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Abstract
Monosialoganglioside GM3 is the simplest ganglioside involved in various cellular signaling. Cell surface distribution of 
GM3 is thought to be crucial for the function of GM3, but little is known about the cell surface GM3 distribution. It was 
shown that anti-GM3 monoclonal antibody binds to GM3 in sparse but not in confluent melanoma cells. Our model mem-
brane study evidenced that monoclonal anti-GM3 antibodies showed stronger binding when GM3 was in less fluid membrane 
environment. Studies using fluorescent GM3 analogs suggested that GM3 was clustered in less fluid membrane. Moreover, 
fluorescent lifetime measurement showed that cell surface of high density melanoma cells is more fluid than that of low 
density cells. Lipidomics and fatty acid supplementation experiment suggested that monounsaturated fatty acid-containing 
phosphatidylcholine contributed to the cell density-dependent membrane fluidity. Our results indicate that anti-GM3 antibody 
senses GM3 clustering and the number and/or size of GM3 cluster differ between sparse and confluent melanoma cells.
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Abbreviations
Chol  Cholesterol
DMPC  1,2-Dimyristoyl-sn-glycero-3-phosphocholine
DOPC  1,2-Dioleoyl-sn-glycero-3-phosphocholine
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DPPC  1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
EGFR  Epidermal growth factor receptor
F2N12S  N-[[4’-N,N-diethylamino-3-hydroxy-

6-flavonyl]-methyl]-N-methyl-N-
(3-sulfopropyl)-1-dodecanaminium: inner salt

FLIM  Fluorescence lifetime imaging microscopy
FRET  Förster resonance energy transfer
GlcCer  Glucosylceramide
GM1  Ganglioside GM1
GM3  Monosialoganglioside GM3 

(NeuAcα3Galβ-4Glcβ1Cer)
Ld  Liquid-disordered
Lo  Liquid-ordered
MDCK  Madin-Darby canine kidney
NPA  Niemann-pick A
POPC  1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-

line
pSM  Palmitoyl sphingomyelin
SM  Sphingomyelin
SPR  Surface plasmon resonance

Introduction

Monosialoganglioside GM3 (NeuAcα3Galβ-4Glcβ1Cer) 
is the simplest ganglioside. GM3 is distributed in various 
mammalian cells and tissues and is involved in multiple cel-
lular signaling by modulating the activities of integrin [1], 
insulin receptor [2] and epidermal growth factor receptor 
(EGFR) [3, 4]. It is postulated that cell surface distribution 
of GM3 is crucial for its function [5]. Monoclonal anti-GM3 
antibodies [6–8] and polyclonal anti-GM3 antibodies from 
patients [9] have been used to examine cellular GM3 distri-
bution. These antibodies revealed heterogeneous distribution 
of GM3-rich domains on the plasma membrane of human 
T cells [9], Madin-Darby canine kidney (MDCK) cells [10] 
and mouse fibroblasts [11]. It was also demonstrated that 
GM3-rich domains were distinct from caveolae in MDCK 
cells [12].

Anti-ganglioside antibodies are believed to be a crucial 
pathogenic factor of peripheral nerve diseases [13]. It is well 
recognized that antigen gangliosides are often cryptic [14]. 
“Cryptic glycolipids” are the cell surface glycolipids that are 
not accessible to proteins such as anti-glycolipid antibod-
ies or sialidases. This makes the evaluation of pathogenic 
antibodies and determination of ganglioside distribution 
difficult. Currently, two mechanisms are reported for the 
ganglioside crypticity: (1) steric hindrance by other ganglio-
sides for the binding of anti-GM3 [15] and anti-GM1 [16] 
antibodies and (2) cholesterol-induced conformation change 
of GM1 [17]. It is not known whether other mechanism(s) 
might also be involved in ganglioside crypticity.

Previously, it was shown that anti-GM3 antibody labeled 
sparse but not high density B16 melanoma cells [18]. Simi-
lar results were obtained in hamster embryo fibroblasts [18] 
and glioma cells [19]. These cells contain GM3 as a single 
ganglioside. Cell density did not affect cellular GM3 content 
[18] but may affect its distribution in sparse and confluent 
melanoma and glioma cells. Surface labeling of GM3 in 
glioma cells by sodium  [3H] borohydride after sodium per-
oxide treatment indicated that cell surface GM3 was equally 
labeled in sparse and confluent cells [19]. These results indi-
cate that GM3 is cryptic in confluent melanoma and glioma 
cells and suggest different membrane organization of GM3 
in sparse and confluent melanoma cells.

In this study, we investigated the interaction of monoclo-
nal anti-GM3 antibodies with GM3 in different membrane 
environments using model membranes and cultured cells. 
Our results indicate that the antibodies preferentially bind 
to GM3 clusters. Formation of GM3 cluster is dependent on 
membrane fluidity and the plasma membrane is more fluid in 
confluent melanoma cells as compared to sparse cells. Thus, 
our studies revealed a cell density-dependent alteration of 
membrane organization of GM3.

Results

Binding of anti‑GM3 antibody to GM3/partner 
lipid is dependent on incubation temperatures 
and phase transition temperatures of partner lipids

Mouse monoclonal IgM against GM3 (clone GMR6) estab-
lished by Kotani et al. [7] by immunizing purified GM3, 
has been widely employed to label cellular GM3 [10–12, 
20–25]. We first characterized this antibody in depth using 
model systems. In Fig. 1A, the binding of the antibody to 
various lipids was compared. The antibody strongly bound 
to milk GM3 (GM3) and to a lesser extent to GM2. The 
antibody did not significantly bind to other glycolipids or 
phospholipids, including lyso GM3.

