 cells/100 μl) in phenol red-
free RPMI-1640 medium containing 1 mg/ml BSA were
incubated with or without 50 μg/ml superoxide dismutase
at 37°C for 30 min in 96-well plates, which were pre-coated
with anti-LacCer IgM T5A7 or normal IgM. In some
experiments, the assay was carried out in the presence of
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10 μM PP1. To measure the effect of synthesized LacCer
on superoxide generation from cells, non-loaded cells were
incubated with several concentrations of synthesized
LacCer bovine serum albumin-coated wells at 37°C for
30 min. As positive and negative controls for superoxide
generation, non-loaded cells were incubated with 10−7 M
fMLP (fMLP) or 0.1% DMSO (vehicle) in bovine serum
albumin-coated wells at 37°C for 30 min. The absorbance at
550 nm of the supernatants was measured with a Beckman
DU640 spectrophotometer (Beckman Instruments, Fullerton,
CA), and the value of cytochrome c reduction was calculated
using the formula: E550 = 2.1×104 M−1cm−1 [34].

Migration assay

Cell migration was assayed using a modified Boyden
chamber with cellulose nitrate filters with a pore size of
3 μm (Sartorius, Göttingen, Germany), as described [23].
Briefly, several concentrations of β-glucans and antibodies
in RPMI-1640 medium supplemented with 1 mg/ml bovine
serum albumin (BSA) were placed into the lower compart-
ment of the chamber. Aliquots of 300 μl of cell suspensions
(2.5×106 cells/ml) in RPMI-1640 medium containing
1 mg/ml BSA were placed into the upper compartment,
and then incubated for 30 min at 37°C in a CO2 incubator.
After incubation, the filters were fixed with neutral buffered
formalin for 20 min, and then stained with Mayer’s
hematoxylin. The distance (μm) from the top of the filter
to the furthest two cells in the same focal plane was
measured microscopically with a 40× objective in 20 fields
across the filter, and the results were expressed as the
migration index (relative neutrophil migration: average
distance of tested group/average distance of corresponding
vehicle control). In each assay, fMLP at a concentration of
50 nM was used as a positive reference chemoattractant.

Migration of siRNA-transfected cells was measured by a
modification of the method of Boyden using a 48-well
microchemotaxis chamber with a polyvinylpyrrolidone-free
polycarbonate membrane (pore size: 3 mm; Neuroprobe,
Cabin John, MD) in accordance with the manufacturer’s
instructions [35]. Chemoattractants or DMEM/F12 medium
(22 μl) were added to the lower compartment. The cells
were placed in the upper compartment of the chamber
(50 μl of a suspension of 106 cells/ml) and allowed to
migrate for 1 h at 37°C in a 5% CO2 atmosphere. At the
end of the incubation period, the top of the chamber was
removed, and the upper side of the membrane was wiped
carefully with the rubber scraper provided by the manufac-
turer. The polycarbonate membrane was fixed in methanol,
colored with a Diff-Quick staining kit, mounted on a glass
slide, and examined with a light microscope under 400×
magnification. The numbers of cells in ten random fields
were counted, and the results were expressed as the

migration index (relative neutrophil migration: number of
cells from tested group/number of cells from corresponding
vehicle control). Treatment with fMLP (50 nM) was used as
a positive control.

Assay for Lyn activity in anti-LacCer antibody-treated
D-HL-60 cells

Anti-LacCer antibody-induced Lyn activities were assayed
essentially as described but with slight modifications [12].
After loading D-HL-60 cells with 0.5 μg/ml C16:0-, C22:0-,
C24:0-, C24:1-LacCer, or 0.1% DMSO (vehicle), 5 ml of
2.5×106 cells/ml loaded cells in RPMI-1640 medium were
incubated in anti-LacCer antibody T5A7-coated 10-cm
dishes without or with 10 μM PP1 at 37°C for 5 min. The
reaction was terminated by placing the dishes on ice. Then,
the cells were lysed in lysis buffer [50 mM Tris–HCl, pH
7.4, 150 mM NaCl, 2 mM NaF, 1 mM EDTA, 1 mM EGTA,
1 mM PMSF, 1/20 v/v Complete™ and 1% Triton X-100],
and sonicated for 10 s with 10% due using an ultrasonic
disruptor UD-201 (Tominaga Works Ltd., Tokyo, Japan).
After centrifugation at 440×g for 5 min, the supernatant was
recovered, and pre-cleared by incubation with 50 μl of
protein G-Sepharose. Then, the supernatant was incubated
with mouse monoclonal anti-Lyn IgG H2 (1 μg IgG/ ml)
overnight at 4°C, followed by incubation with 50 μl of
protein G-Sepharose beads for 2 h. The immunoprecipitated
beads were washed 3 times with lysis buffer B and twice
with kinase buffer (30 mM HEPES, pH 7.5, 10 mM MgCl2,
2 mM MnCl2 1 mM CaCl2). The immunoprecipitates were
incubated at 37°C for 5 min with 10 μM ATP and 5 μCi of
[γ-32P] ATP (3,000 Ci/mmol; NENTM Life Science Prod-
ucts, Boston, MA) in kinase buffer. Samples were placed on
ice, centrifuged at 440×g for 5 min, and the Sepharose beads
were then boiled with SDS-Sample buffer containing 5% 2-
ME. The samples were subjected to 7.5% SDS-PAGE, and
blotted onto PVDF membranes. Autoradiography was
carried out by exposing the electroblotted membranes to
Fuji X-ray film at −80°C with intensifying screens (Dupont
Lightning Plus; Dupont, Wilmington, DE). After autoradi-
ography, the blotted membranes were probed with rabbit
anti-Lyn IgG, and Lyn was detected using SuperSignal™
reagent.