In Fig. 1B, GM3 was mixed with 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC, Gel to liquid crystalline phase 
transition temperature,  Tm =  − 17 ℃), 1-palmitoyl-2-ole-
oyl-sn-glycero-3-phosphocholine (POPC,  Tm =  − 2 ℃), 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 
 Tm = 24 ℃) and 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC,  Tm = 41 ℃) [26] and the binding of the anti-
GM3 antibody was measured at 4 ℃, room temperature 
(23 ℃), 37 ℃ or 42 ℃ by ELISA. The antibody efficiently 
bound GM3/DPPC (1:9) at 4 ℃ and room temperature. 
The binding was drastically decreased at 37 ℃ and 42 ℃. 
Although the binding was less efficient, binding to GM3/
DMPC (1:9) and GM3/POPC (1:9) also showed tempera-
ture dependence. The antibody did not significantly bound 
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to GM3/DOPC (1:9). In Fig. 1C, we examined the effect of 
palmitoyl sphingomyelin (pSM,  Tm = 40 °C), glucosylcera-
mide (GlcCer,  Tm = 66–68 ℃) and ganglioside GM1 (GM1, 
 Tm =  ~ 20 ℃) [26] on the antibody binding when mixed with 
GM3. Binding to GM3/pSM (1:9) and GM3/GM1 (1:9) 
showed similar results to those of GM3/DPPC and GM3/
DMPC. In contrast, the binding to GM3/GlcCer (1:9) did 
not show clear temperature dependence between 4 and 42 ℃. 
Binding to pure GM3  (Tm = 35–40 ℃) [26] also did not show 
temperature dependence (Fig. 1C). These results indicate 
that the binding of anti-GM3 antibody to GM3-containing 
lipid mixture is dependent on the physical properties of the 

partner lipids and that gel phase lipids give higher binding 
than liquid crystalline lipids. In Suppl. Fig. 1, we measured 
binding of anti-GM3 antibody to synthetic GM3s (sphingo-
sine backbone C18:1, fatty acid composition C8:0 to C24:0). 
The antibody bound efficiently to C16:0 GM3 and C24:0 
GM3. Binding was decreased in C12:0 GM3. The antibody 
did not bind to C8:0 GM3. Similar to milk GM3, in C12:0 
GM3 to C24:0 GM3, the antibody bound to GM3/DPPC 
(1:9) more efficiently than GM3/POPC (1:9).

We then compared the binding of other established anti-
GM3 monoclonal antibodies to GM3/DPPC and GM3/
DOPC. Anti-GM3 IgM monoclonal antibody M2590 was 
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Fig. 1  Binding of anti-GM3 antibody (GMR6) to GM3/partner 
lipid is dependent on incubation temperatures and phase transition 
temperatures of partner lipids. A Binding of 0.37  µg/mL of anti-
GM3 antibody to indicated lipids (0.5  nmol/well) was  measured by 
ELISA. GM1, ganglioside GM1; GM2, ganglioside GM2; GM3, 
ganglioside GM3; GlcCer, glucosylceramide; LacCer, lactosylcera-
mide; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DPPC, 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-diole-
oyl-sn-glycero-3-phosphocholine; POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; pSM, palmitoyl sphingomyelin;Cer, 
ceramide; DPPE,  1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine; DOPE,  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; 
DOPS,  1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DOPG,  1,2-dio-
leoyl-sn-glycero-3-phospho-(1'-rac-glycerol); TOCL,  1',3'-bis[1,2-

dioleoyl-sn-glycero-3-phospho]-glycerol; CerPE,  N-acyl-sphingo-
sylphosphorylethanolamine.  B Binding of 0.37  µg/mL of anti-GM3 
antibody to GM3/DOPC (1:9), GM3/POPC (1:9), GM3/DMPC (1:9) 
or GM3/DPPC (1:9) (0.5  nmol GM3/well) at indicated temperature 
measured by ELISA. (C) Binding of 0.37 µg/mL of anti-GM3 anti-
body to GM3/pSM (1:9), GM3/GlcCer (1:9), GM3/GM1 (1:9) or 
GM3  alone (0.5  nmol GM3/well) at indicated temperatures meas-
ured by ELISA. Data in A–C are means ± SD of three experiments. 
D Binding of anti-GM3 antibody (10  ng/mL) to GM3/DOPC (1:5) 
(orange) or GM3/DPPC (1:5) (green) liposomes measured by surface 
plasmon resonance (SPR). SPR was performed as described in Meth-
ods. E Binding of anti-GM3 antibody to DPPC/GM3 (5:2) (orange) 
or DPPC/GM3/Chol (5:2:5) (green) liposomes. F Binding of different 
concentration of anti-GM3 antibody to GM3/DPPC (1:9) liposomes
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established after immunization of C57BL/6 mice with syn-
genic B16 melanoma cells [6, 27]. Anti-GM3 IgG mono-
clonal antibody DH2 was originally established after immu-
nization of C57BL/6 mice with GM3 lactone coated on 
Salmonella minnesotae [8]. The DH2 antibody is a mouse 
 IgG3 known as a highly sensitive and specific antibody 
against GM3. However, in recent years, antibody production 
from DH2 hybridoma has become unstable, and the activity 
of purified antibody has been low. Therefore, we cloned the 
antibody gene from the DH2 hybridoma and constructed 
expression plasmids for the H and L chains. The recom-
binant DH2 (recDH2) antibody purified from supernatant 
culture of CHO/recDH2 cells was used for binding study.

Both antibodies showed higher binding to GM3/DPPC 
and lower binding to GM3/DOPC (Suppl. Fig. 2). These 
results indicate that the partner lipid-dependent binding to 
GM3 is a common property of anti-GM3 antibodies. We 
used GMR6 antibody in the following experiments.

Next, we examined the binding of the antibody to immo-
bilized lipid bilayers containing GM3 by surface plasmon 
resonance (SPR) (Fig.  1D–F). As observed in ELISA, 
the binding of GMR6 antibody was significantly different 
between GM3/DPPC and GM3/DOPC (Fig. 1D). Previously, 
the binding of cholera toxin B-subunit to GM1 was shown 
to be inhibited by cholesterol (Chol) [17]. Thus we added 
Chol to GM3/DPPC liposomes. The addition of Chol did 
not affect the binding of the antibody to GM3 (Fig. 1E). 
Consistent with SPR results, presence of Chol did not inhibit 
the antibody binding to GM3 in ELISA (Suppl. Figure 3). 
These results suggest that the molecular mechanism of 
GM3/DOPC crypticity against anti-GM3 antibody is differ-
ent from that of GM1/Chol to cholera toxin. From Fig. 1F 
the dissociation constant  KD of GMR6 antibody to GM3/
DPPC (1:9) was calculated to be 2.8 ± 0.8 ×  10–10 M (n = 4). 
The binding of the antibody to GM3/DOPC was too low to 
obtain reliable  KD value.

Fluorescent GM3 analogs form clusters in DPPC

To examine the difference of GM3 distribution in DPPC and 
DOPC membranes, we employed two fluorescent GM3 ana-
logs, C11 TopFluor-GM3 and ATTO594-GM3 [28] (Suppl 
Fig. 4). Fluorescent lipid analogs exhibit self-quenching in 
a concentration-dependent manner [29, 30]. There is lit-
tle self-quenching if small amount of a fluorescent lipid is 
well mixed with bulk membrane lipids. In contrast, when a 
fluorescent lipid is excluded from bulk lipids, fluorescent 
lipid forms clusters and thus is self-quenched [31, 32]. Sol-
ubilization of lipids by detergent dilutes fluorescent lipid 
clusters in detergent micelles and thus dequenches fluores-
cence. We first measured emission spectra of DOPC/C11 
TopFluor-GM3 (99.5/0.5 mol/mol) (Fig. 2A) and DPPC/

C11 TopFluor-GM3 (99.5/0.5 mol/mol) (Fig. 2B) in the 
absence and presence of 1% Triton X-100 at 20 ℃. C11 
TopFluor-GM3 was quenched 21% in DOPC and 44% in 
DPPC. Comparison of Fig. 2A and B shows that even in 
the presence of Triton X-100, the fluorescence intensity of 
DOPC/C11 TopFluor-GM3 is higher than that of DPPC/C11 
TopFluor-GM3. This may be due to the partial insolubility 
of DPPC in Triton X-100 [33]. Thus we may underestimate 
the quenching efficiency of C11 TopFluor-GM3 in DPPC. 
These results suggest that in both DOPC and DPPC, Top-
Fluor is clustered. However, the number and/or size of clus-
ters are larger in DPPC.

There is an overlap in the emission spectrum of C11 Top-
Fluor-GM3 and the absorption spectrum of ATTO594-GM3. 
Thus we can expect Förster resonance energy transfer 
(FRET) between the two lipids when they are in close prox-
imity. Figure 2C and D show emission spectra of DOPC and 
DPPC liposomes containing 0.5 mol% C11 TopFluor-GM3 
and 0.5 mol% ATTO594-GM3, respectively, in the absence 
and presence of 1% Triton X-100 at 20 ℃. Appearance of 
630 nm peak in the absence of Triton X-100 indicates FRET 
between C11 TopFluor-GM3 and ATTO594-GM3. Calcula-
tion of fluorescence intensity at 507 nm in the presence and 
absence of FRET acceptor, ATTO594-GM3, in the absence 
of Triton X-100 using Eq. (1) indicates that FRET efficiency 
is 64% in DOPC and 82% in DPPC. We then measured self-
quenching of ATTO594-GM3 in these liposomes by measur-
ing fluorescence from 605 to 700 nm at excitation 603 nm in 
the presence and absence of Triton X-100 (Fig. 2E and F). 
ATTO594-GM3 was self-quenched 10% in DOPC and 50% 
in DPPC. Similar to Fig. 2A and B, fluorescence intensity 
of DPPC/ATTO594-GM3 showed lower fluorescence than 
DOPC/ATTO594-GM3 in the presence of Triton X-100. 
Increased self-quenching of ATTO594-GM3 and increased 
FRET in DPPC suggest that DPPC enhanced clustering of 
GM3 analogs.

We then measured emission spectra of DOPC/C11 
TopFluor-GM3/ATTO594-GM3 (99/0.5/0.5 mol/mol/mol) 
(Fig. 2G) and DPPC/C11 TopFluor-GM3/ATTO594-GM3 
(99/0.5/0.5 mol/mol/mol) (Fig. 2H) in the absence of 1% Tri-
ton X-100 at different temperatures. In DPPC, FRET signal 
was higher at 4 ℃ and 20 ℃ compared to 37 ℃ and 42 ℃ 
(Fig. 2H–J). In contrast, DOPC did not show temperature-
dependent FRET. We then examined whether ATTO594-
GM3, the FRET acceptor alone shows temperature-depend-
ent fluorescence in DPPC. Figure 2K and L show emission 
spectra of DOPC and DPPC liposomes containing 0.5% 
ATTO594-GM3 with excitation at 603  nm at different 
temperatures. ATTO594-GM3 did not show temperature-
dependent fluorescence both in DOPC and DPPC. This sug-
gests that the number and/or size of fluorescent GM3 analog 
clusters were increased at lower temperatures in DPPC.
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Cell density dependent labeling of cellular GM3 
by anti‑GM3 antibody

Figure 1 suggests that anti-GM3 antibody labels cellu-
lar GM3 in a temperature-dependent manner. In Suppl. 
Fig. 5, various cells were fixed and cell surface GM3 was 
labeled with anti-GM3 antibody at different temperatures. 
It is reported that lipids are not fixed by PFA [34]. All cells 
tested were efficiently labeled at 4 ℃. However, labeling 
was decreased at higher temperatures. Different cells showed 
different labeling temperature thresholds. Human embryonic 
kidney cell line, HEK293, was labeled at 4 ℃ and room 
temperature, but not at 37 ℃ and 42 ℃. On the other hand, 
mouse melanoma cell line, MEB4 was labeled at 37 ℃ but 
not at 42 ℃. In Suppl. Fig. 5C, the antibody was incubated at 
42 ℃ for 30 min before labeling MEB4 cells at 4 ℃. Suppl. 
Fig. 5C indicates that the antibody was not inactivated at 
42 ℃. Interestingly, normal human skin fibroblast and skin 
fibroblast from Niemann-Pick A (NPA) patient showed 

different temperature dependence. NPA is a genetic defect 
of acid SMase characterized by the accumulation of SM in 
late endosomes/lysosomes [35]. Our results suggest altered 
GM3 clustering of the plasma membranes between normal 
and NPA fibroblasts.