Immunoelectron microscopic observation

Immunogold labeling was performed as described with
some modifications [36]. Briefly, D-HL-60 cells were
incubated with 0.5 μg/ml C16:0- or C24:1-LacCer in
DMSO or 0.1% DMSO as a vehicle control for 30 min at
20°C, and then washed with PBS containing 0.1% BSA.
The loaded cells and neutrophils were fixed with periodate-
lysine paraformaldehyde (PLP) fixative (2% paraformalde-
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hyde 0.1 M lysine in 50 mM sodium phosphate buffer, pH
7.4) for 1 h on ice, infiltrated with 40% polyvinylpyrroli-
done (Sigma-Aldrich)/2.3M sucrose/phosphate buffer, em-
bedded, and frozen in liquid nitrogen. Ultrathin
cryosections were cut with an Ultracut UCT microtome
equipped with the FC-4E cryoattachment (Leica, Wetzlar,
Germany) at −110°C and transferred onto nickel grids (150
mesh), blocked, and then incubated with appropriate
primary Abs at 4°C overnight. They were then incubated
with 5 nm gold-conjugated Goat F(ab′)2 anti-Mouse IgM
and 10 nm gold-conjugated Goat F(ab′)2 anti-rabbit IgG
(British BioCell, Cardiff, UK) for 2 h. They were re-fixed
with 2.5% glutaraldehyde/PB, contrasted with 2% uranyl
acetate solution for 30 min, and absorption-stained with
2% polyvinyl alcohol (Sigma-Aldrich) containing 0.2%
methylcellulose (Nakalai Tesque, Kyoto, Japan) and 0.2%
uranyl acetate for 30 min. The samples were observed
with a JEOL 1230 electron microscope (JEOL, Tokyo,
Japan). The length of an immunoglobulin molecule has
been estimated to be about 10 nm for IgG and 20–30 nm
for IgM [37–40]. Thus, we defined a cluster as two 5-nm
gold beads at a distance of less than 30 nm. If the distance
between 5- and 10-nm gold beads was less than 50 nm,
this was taken to indicate that LacCer was associated with
Lyn.

Immunostaining

To examine the effects of anti-LacCer mAb T5A7 on
cluster formation of LacCer on plasma membranes, cells
were incubated in DMEM/F12+0.1% BSAwith Alexa 488-
or 594-conjugated anti-LacCer antibody T5A7 on ice or
37°C for 5 min, followed by a further incubation for 25 min
on ice. In some experiments, cells were incubated at 37°C
for 5 min in the presence of 10 μM PP1, and then
incubated for a further 25 min on ice. After three washes
with ice-cold PBS, cells were fixed with 2% formalde-
hyde, and then examined with a Zeiss LSM 510 confocal
microscope equipped with a Plan-Apochromat ×100 oil
DIC objective. The three-dimensional reconstructing
images were made using IMARIS software (Bitplane,
Zurich, Switzerland).

Expression of LacCer on D-HL-60 cells was measured
by flow cytometry using FACSCalibur (BD Biosciences,
San Jose, CA) as described [12].

Statistical analysis

Data are expressed as the means±SD, and were analyzed
for significant differences by one-way ANOVA and post
hoc test using GraphPad PRISM (GraphPad Software Inc.
San Diego, CA). Differences were considered statistically
significant at P<0.05.

Results

Lipid compositions and molecular species of LacCer in
plasma membrane DRM of neutrophils and D-HL-60 cells

To compare the lipid compositions of neutrophils and D-
HL-60 cells, we performed HPTLC analysis of plasma
membrane DRMs from these cells. LacCer of DRM
isolated from neutrophil plasma membrane and D-HL-60
cell granules migrated as two bands on HPTLC (Fig. 1a) due
to heterogeneity of the ceramide moiety [41]. However, the
LacCer upper band of the plasma membrane fraction from
D-HL-60 cells was almost undetectable (Fig. 1a and b).
Consistent with the data reported by other groups [42, 43],
the amount of LacCer in the plasma membrane fraction of
neutrophils was 3.7±0.17 (μg/108 cells, mean±SD of three
experiments). The amount of LacCer in the D-HL-60 cell
plasma membrane was 3.02±0.21 μg /108 cells. Under our
experimental conditions, most of the LacCer of neutrophils
and D-HL-60 cells was recovered in the DRM fraction [12].
Densitometric analysis revealed that the upper band of
LacCer in the plasma membrane fraction accounted for
55.9±8.6% (mean±SD of three experiments) and 9.5±0.9%
of total LacCer density in neutrophils and D-HL-60 cells,
respectively. LC-ESI-MSn analysis revealed that the upper
band of LacCer of neutrophils and D-HL-60 cells was
mainly composed of C24:0- and C24:1-LacCer, while the
lower band contained LacCer species with shorter fatty acids
(Fig. 1c). Based on the peak area ratio of LacCer species on
LC-MS/MS analysis, the main plasma membrane LacCer
species of neutrophils were C16:0- (22.6% of total, mean of
three independent experiments), C24:1- (19.6%), C24:0-
(12.0%), and C22:0-LacCer (8.0%), while those of D-HL-60
were C16:0- (70.1% of total), C24:1- (8.2%), and C24:0-
LacCer (5.4%) (Fig. 1c). Thus, the most abundant species in
D-HL-60 cells is the C16-species, while that in neutrophils is
the C24-species. HL-60 cells seem to mainly produce C16:0-
LacCer instead of C22 and longer fatty acid-containing
LacCers.