Previously it was shown that anti-GM3, M2590, labeled 
sparse but not high density mouse melanoma cells [18]. In 
Fig. 3A and B, we labeled sparse and high density MEB4 
cells by anti-GM3 antibody, GMR6. The antibody labeled 
low density melanoma cells as described in Suppl. Fig. 5. 
Similar to M2590, GMR6 antibody did not label high den-
sity melanoma cells even at 4 ℃.

Model lipid experiments in Fig.  2 suggest that the 
observed difference of anti-GM3 labeling in sparse and con-
fluent melanoma cells may be due to the altered lipid order 
in the plasma membranes. To validate this hypothesis, we 
employed N-[[4’-N,N-diethylamino-3-hydroxy-6-flavonyl]-
methyl]-N-methyl-N-(3-sulfopropyl)-1-dodecanaminium, 
inner salt (F2N12S) [36] to compare the membrane order 

Fig. 2  Fluorescent GM3 analogs form clusters in DPPC. A, B Emis-
sion spectra of DOPC/C11 TopFluor GM3 (99.5/0.5  mol/mol) (A) 
or DPPC/C11 TopFluor-GM3 (99.5/0.5  mol/mol) (B) liposomes 
in the presence and absence of Triton X-100 at 20  °C. Liposomes 
were prepared as described in Methods. Excitation at 495  nm. 
C, D Emission spectra of DOPC/C11 TopFluor-GM3/ATTO594 
GM3 (99/0.5/0.5  mol/mol/mol) (C) or DPPC/C11 TopFluor-GM3/
ATTO594-GM3 (99/0.5/0.5 mol/mol/mol) (D) liposomes in the pres-
ence and absence of Triton X-100 at 20  °C. Excitation at 495  nm. 
E, F Emission spectra of DOPC/C11 TopFluor GM3/ATTO594 
GM3 (99/0.5/0.5  mol/mol/mol) (E) or DPPC/C11 TopFluor-GM3/

ATTO594-GM3 (99/0.5/0.5) (F) liposomes in the presence and 
absence of Triton X-100 at 20 ℃. Excitation at 603 nm. G-I Emission 
spectra of DOPC/C11 TopFluor-GM3/ATTO594-GM3 (99/0.5/0.5) 
(G) or DPPC/C11 TopFluor-GM3/ATTO594-GM3 (99/0.5/0.5  mol/
mol/mol) (H, I) liposomes at different temperatures. Excitation at 
495 nm. Spectra in H were enlarged in I. J FRET efficiency of (G) 
and (H) were calculated by Eq.  (2). Data are means ± SD of three 
experiments. K, L Emission spectra of DOPC/C11 TopFluor-GM3/
ATTO594-GM3 (99/0.5/0.5  mol/mol/mol) (K) or DPPC/C11 Top-
Fluor-GM3/ATTO594-GM3 (99/0.5/0.5 mol/mol/mol) (L) liposomes 
at various temperatures. Excitation at 603 nm
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between sparse and confluent MEB4. Being conjugated to a 
zwitter ion headgroup and a long alkyl chain, the two-color 
F2N12S fluorophore is selectively anchored at the plasma 
membrane outer leaflet [36]. Our previous data showed that 
the long-lived and mean lifetimes of the tautomer (T*) band 
of F2N12S differ by a factor of 2 between liquid-ordered 
(Lo) and liquid-disordered (Ld) phases, and thus can be 
used by fluorescence lifetime imaging microscopy (FLIM) 
to sensitively and straightforwardly monitor the changes 
in lipid phase in cells [37]. Figure 3C and D compare the 
FLIM images of low density and high density MEB4 cells. 
FLIM of low density cells showed homogeneous distribution 
of lifetimes, exhibiting a mean lifetime value 5.6 ± 0.4 ns. 

This value was significantly decreased in high density cells 
(4.0 ± 1.0 ns), indicating a decrease in the lipid order in con-
fluent cells.

Lipidomics indicates a different composition 
of phospholipids in sparse and confluent melanoma 
cells

Since F2N12S selectively labels the outer leaflet of the 
plasma membrane, the decrease of lipid order in high 
density MEB4 cells suggests that the lipid composition 
of the outer leaflet may differ between high density and 
low density cells. Lipid order of the outer leaflet of the 

Fig. 3  Cell density dependent labeling of cellular GM3 by anti-
GM3 antibody. A Low density (1.4 ± 0.4 ×  104 cells/15 mmϕ cover-
slip (n = 3)) and high density (2.8 ± 0.6 ×  105 cells/15 mmϕ coverslip 
(n = 4)) MEB4 cells were fixed and labeled with anti-GM3 antibody 
as described in Methods. Cells were doubly labeled with phalloidin to 
identify cells. B Distribution of cells with different labeling at differ-
ent temperatures. #1, whole cells were labeled; #2, only a part of cells 
were labeled. #3, no labeling. The numbers on the top of the bars are 
number of cells counted. C FLIM images of low density and high 

density MEB4 cells labeled with F2N12S at 25 ℃. Cells were labeled 
as described in Methods. The pixel colors describe the lifetime val-
ues in picosecond according to the color scale on the Y axis. D Life-
time distribution for low and high density cells. The data in the table 
are the mean and standard deviation of the average lifetime obtained 
with the 12 images taken individually. Two-photon excitation was 
at 830 nm and fluorescence was collected through a band-pass filter 
585 nm
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plasma membrane is sensitive to the content of choles-
terol, sphingolipids, unsaturated fatty acids and saturated 
fatty acids. Figure 4A shows the results of 2D-HPTLC 
analysis of lipids extracted from low density and high den-
sity MEB4 cells. Orcinol labeling revealed glycolipids, 
whereas cupric acetate labeled all lipids. Figure 4A indi-
cates that gross lipid composition was not significantly dif-
ferent between low density and high density cells. This is 
supported by the observation that cell surface cholesterol-
rich domains labeled with mCherry-D4 [38, 39] did not 
significantly differ between low density and high density 
cells (Fig. 4B).

We then examined different molecular species of 
phospholipids by lipidomics (Fig. 4C, D and Suppl. Fig-
ure 6). There was no significant difference in content and 

molecular species of sphingomyelin (SM) between low 
density and high density cells (Fig. 4D). In contrast, sig-
nificant decrease of DPPC (32:0 PC), increase of several 
mono- and di-unsaturated molecular species (30:1 PC, 
O-32:1 PC, O-34:2 PC and O-36:2 PC) and decrease of 
polyunsaturated PCs were observed (Fig. 4C). Increase of 
mono- or di-unsaturated molecular species and decrease 
of polyunsaturated molecular species in high density cells 
were also observed in phosphatidylethanolamine and phos-
phatidylinositol (Suppl Fig. 6). In phosphatidylserine, 
both saturated and unsaturated molecular species were 
decreased in high density cells (Suppl Fig. 6).

Phospholipids are asymmetrically distributed in the 
plasma membrane [25, 40, 41], the outer leaflet of the 
plasma membrane is enriched with phosphatidylcholine 

Fig. 4  Different composition of phospholipid molecular species in 
sparse and confluent melanoma cells. A 2D-HPTLC analysis of lipid 
composition of low density and high density MEB4 cells. 2D-HPTLC 
was performed as described in Methods. B Cell surface labeling of 
low density and high density cells with mCherry-D4. C, D Lipid-
omics analyses of phosphatidylcholine (PC) (C) and sphingomyelin 

(SM) (D) from low density and high density cells. Lipidomics was 
performed as described in Methods. Data in C and D are mean ± SD 
of three experiments. *P < 0.05, **P < 0.01. (E) Anti-GM3 antibody 
labeling of low density MEB4 cells treated with oleic acid. Oleic acid 
treatment was performed as described in Methods
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and sphingomyelin. Since there were no significant dif-
ferences in sphingomyelin molecular species between 
low density and high density melanoma cells, sphingo-
myelin may not contribute to the observed alteration of 
lipid order in high density cells. Fatty acid composition 
of phosphatidylcholine in the outer leaflet of nucleated 
cells is not fully understood. However, analysis of lipid 
composition of envelope viruses bud from different plasma 
membrane domains suggests the enrichment of monoun-
saturated phosphatidylcholine in the plasma membrane 
of human skin fibroblasts [42]. Our results showed the 
increase of monounsaturated phosphatidylcholine in high 
density cells, suggesting that the increase of monounsatu-
rated phosphatidylcholine is responsible for the decreased 
lipid order in high density cells.

We then examined whether the addition of monoun-
saturated fatty acid, oleic acid (C18:1) to low density cells 
mimic high density cells. Exogenously added oleic acid is 
rapidly incorporated to cells [43]. Oleic acid stimulates 
lipid droplet formation by activating the long-chain fatty 
acid receptor FFAR4 [44]. Results of fluorescent fatty acid 
analogs suggest that the exogenously added fatty acids are 
accumulated to lipid droplets [45, 46] in which neutral 
lipids, triglyceride and cholesterol ester are enriched. In 
addition to neutral lipids, oleic acid is incorporated into 
phospholipids. In HepG2 cells, oleic acid is mainly incor-
porated to phosphatidylcholine (8 nmol/mg protein after 
2 h) and triglyceride (6 nmol/mg) followed by phosphati-
dylethanolamine (3 nmol/mg) [47]. Efficient incorpora-
tion of oleic acid to phosphatidylcholine is reported in 
other cell types [48–51]. Anti-GM3 labeling became very 
dim after 2 h incubation of low density cells with oleic 
acid (Fig. 4E). These results suggest that an alteration of 
fatty acid composition in high density cells is the cause of 
decreased anti-GM3 labeling and the differences in GM3 
microenvironment as compared to low density melanoma 
cells.

Discussion

Partner lipid‑dependent binding to GM3 
is a common property of anti‑GM3 antibodies

In this study, we examined binding of three independently-
isolated anti-GM3 monoclonal antibodies to DOPC/GM3 
and DPPC/GM3. All three antibodies showed preference to 
DPPC/GM3, suggesting that partner lipid-dependent binding 
to GM3 is a common characteristic of anti-GM3 antibod-
ies. The binding of GMR6 antibody to GM3 in ELISA was 
dependent on the gel-to-liquid crystalline phase transition 
temperature of partner lipids and incubation temperature, 

showing higher binding in gel phase lipids than in liquid 
crystalline phase lipids. In contrast, the binding to GM3 
alone was not affected by incubation temperature. The bind-
ing of GMR6 antibody is dependent on the chain lengths of 
the fatty acyl chain of GM3 and the antibody did not sig-
nificantly bind to lyso GM3. These results suggest that the 
antibody recognizes both hydrophilic headgroup and hydro-
phobic ceramide moiety of GM3. Since GM3 forms clusters 
in DPPC, our results suggest that the epitope of the antibody 
may be both aggregated sugar and ceramide moiety of GM3.