The molecular species of sphingomyelin and phosphati-
dylcholine in the plasma membrane DRMs were not
significantly different between neutrophils and D-HL-60
cells (Fig. 2).

Effects of LacCer loading on D-HL-60 cell functions

To understand the possible role of the LacCer species
structure, specifically that of C24-species, in the association
of Lyn with LacCer-enriched lipid rafts, D-HL-60 cells
were loaded with LacCer mixtures from different natural
sources or synthetic LacCer species with homogeneous
ceramide moieties. As mixtures, we used LacCer derived
from bovine milk, which contained 77% C22- or shorter
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Fig. 1 Distribution of molecular species of LacCer derived from the
plasma membrane and granular DRMs of neutrophils and D-HL-60
cells. a HPTLC analysis of plasma membrane and granular DRMs of
D-HL-60 cells and neutrophils. Neutrophils and D-HL-60 cells were
disrupted by nitrogen cavitation, and the plasma membrane and
granular DRMs were isolated from the cavitates. The lipids, which
were extracted with chloroform/methanol 2:1 (v/v) from the plasma
membrane and granular fractions of D-HL-60 cells (2×108 cell
equivalents), and the plasma membrane fractions of neutrophils (3×
108 cell equivalents), were separated by high-performance thin-layer
chromatography with chloroform/methanol/water 65:25:4 (v/v/v). The
migrated lipids were visualized by primulin spray. b LacCer derived
from the plasma membrane and granular DRMs of neutrophils and D-
HL-60 cells. The lipids, which were extracted with chloroform/
methanol 2:1 (v/v) from the plasma membrane and granular fractions
of neutrophils and D-HL-60 cells (3×108 cell equivalents), were
treated with 0.1 N NaOH in methanol, and then separated by high-

performance thin-layer chromatography with chloroform/methanol/
water 65:25:4 (v/v/v). The migrated lipids were visualized by primulin
spray. c The abundance of LacCer species derived from plasma
membrane DRM of neutrophils (open bars) and D-HL-60 cells (closed
bars). LacCer bands isolated by HPTLC shown in (a) were recovered
by scraping, LacCer was extracted with chloroform/methanol (2:1 v/v),
followed by LC-ESI-MSn. The abundance of LacCer species was
calculated from the peak area ratios on the LC chart of LC-ESI-MS
analysis. Each bar shows the percentage (mean of three independent
experiments) of each LacCer molecular species in total LacCer. Upper
band, abundance of LacCer species in the upper band as a percentage of
the total LacCer species; Lower band, abundance of LacCer species in
the lower band as a percentage of total LacCer species; Total, the
amount of each LacCer species as a percentage of the total LacCer
species. a, Mixture of LacCer(d18:2/C16:0) and LacCer(d18:1/C16:1).
Others, the sum of LacCer species, which were less than 1% of total
LacCer intensity
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fatty acid chains, and porcine blood cell-derived LacCer,
which contained 84% C24- and longer fatty acid chains
(Fig. 3a). As shown in Fig. 3b, loading of porcine LacCer
onto D-HL-60 cells elicited anti-LacCer antibody T5A7-
induced superoxide generation in a dose-dependent manner
with a bell-shaped dose response curve, whereas bovine
LacCer was ineffective in the induction of superoxide
generation by T5A7. These observations suggest that
LacCers containing C24 and longer fatty acid chains may
be involved in LacCer-meditated superoxide generation
from neutrophils.

Lipid rafts are characterized by liquid-ordered membrane
regions, where lipid components are more tightly packed
than in the surrounding lipid bilayer [4, 44]. As Lyn is
myristoylated and palmitoylated at two N-terminal amino
acids [45], LacCer containing C24 and longer fatty acid
chains may be associated with Lyn molecules via the fatty
acid chains in the neutrophil plasma membrane. To better
evaluate the effects of fatty acid length, we loaded
neutrophils with synthetic LacCer species containing
C16:0, C22:0, C24:0, or C24:1 acyl chains (Fig. 4a), and
examined the effects due to incorporation of the added

Fig. 2 Distribution of molecular species of sphingomyelin and
phosphatidylcholine derived from plasma membrane DRM of neu-
trophils and D-HL-60 cells. a Plasma membrane and granular DRM of
neutrophils and D-HL-60 cells were isolated using the same method
described in Fig. 1a. SM was recovered by scraping gels of the
HPTLC plates. The isolated SM was recovered by scraping gels and
extracted with chloroform/methanol 2:1 (v/v) solution, followed by
analysis of molecular species of SM by LC-ESI-MSn. * m/z 705.6,
which was not identified by MS/MS analysis, was predicted as d18:0/

C16:0 SM from its molecular mass and the retention time on HPLC.
These panels show the representative data set of three independent
experiments. b Lipid components of DRM were extracted with
chloroform/methanol 2:1 (v/v) solution and then separated by HPTLC
with chloroform/methanol/water 65:25:4 (v/v/v). The isolated PC was
recovered by scraping gels and extracted with chloroform/methanol
2:1 (v/v) solution, followed by analysis of molecular species of PC by
LC-ESI-MSn. These panels show the representative data set of three
independent experiments
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species into the membrane. As shown in Fig. 4b, LacCer-
loading per se did not significantly enhance superoxide
generation by D-HL-60 cells. In contrast, the anti-LacCer
antibody T5A7 significantly induced superoxide generation
from C24:0- and C24:1-LacCer-loaded D-HL-60 cells with
a bell-shaped dose-response curve (Fig. 4c). However,
loading with C16:0- or C22:0-LacCer did not induce
LacCer-mediated superoxide generation.

To evaluate the possible role of LacCer species in
modulating signaling processes, we examined the effects
of LacCer loading on neutrophil migration. Chemotactic
migration toward β-glucan is another LacCer-mediated
neutrophil function [23]. CSBG, a β-1,3-D-glucan with
long 1,6-glucosyl side chain, binds specifically to LacCer,
and induces chemotaxis of human neutrophils but not D-
HL-60 cells. In contrast, Sparassis crispa-derived β-glucan
(SCG), a 1,6-monoglucosyl-branched 1,3- β-D-glucan,
cannot induce neutrophil or D-HL-60 cell chemotaxis. As
shown in Fig. 5c, C24:0- and C24:1-LacCer-loaded D-HL-

60 cells migrated toward not only T5A7 but also CSBG,
whereas these loaded cells did not migrate toward SCG or
normal IgM. In the case of D-HL-60 cells loaded with
C16:0- and C22:0-LacCer, neither T5A7 nor CSBG
induced migration. Thus, loading of D-HL-60 cells with
C24 fatty acid-containing LacCer is essential for CSBG-
induced chemotactic migration.

Loading of homogeneous species allowed us to obtain
detailed biochemical information on the new lipid raft
organization. We analyzed the LacCer content and pattern
in the plasma membrane DRM from C16:0-, C22:0-,
C24:0- and C24:1-LacCers loaded D-HL-60 cells. The
LacCer content in the plasma membrane DRM after loading
cells with these LacCer species at 0.54 μM were 3.07±
0.36, 3.30±0.26, 3.40±0.29 and 3.39±0.27 μg/108 cells,
respectively. These values are slightly, but not significantly,
higher than that in the DRM from unloaded cells. In
addition, we did not find LacCer in the detergent-
solubilized membrane belonging to the heavy fractions

Fig. 3 Effects of natural LacCer
loading on superoxide genera-
tion of D-HL-60 cells. a The
molecular species of porcine
blood cell- and bovine milk-
derived LacCer. Porcine blood
cell (closed bars) and bovine
milk (open bars)-derived
LacCer were subjected to LC-
ESI-MSn analysis as described
in Materials and methods. The
amounts of each LacCer mole-
cule are shown as the percen-
tages of total LacCer intensity.
a, m/z: 988 was indicated to be
LacCer (d18:1/C25:0 and d19:1/
C24:0). b m/z: 1004 was not
identified by MSn analysis, but
it was thought to be LacCer
(d18:1/Ch25:0) from its molec-
ular mass and the retention time
on HPLC. b. D-HL-60 cells
were incubated with porcine
blood (closed circle) or bovine
milk (open circle)-derived
LacCer at several concentrations
at 20°C for 30 min. fMLP, 10−7

M fMLP; Resting, 0.1% DMSO.
Data show the means±SD of
three independent experiments.
**P<0.01, ***P<0.001
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separated by sucrose gradient ultracentrifugation (data not
shown). This confirms previous observations on the
displacement of endogenous LacCer by the exogenously
added LacCer species and taken up by the cells [46, 47].
The cells were washed extensively after loading to remove
all the LacCer loosely bound to the cell surface but not
inserted into the membrane. To confirm that the added
LacCer species became components of the plasma mem-
branes, we performed detailed analysis of the LacCer
species pattern by HPTLC. The chromatographic behavior
of LacCer species is highly dependent on the length of fatty
acid, as shown above (see Fig. 1). Figure 5a clearly shows
that the C24:0- and C24:1-LacCer species became the main

species in the plasma membrane DRM from loaded cells,
and replaced the original C16:0-LacCer, the main LacCer
species in D-HL-60 cells. According to the intensity of the
densitometric spots in unloaded and loaded cells, we
calculated that the C24-LacCer species covered over 55%
of the total LacCer species in loaded cells.

To evaluate whether loading with LacCer affects the
lipid composition of LacCer-enriched DRM in D-HL-60
cells, we analyzed the lipid composition of immunopreci-
pitates obtained from DRM using the anti-LacCer antibody
Huly-m13. Two-dimensional HPTLC analysis showed that
the immunoprecipitates from the DRM of loaded D-HL-60
cells were composed mainly of sphingomyelin (SM),

Fig. 4 Effects of synthesized LacCer loading on neutrophil functions.
a HPTLC analysis of the synthesized LacCer. Synthesized LacCers
were analyzed by HPTLC with primulin spray. b Effects of
synthesized LacCer on superoxide generation from D-HL-60 cells.
Various amounts of C16:0- (closed square), C22:0- (open square),
C24:0- (closed triangle), and C24:1- (open triangle) LacCer were
incubated with D-HL-60 cells at 37°C for 30 min. fMLP, 10−7 M
fMLP; Resting, 0.1% DMSO. Data show the means±SD of 4
independent experiments. c Effects of anti-LacCer antibody on
superoxide generation from synthesized LacCer-loaded D-HL-60
cells. Various amounts of C16:0- (closed square), C22:0- (open
square), C24:0- (closed triangle), and C24:1- (open triangle) LacCer
were loaded onto D-HL-60 cells at 20°C for 30 min. Then the