GM3 is clustered in DPPC

Our liposome experiments with fluorescent GM3 analogs 
indicate that GM3 analogs were highly aggregated in DPPC. 
Thus, our results suggest that anti-GM3 antibodies bind 
clustered GM3. Aggregation of GM3 in DPPC is consist-
ent with previous small-angle X-ray diffraction observation 
that GM3 and DPPC are phase separated [52, 53]. Whereas 
more complicated gangliosides form micelles, GM3 forms 
bilayers. The main phase transition of GM3 is reported to 
be 35–40 ℃ [26, 54]. This is very close to the phase transi-
tion temperature of DPPC  (Tm = 41 ℃) [26]. In contrast to 
GM3, palmitoyl (C16:0) SM (pSM)  (Tm = 40 ℃) [26] forms 
clusters in DOPC and is well mixed with DPPC [55]. In 
contrast to pSM, main fatty acids in milk GM3 are C22:0 
22%, C23:0 34% and C24:0 20% (manufacturer’s data sheet). 
It is speculated that GM3 did not mix with DPPC due to 
the difference of the hydrophobic acyl chains. However, this 
is unlikely since the antibody binds preferentially synthetic 
C16:0 GM3/DPPC to C16:0 GM3/POPC, suggesting that 
C16:0 GM3 also phase separated from DPPC. Since pSM 
and C16:0 GM3 share hydrophobic ceramide moiety, hydro-
philic carbohydrate moiety of GM3 may be involved in the 
different interaction of pSM and GM3 to DOPC and DPPC. 
Atomistic MD simulations of DOPC/Chol/SM (45/25/10) 
bilayers containing 20  mol % GM3 showed that GM3 
interacted most strongly with themselves, followed by SM, 
DOPC and Chol [56]. Interestingly, 65% of the interaction 
energy of between GM3 is generated by interactions between 
headgroups [56].

Our results indicate that GM3 clusters were preferentially 
formed in less fluid membrane or at low temperature. Carbo-
hydrate to carbohydrate interaction of GM3 may occur both 
in solid and fluid membranes. GM3 is reported to spontane-
ously transfer between membranes above  Tm [57]. We specu-
late that spontaneous detachment and insertion of GM3 into 
DOPC-rich fluid regions of the membrane disturbs the stable 
formation of GM3 clusters (Fig. 5).

In contrast to GM1-cholera toxin interaction [17], the 
presence of cholesterol did not affect the binding of anti-
GM3 antibody, GMR6, suggesting that cholesterol does not 
change the conformation of GM3. This may be due to the 
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relatively small headgroup of GM3 compared to GM1. This 
observation may be related to the MD simulation results [56] 
that GM1 and GM2 nanodomains were enlarged by choles-
terol whereas the domain size of GM3 was not affected due 
to strong GM3-GM3 interaction.

Cell density dependent labeling of cellular GM3 
by anti‑GM3 antibody

Similar to ELISA results, the binding of anti-GM3 to cell 
surface GM3 showed temperature dependence. While cells 
were efficiently labeled at 4 ℃, labeling was less efficient 
at higher temperatures. These results suggest that the anti-
GM3 antibody preferentially binds to GM3 in less fluid lipid 
environment.

It has long been known that in several cell types, anti-
GM3 antibody labels sparse but not confluent cells [18, 19]. 
Since cell density does not affect GM3 content and GM3 can 
be chemically labeled in a cell-density-independent manner 
[18, 19], it is speculated that GM3 is cryptic in confluent 
cells. However, the molecular mechanism of the crypticity is 
not known. Confluent melanoma cells were not labeled with 
the antibody even at 4 ℃, suggesting strong differences in 
lipid distribution between sparse and confluent cells. Indeed, 
our FLIM experiments showed huge difference in lipid order 
in low density and high density cells.

Anti-GM3 antibodies added to the medium only labels 
the outer leaflet of the plasma membrane. Phospholipids are 
asymmetrically distributed in the plasma membrane [40] and 
the outer leaflet is enriched with sphingomyelin (88% in the 
outer leaflet in human skin fibroblasts) and phosphatidylcho-
line (92% in the outer leaflet) [25]. In contrast, more than 
95% of phosphatidylethanolamine, phosphatidylinositol and 
phosphatidylserine are localized in the inner leaflet [25]. 
Our results using outer leaflet specific dye, F2N12S, indi-
cate the alteration of physical properties of sphingomyelin 
and phosphatidylcholine-enriched outer leaflet of the plasma 
membrane between low and high density cells. Biochemical 

analysis of lipids indicates that the gross lipid composi-
tion and cholesterol content were not significantly altered 
between low density and high density cells. Cholesterol-
binding D4 labeling suggests that cell surface cholesterol 
distribution is also similar between high and low density 
cells. Content and fatty acid composition of sphingomyelin 
were also not affected. In contrast, there were differences 
in phosphatidylcholine molecular species between low and 
high density cells. There were a decrease in DPPC and 
increases in mono- and di-unsaturated molecular species 
whereas polyunsaturated molecular species were decreased 
in high density cells. Although the molecular species of 
phospholipids in the outer and inner leaflet of red blood cells 
have been studied [41], lipidomics of the outer and inner 
leaflet of the plasma membrane from nucleated cells has 
not been reported. Plasma membrane phospholipids were 
estimated to be 13% of total cellular phospholipids in baby 
hamster kidney (BHK) cells [58]. Using different enveloped 
viruses, the enrichment of monounsaturated- and decrease 
of polyunsaturated-phosphatidylcholine in the plasma 
membrane in human skin fibroblasts are suggested [42]. 
Our results showed that the addition of oleic acid (C18:1) 
to low density cells abolished anti-GM3 labeling. Oleic acid 
is reported to be efficiently incorporated to phosphatidylcho-
line [51]. Our results suggest the role of monounsaturated 
molecular species of phosphatidylcholine in alteration of 
GM3 microenvironment.