superoxide generating assay was performed as described in the
Materials and methods section. fMLP, 10−7 M fMLP; Resting, 0.1%
DMSO. Data show the means±SD of four independent experiments.
*P<0.05, **P<0.01, ***P<0.001. d Effects of LacCer loading on β-
glucan and anti-LacCer antibody-induced migration of D-HL-60 cells.
After loading of D-HL-60 cells, β-glucans or antibodies were assessed
for chemotactic activities against the loaded cells by the Boyden
chamber method. Resting, 0.1% DMSO. CSBG, 10 μg/ml Candida
albicans-derived β-glucan. SCG, 10 μg/ml Sparassis crispa-derived
β-glucan. Anti-LacCer IgM, 1 μg/ml T5A7. fMLP, 50 nM fMLP.
Each bar shows the mean±SD of five independent experiments. ***P<
0.001
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cholesterol, phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), and a very minor amount of LacCer, and
that the lipid patterns were essentially the same as
neutrophils [12] (Fig. 5b). Experiments carried out on cells
metabolically labeled with tritiated sphingosine before the
loading process, confirmed that LacCer loading did not
affect the sphingolipid composition of the LacCer-enriched
DRM of D-HL-60 cells.

Association of LacCer with Lyn

LacCer-dependent Lyn activation is necessary for the
biological functions mediated via LacCer-enriched lipid
rafts [12, 23]. The Src family kinase inhibitor PP1
completely inhibited anti-LacCer antibody-induced super-
oxide generation from D-HL-60 cells after loading with
C24:0-, C24:1-, and porcine LacCer (Fig. 6a). To further
substantiate the involvement of Lyn in LacCer-mediated
signal transduction, we evaluated the activation of Lyn after
treatment of D-HL-60 cells with the anti-LacCer antibody
T5A7; D-HL-60 cells were incubated with T5A7 for 5 min,
and autophosphorylation of Lyn was then measured. T5A7
treatment increased the phosphorylation of Lyn in D-HL-60
cells loaded with C24:0- and C24:1-LacCer, but not C16:0-
or C22:0-LacCer (Fig. 6b). Furthermore, T5A7-induced
Lyn phosphorylation of C24:1-LacCer-loaded D-HL-60
cells was inhibited by treatment with PP1. These results
suggest that the presence of C24-LacCer is necessary for
LacCer-mediated activation of Lyn in D-HL-60 cells. To
determine whether the Lyn molecule associates with
LacCer in the LacCer-loaded D-HL-60 cells, the DRM
isolated from the plasma membrane fraction of D-HL-60
cells loaded with different LacCer species were immuno-
precipitated with the anti-LacCer antibody Huly-m13.
Notably, Lyn was detected in immunoprecipitates with
anti-LacCer antibody recovered from D-HL-60 DRM
loaded with C24:0-, C24:1-, and porcine LacCer, but not
C16:0-, C22:0-, or bovine milk LacCer (Fig. 6c). These
results suggest that C24 fatty acid chains are crucial for
association of the Lyn molecule with LacCer, which is

�Fig. 5 Lipid composition analysis of plasma membrane DRM
fractions of synthetic LacCer-loaded D-HL-60 cells. a LacCer in
DRM fractions separated by sucrose density gradient centrifugation.
DRMs were isolated from the plasma membranes of LacCer-loaded
cells, and lipids in each DRM fraction were analyzed with primulin
spray. b Two-dimensional HPTLC analysis of LacCer-enriched DRM.
D-HL-60 cells were metabolically labeled with [1-3H]-sphingosine.
Plasma membrane DRMs were immunoprecipitated with anti-LacCer
antibody Huly-m13. Lipids were extracted from the immunoprecipi-
tates and analyzed by two-dimensional HPTLC. Plates were sprayed
with primulin to visualize all lipids, while radioactive sphingolipids
were visualized by autoradiography (autoradiogram). PE phosphati-
dylethanolamine, PC phosphatidylcholine, SM sphingomyelin, Chol
cholesterol. Arrows indicate the migrated LacCer
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responsible for LacCer-mediated outside-in signal transduc-
tion, and this association is indispensable for LacCer-enriched
lipid raft-mediated neutrophil superoxide generation and
migration [12, 23]. Thus, to determine whether signaling
through Lyn is critical for the LacCer-mediated functions of
C24:1-LacCer-loaded D-HL-60 cells, we performed Lyn gene

knockdown with short interfering RNA (siRNA) in D-HL-60
cells. Lyn siRNA, but not control siRNA, reduced the level of
Lyn gene expression by about 62% (Fig. 6d). Under these
conditions, C24:1-LacCer loading significantly enhanced the
migration of D-HL-60 cells toward CSBG and anti-LacCer
mAb T5A7 in control siRNA-transfected D-HL-60 cells
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(Fig. 6d). In contrast, loading with C24:1-LacCer did not
enhance migration of Lyn siRNA-transfected D-HL-60 cells.
These observations clearly indicated that Lyn is crucial for
C24-LacCer-dependent D-HL-60 cell migration. It has been
demonstrated that Src family kinases are not involved in
fMLP-induced neutrophil migration [48]. Consistent with
these results, C24:1-LacCer-loaded Lyn knockdown D-HL-60
cells migrated toward fMLP (Fig. 6e).

Distribution of LacCer and Lyn in LacCer-loaded D-HL-60
cells

Biochemical analyses suggested that Lyn is closely associ-
ated with LacCer-enriched lipid rafts in neutrophils and
C24-LacCer-loaded D-HL-60 cells but not non-loaded,
C16:0-, or C22:0-LacCer-loaded D-HL-60 cells (Fig. 6).
To further analyze the effects of LacCer loading on the
distribution of LacCer and Lyn on the plasma membrane,
we performed immunoelectron microscopy. Cellular GSLs
are easily solved in alcohols, such as ethanol. Therefore, to
observe the association of LacCer with Lyn on the plasma
membrane in situ, immunoelectron microscopy with ultra-
thin cryosections, which were prepared without organic

solvents used by routine electron microscopy, was per-
formed [36]. Neutrophils and D-HL-60 cells expressed
LacCer (detected by 5-nm gold particles) as clusters on the
plasma membrane (Fig. 7a–d). These clusters in neutrophils
and D-HL-60 cells were 43.2±12.0 nm (mean±SD of 480
clusters) and 36.4±8.6 nm (185 clusters) in diameter,
respectively (Table 1). In neutrophils, 24% of LacCer
clusters on the plasma membrane were associated with
Lyn (detected by 10-nm gold particles) (Fig. 7b, Table 1).
In contrast, it was difficult to find Lyn-associated LacCer
clusters in D-HL-60 cells (Fig. 7c). Loading of C16:0- and
C24:1-LacCer increased the sizes of LacCer clusters on D-
HL-60 cells (Table 1). Importantly, 27% of LacCer clusters
were associated with Lyn in C24:1-LacCer-loaded D-HL-
60 cells, whereas we found no Lyn-associated LacCer
clusters in C16:0-LacCer loaded D-HL-60 cells (Fig. 7e–h,
Table 1). The distances between LacCer and Lyn (5- and
10-nm gold particles) in Lyn-associated LacCer clusters of
neutrophils and C-24:1-LacCer-loaded D-HL-60 cells were
22.2±11.7 nm (mean±SD of 117 clusters) and 14.7±7.1 nm
(49 clusters), suggesting that Lyn is located adjacent to
LacCer in these LacCer clusters on both neutrophils and
C24:1-LacCer-loaded D-HL-60 cells.

The lipid raft-preferring molecules, such as GSLs,
become clustered upon stimulation, resulting in induction
of larger and stabilized lipid rafts, probably by coalescence
of small lipid rafts or cholesterol-GSL complexes in the
receptor clusters [49]. Confocal microscopy showed that
LacCer was observed as clusters on the plasma membranes
of neutrophils on ice (Fig. 8a). Upon incubation for 5 min
at 37°C with anti-LacCer antibody T5A7, LacCer formed
large clusters on the plasma membrane, and this cluster
formation was inhibited by treatment with PP1. These
results suggest that crosslinking of Lyn-associated LacCer-
enriched lipid rafts mediates Lyn-dependent outside-in
signaling to form large clusters of LacCer-enriched lipid
rafts. LacCer also formed clusters on the plasma membrane
of D-HL-60 cells on ice (Fig. 8a, vehicle). However,
treatment with T5A7 at 37°C did not affect LacCer cluster
size on the plasma membranes of these cells. After loading
with C24:0- and C24:1-LacCer, LacCer formed large
clusters on the plasma membrane upon incubation for
5 min at 37°C with T5A7, as observed in the case of
neutrophils. PP1 inhibited the formation of large clusters in
C24:1-LacCer loaded D-HL-60 cells by antibody treatment
at 37°C. In contrast, anti-LacCer antibody treatment did not
induce the formation of large LacCer clusters in D-HL-60
cells loaded with C16:0- or C22:0-LacCer. Flow cytometric
analysis showed that LacCer expression was unaffected by
incubation temperature (Fig. 8b), indicating that the
amounts of LacCer on the plasma membranes of D-HL-60
cells and neutrophils were not significantly altered by
treatment with anti-LacCer antibody. Anti-LacCer anti-

�Fig. 6 Association of LacCer with Lyn in C24-LacCer loaded D-HL-
60 cells. a Effects of PP1 on anti-LacCer antibody-induced superoxide
generation from LacCer-loaded D-HL-60 cells. D-HL-60 cells loaded
with different LacCer species were incubated without (open bars) or
with normal IgM (closed bars), anti-LacCer antibody T5A7 (hatched
bars), or T5A7 in the presence of 10 μM PP1 (shaded bars). Data
show the means±SD of three independent experiments. **P<0.01,
***P<0.001. b Induction of Lyn activation by anti-LacCer antibody.
After loading of D-HL-60 cells with different LacCer species, cells
were incubated on anti-LacCer antibody T5A7-coated dishes at 37°C
for 5 min. After incubation, phosphorylation of Lyn was analyzed by
immunoprecipitation with mouse anti-Lyn IgG, followed by SDS-
PAGE and blotting onto PVDF membranes. After autoradiography (p-
Lyn), the blotted membranes were probed with anti-Lyn rabbit IgG
(Lyn). C24:1/PP1, C24:1-LacCer-loaded cells were incubated in the
presence of 10 μM PP1. c Co-immunoprecipitation of Lyn with anti-
LacCer antibody in C24:0- and C24:1-LacCer-loaded but not C16:0-
or C22:0-loaded D-HL-60 cells. After loading of D-HL-60 cells with
different LacCer species or 0.1% DMSO (vehicle), plasma membrane
DRM were isolated, and immunoprecipitated with anti-LacCer IgM
Huly-m13. The immunoprecipitates were also analyzed by SDS-
PAGE/immunoblotting using rabbit anti-Lyn IgG. d, e Effects of Lyn
siRNA on LacCer-mediated chemotaxis of C24:1-LacCer-loaded D-
HL-60 cells. After 5 days of treatment with DMSO, HL-60 cells (4×
106 cells) were transfected with Lyn siRNA or non-targeting siRNA
(control siRNA), and cultured for a further 72 h. Total cell lysates
were subjected to SDS-PAGE/immunoblotting with anti-Lyn IgG for
evaluation of knockdown efficiency (d). The transfected D-HL-60
cells were loaded with 0.5 μg/ml C24:1-LacCer for 30 min at 20°C,
and then migration assay was performed (e). Resting, 0.1% DMSO.
CSBG, 10 μg/ml Candida albicans-derived β-glucan. SCG, 10 μg/ml
Sparassis crispa-derived β-glucan. Anti-LacCer IgM, 1 μg/ml T5A7.
fMLP, 50 nM fMLP. Data are presented as means±SD of three
independent experiments. ***P<0.001
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bodies have been shown to activate neutrophils through
LacCer-associated Lyn in neutrophils [12, 23]. In this
context, PP1 inhibited the formation of large LacCer
clusters on the plasma membrane by incubation at 37°C
not only in neutrophils, but also in D-HL-60 cells loaded
with C-24:1-LacCer, suggesting that the formation of large
LacCer clusters induced by crosslinking with anti-LacCer
antibody in cells containing C24-LacCer can be induced
dependent on Lyn activation.