It is reported that lipids are mobile even after paraformal-
dehyde fixation [34]. Thus we cannot inhibit the formation 
of pseudo-cluster of GM3 by multivalent IgM antibodies. 
However, our results indicate that the pre-existed lipid clus-
ter is required for the binding of the antibody. In summary, 
our results suggested that anti-GM3 antibody bind to GM3 
only when GM3 forms clusters. Formation of clusters is 
dependent on fatty acid composition of partner lipids both 
in model and cell membranes. Our results revealed that the 
crypticity of GM3 against anti-GM3 antibody is due to the 

Fig. 5  Putative distribution 
of GM3 in DOPC and DPPC. 
Hydrogen bond between 
glycans facilitates clustering 
of GM3 both in DOPC and 
DPPC membrane. In DOPC, 
GM3 readily detaches from the 
membrane and then inserts into 
GM3-poor fluid DOPC-rich 
area. GM3 clusters are more 
stable in DPPC
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alteration of fatty acid composition of the surrounding lipids 
of GM3.

Methods

Antibodies

Anti-GM3 monoclonal IgM clones GMR6 and M2590 
were obtained from TCI Europe (Zwijndrecht, Belgium) 
and Cosmo Bio (Tokyo, Japan), respectively. Anti-GM3 
IgG clone DH2 was obtained as described [8]. HRP-labeled 
anti-mouse IgM was from Sigma (St Louis, MI). HRP-
labeled anti-mouse IgG was from GE Healthcare (Chicago, 
Il). Alexa488-labeled anti-mouse IgM was from Molecular 
probes (Eugene, OR).

Lipids and other reagents

Glucosylceramide (Gaucher’s spleen, GlcCer), lactosylcera-
mide (bovine buttermilk, LacCer), N-acyl-sphingosylphos-
phorylethanolamine (bovine buttermilk, CerPE), mono-
sialogangliosides, GM1 (Galβ1,3GalNAcβ1,4(Neu5Acα2,3)
Galβ1,4Glcβ1,1’-ceramide) from bovine and GM3 
(Neu5Acα2,3 Galβ1,4Glcβ1,1’-ceramide) from bovine 
buttermilk were from Matreya LLC (State College, PA). 
Major fatty acids of buttermilk GM3 were C16:0 6%, 
C22:0 22%, C23:0 34% and C24:0 20% according to the 
manufacturer. C8:0, C12:0, C16:0 and C24:0-GM3 were 
from Nagara Science (Gifu, Japan). The following lipids 
were purchased from Avanti Polar Lipids (Alabaster, AL): 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 
palmitoyl sphingomyelin (pSM), ceramide (porcine brain, 
Cer), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine 
(DPPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
(DOPS), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DOPG), 1',3'-bis[1,2-dioleoyl-sn-glycero-
3-phospho]-glycerol (TOCL), C11 TopFluor-GM3. GM2 
(GalNAcβ1,4(Neu5Acα2,3)Galβ1,4Glcβ1,1’-ceramide) 
from bovine brain was from Wako Pure Chemical Indus-
tries (Osaka, Japan). Lyso GM3 was provided by Sonnino’s 
laboratory and prepared as described [59]. ATTO594-GM3 
was prepared as described [28]. N-[[4’-N,N-diethylamino-
3-hydroxy-6-flavonyl]-methyl]-N-methyl-N-(3-sulfopropyl)-
1-dodecanaminium, inner salt (F2N12S) was prepared as 
described [36]. mCherry-D4 was prepared as described [60].

Enzyme‑linked immunosorbent assay (ELISA)

ELISA was performed as described previously [61].

Surface plasmon resonance (SPR)

GM3-containing liposomes were prepared as follows: 
Fig. 1D: 50 nmol of GM3 in a chloroform/methanol (2:1) 
solution was mixed with either 250 nmol DOPC or DPPC 
in the same solvent and dried under nitrogen. Figure 1E, the 
solutions containing 250 nmol DPPC and 100 nmol GM3 
with or without 250 nmol cholesterol were prepared. In 
Fig. 1F, 25 nmol of GM3 was mixed with 225 nmol DPPC. 
Dried samples were mixed vigorously in 200 μl of HBS-N 
buffer (10 mM Hepes, pH 7.4, 150 mM NaCl). GM3 con-
taining liposomes were prepared by sonicating 5 min three 
times in bath sonicator. The initial temperature of the water 
bath was set at 41 ℃ (Fig. 1D and E) or room tempera-
ture (Fig. 1F). Alternatively, liposomes were frozen in liq-
uid nitrogen and thawed at 50 ℃. This cycle was repeated 
three times. All conditions gave similar results. Liposome 
solutions were filtered through a 0.22 μmϕ polyvinylidene 
difluoride (PVDF, Millipore Co., Burlington, MA). These 
solutions were diluted ten times with HBS-N buffer, then 
immobilized on a biosensor L1 chip (Cytiba, Tokyo, Japan) 
at flow rate 10 μL/min. The chip surface was washed with 
50 mM NaOH, then blocked with 100 μg/mL BSA in HBS-N 
buffer. Experiments were carried out at 25 ℃ at flow rate 10 
μL/min (Fig. 1D and E) or 30 μL/min (Fig. 1F). The bind-
ing of the anti-GM3 antibody to GM3 was analyzed with a 
Biacore 3000 analytical system. Data were evaluated with 
the BIAevaluation 4.1.1 software program (Biacore, Cytiba). 
The results shown represent 3–4 independent experiments.