Discussion

The results of the present study indicated that LacCer
species containing C24:0- and C24:1-fatty acids can

reconstruct LacCer-enriched lipid rafts coupled with Lyn
and restore LacCer-mediated neutrophil superoxide gener-
ation and migration in D-HL-60 cells. Plasma membrane
LacCer of neutrophils was composed mainly of C16:0-,
C24:1-, C24:0-, and C22:0-LacCer, while that of D-HL-60
cells consisted mainly of C16:0-LacCer and had low
contents of C24-fatty acid chains (Fig. 1). Although all
LacCer species were incorporated into the plasma mem-
brane DRM of D-HL-60 cells (Fig. 5), C24:0-, and C24:1-
LacCer, but not C16:0- or C22:0-LacCer-loaded cells
showed LacCer-dependent functions (Figs. 4 and 6).
Without stimulation of cells, Lyn was co-immunoprecipi-
tated with anti-LacCer antibody from the plasma membrane
DRM of neutrophils that naturally have high C24:0- and
C24:1-LacCer contents, and of C24:0- and C24:1-LacCer-

Fig. 7 Electron micrograph
showing the results of double-
immunolabeling cytochemistry
using anti-LacCer and anti-Lyn
antibodies. Neutrophils (a, b),
0.1% DMSO-treated (Vehicle; c,
d), C16:0- (e, f), or C24:1-
LacCer-loaded (g, h) D-HL-60
cells were fixed, and ultra-thin
sections of these cells were
incubated with anti-LacCer IgM
Huly-m13 along with rabbit
polyclonal IgG to Lyn. As a
secondary antibody, we used
5-nm gold-conjugated anti-
mouse IgM and 10-nm gold-
conjugated anti-rabbit IgG
(Fab′)2. Hatched circles indicate
LacCer clusters on the plasma
membrane
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loaded D-HL-60 cells that originally contain only small
amounts of C24:0- and C24:1-LacCer (Fig. 6). In contrast,
Lyn was not co-immunoprecipitated with anti-LacCer
antibody in C16- or C22-LacCer-loaded D-HL-60 cells.
Furthermore, immunoelectron microscopic observations
indicated that loading with C24:1-LacCer, but not C16:0-
LacCer, resulted in association of LacCer clusters with Lyn
(Fig. 7). These observations suggest that the presence of
Lyn-coupled LacCer-enriched lipid rafts is indispensable
for LacCer-mediated neutrophil superoxide generation and
migration, and that the presence of a 24-carbon fatty acid
chain in the LacCer molecule is necessary for the functional
connection with Lyn in LacCer-enriched lipid rafts. This
association occurred under basal conditions in neutrophils,
which naturally contain C24-LacCer, and in D-HL-60 cells
after loading with C24-LacCer. Loading with LacCer
containing fatty acid chains with shorter chain lengths,
such as C16 and C22, did not confer LacCer-mediated
biological functions on D-HL-60 cells. In the case of D-
HL-60 cells, a higher content of C16:0-LacCer in the
plasma membrane may interfere with the connection of
LacCer with Lyn in the LacCer-enriched lipid rafts.
Contents of cholesterol and other lipids in the anti-LacCer
antibody-immunoprecipitated plasma membrane DRM of
D-HL-60 cells were not affected by the loading of LacCer

species with different fatty acid structures (Fig. 5). The
association of LacCer with Lyn in the neutrophil plasma
membrane was not disrupted by cholesterol-scavenging
reagents, such as methyl-β-cyclodextrin and nystatin [12].
Therefore, it seems that the connection of LacCer with Lyn
is not affected by cholesterol and other lipid components of
LacCer-enriched lipid rafts.

Glycosphingolipids participate in the stabilization of
lipid rafts [28] and determination of membrane asymmetry.
Asymmetry is a well-established property of the plasma
membranes, which depends on the different lipid compo-
sitions of the two leaflets of the membrane bilayer. GSLs
belong to the external membrane leaflet, while phosphatidy-
linositol, phosphatidylethanolamine, and phosphatidylserine
are mainly distributed in the cytoplasmic leaflet [11, 50].
Sphingolipid-enriched lipid rafts are more tightly packed
than the surrounding non-raft phase of the bilayer containing
complex lipid species carrying 16–18 carbon acyl chains
[44, 51], which, due to their high transition temperature,
reduce membrane fluidity and favor cholesterol segregation
within the same membrane domains [4]. The assembly of
cholesterol could induce vacant pockets in the central part of
the membrane, thus allowing interdigitation of longer alkyl
chains [49]. Minor interdigitation of the longer alkyl chains
usually occurs at the center of the membrane core, and its

Table 1 Neutrophils and D-HL-60 cells expressed LacCer as clusters (in diameter)

Average
(nm)

Minimum
(nm)

Maximum
(nm)

Counted clusters
(number)

Lyn-associated cluster (% of total
counted)

Neutrophils
LacCer clusters 43.2±12.0 11.0 146.5 480
Lyn-associated Cluster 57.9±20.5 12.6 139.9 117 24.4
Distance between Lyn and
LacCer

22.5±11.7 8.0 45.0

D-HL-60 cells
Vehicle
LacCer clusters 36.4±8.6 22.4 55.8 185
Lyn-associated Cluster 40.6 40.6 40.6 1 0.5
Distance between Lyn and
LacCer

27.4 27.4 27.4

C16:0-LacCer loaded
LacCer clusters 52.4±16.8 25.1 97.9 184
Lyn-associated Cluster N.O. – – – 0
Distance between Lyn and
LacCer

– – – –

C24:1-LacCer loaded
LacCer clusters 46.2±11.5 20.8 80.4 180
Lyn-associated Cluster 41.4±13.6 19.3 62.9 49 27.2
Distance between Lyn and
LacCer

14.7±7.0 8.0 31.1

Values are shown as the mean±SD of clusters counted.
N.O. Not observed.
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occurrence increases markedly when the maximum length of
the hydrophobic chain exceeds the half thickness of the
membrane. The thickness of lipid rafts has been estimated to
be about 5 nm [52]. According to previous calculations [53],
C24:0- and C24:1-LacCer species have a hydrophobic
maximum length of about 3.2 nm, about 44% longer than
the half hydrophobic thickness of the membrane. NMR
studies of artificial lipid bilayers indicated that C24 fatty acid
chains of LacCer interdigitated with fatty acids of the
opposing monolayer [54]. Moreover, differential scanning
calorimetry and Langmuir film balance experiments indicat-
ed that not only C24:0- but also C24:1-LacCer show the
condensed and chain-ordered phase behavior [55]. Our data
clearly indicate that the C24:0- and C24:1-LacCer but not
C16:0- or C22:0-LacCer hydrophobic chains reconstruct the
LacCer-mediated Lyn phosphorylation in D-HL-60 cells,
which have only trace amounts of C24-LacCers (Fig. 6).
Thus, one possibility is that the protrusion into the
cytoplasmic membrane leaflet of the hydrophobic chains of
LacCer could be so pronounced as to allow direct van der
Waals interactions between the acyl chains of Lyn and those

of LacCer. Actually, direct connections between gangliosides
present in the external leaflet of the plasma membrane and
proteins of the cytoplasmic plasma membrane face, such as
Src-family protein kinases, caveolin, and tubulin, have been
demonstrated in cells by loading with radioactive ganglio-
sides containing a photoactivable group at the end of the acyl
chain; radioactive proteins cross-linked with the ganglioside
could be isolated from the DRM and characterized [56–58].

Several pathogenic microorganisms, such as C. albicans,
bind selectively to LacCer among the GSLs [23, 25],
indicating that the oligosaccharide chain of LacCer is also
required for LacCer-mediated biological functions. Taken
together, it seems that the oligosaccharide chains of GSLs
play a role in specific ligand interactions on the cell surface,
whereas very long fatty acid chains of GSLs function as
key elements for the functional organization of GSL-
enriched lipid rafts, which may be formed by lipid
interdigitation. Further studies are required to elucidate the
molecular machinery responsible for the association between
fatty acid chains of LacCer and Lyn in LacCer-enriched lipid
rafts.

Fig. 8 Expression of LacCer on
plasma membranes of D-HL-60
cells. a Three-dimensional re-
construction images of LacCer
on the plasma membranes of
LacCer-loaded D-HL-60 cells.
D-HL-60 cells were incubated
with 0.5 μg/ml C16:0-, C22:0-,
C24:0-, and C24:1-LacCers or
0.1% DMSO as a vehicle con-
trol (vehicle) for 30 min at
20°C. The loaded cells were
incubated with Alexa-594-con-
jugated anti-LacCer IgM T5A7
on ice or 37°C for 5 min, fol-
lowed by incubation for a fur-
ther 25 min on ice. 37°C/PP1,
incubation with Alexa-594-
conjugated T5A7 at 37°C for
5 min in the presence of 10 μM
PP1. bar, 5 μm. b Expression of
LacCer on LacCer-loaded D-
HL-60 cells. LacCers or 0.1%
DMSO-treated D-HL-60 cells
and neutrophils as indicated in
(a) were incubated with Alexa-
488-conjugated T5A7 on ice
(black lines) or 37°C (red lines)
for 5 min, followed by incuba-
tion for a further 25 min on ice.
The dotted line in the vehicle
panel shows normal IgM
staining on ice
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