Fluorescence measurement of liposomes

Small unilamellar vesicles (SUVs) containing DPPC/C11 
TopFluor-GM3/ATTO594-GM3 (99/0.5/0.5), DOPC/
C11 TopFluor-GM3/ATTO594-GM3 (99/0.5/0.5), DPPC/
ATTO594-GM3 (99.5/0.5), DOPC/ATTO594-GM3 
(99.5/0.5) were prepared in PBS by ethanol injection [62, 
63]. Fluorescence spectra measurements were recorded with 
a Fluoromax Plus spectrofluorometer (Horiba Jobin–Yvon, 
Lille, France) equipped with a thermostat cell compartment. 
To solubilize lipids, Triton X-100 (final concentration 1%) 
was added. FRET efficiency was calculated as

or
(1)

(Emission of donor
(

F507
)

in the absence of acceptor

− Emission of donor
(

F507
)

in the presence of acceptor)

∕Emission of donor
(

F507
)

in the absence of acceptor
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Cells

Human embryonic kidney cell line, HEK293 was grown 
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum, 1% L-glutamine, 100 
units/mL penicillin and 100 µg/mL streptomycin. Mouse 
melanoma cell line, MEB4 was cultured as described [64]. 
Human skin fibroblasts were grown as described [65]. Nie-
mann-Pick A fibroblasts were grown as described [66].

Antibody labeling of cells

HEK293 cells were grown on a plastic bottom dish (Ibidi, 
Gräfelfing, Germany), and MEB4 cells, human skin fibro-
blasts, and NPA fibroblasts were grown on glass coverslips 
to 30–40% confluent and fixed with 4% paraformaldehyde 
in PBS for 20 min at room temperature. Cells were then 
blocked with 3% BSA in PBS for 1 h, pre-warmed for 20 min 
at indicated temperatures, and labeled with 22.4 µg/ml anti-
GM3 antibody, GMR6, for 1 h at indicated temperatures, fol-
lowed by incubation with Alexa488-labeled anti-mouse IgM 
secondary antibody for 1 h. After washing with PBS, the 
coverslips were mounted with ProLong Diamond antifade 
mountant (Invitrogen, Carlsbad, CA). The specimens were 
observed under an LSM700 confocal microscope (Zeiss, 
Oberkochen, Germany).

To obtain low and high densities MEB4 cell line, cells 
were seeded on the glass coverslips at 30–40% in low density 
and 90–120% in high density. After culturing overnight, cell 
densities were examined under a light microscope (Nikon, 
Tokyo, Japan). Cells were fixed with 4% paraformaldehyde 
in PBS for 20 min at room temperature, blocked with 3% 
BSA in PBS for 1 h, pre-warmed for 20 min at different 
temperatures, and then labeled with 22.4 µg/ml anti-GM3 
antibody for 1 h at indicated temperatures, followed by 
incubation with Alexa488-labeled anti-mouse IgM second-
ary antibody for 1 h. After washing with PBS, actin fibers 
were stained with Alexa594-labeled phalloidin (Molecular 
Probes) as described [18]. The coverslips were mounted with 
ProLong Diamond antifade mountant. The specimens were 
observed under an LSM700 confocal microscope.

Confocal microscopy

Stained cells were imaged using an LSM700 confocal micro-
scope equipped with a C-Apochromat 63XW Korr (1.2 NA) 
objective.

(2)

(Emission of donor
(

F507
)

+ Emission of acceptor
(

F626
)

)

∕Emission of donor
(

F507
)

Fluorescence lifetime imaging microscopy (FLIM)

Sparse and confluent MEB4 cells were washed with PBS 
and then stained by adding a freshly prepared solution of 
F2N12S in PBS to a final concentration of 0.1 µM per  106 
cells (< 0.25% DMSO volume), and incubated for 2 min 
in the dark at room temperature [37]. The cells were then 
washed again with PBS before measurement. We performed 
two-photon fluorescence microscopy at 25 ℃ by using an 
in-house-built two-photon laser scanning setup based on 
an inverted microscope (IX70, Olympus, Tokyo, Japan) 
with an 60 × 1.2NA water immersion objective (UPlan-
Apo, Olympus) and two fast galvo mirrors in the descanned 
fluorescence collection mode [67, 68]. Two-photon excita-
tion was provided by a femtosecond laser (Insight Deep-
See, Spectra Physics, Milpitas, CA). The typical excitation 
power was ~ 2.5 mW (λ = 830 nm) at the sample. Photons 
were detected using an avalanche photodiode (SPCM-AQR-
14-FC; Perkin Elmer) coupled to an HQ 585/40 bandpass 
filter and a single photon-counting TCSPC module (SPC830, 
Becker & Hickl, Berlin, Germany) operating in the reversed 
start-stop mode. Acquisition times were adjusted to achieve 
1000 photons per pixel. The minimum fluorescence lifetime 
detectable with this setup is ~ 300 ps.

FLIM data were analyzed using the FLIMfit software 
(Imprerial College London) [69]. The images were initially 
segmented to analyze only data from plasma membranes. 
The lifetimes were recovered from the fluorescence decay 
using an iterative reconvolution method [70]. The goodness 
of the fit was evaluated from the χ2 values, which ranged 
from 0.9 to 1.2, and from the plot of the distribution of the 
residuals.

mCherry‑D4 labeling

Low density and high density MEB4 cells were prepared 
as described above. Cell surface mCherry-D4 labeling was 
performed as described [71].

Oleic acid treatment of low density MEB4 cells

MEB4 cells were grown in glass-bottom dish to low density. 
The medium was exchanged to serum-free medium contain-
ing 0.4% BSA and 500 µM oleic acid. After 1 h or 2 h incu-
bation at 37 ℃, cells were fixed and labeled with anti-GM3 
antibody as described above.

Lipid analyses

The same numbers of MEB4 cells were cultured in 15 cm 
(low density) and 3.5 cm (high density) dishes, respectively. 
Cells were washed three times with ice-cold PBS, scraped, 
washed three times again in ice-cold PBS, and divided to one 
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portion for protein determination and nine portions for lipid 
extraction. For protein determination, cells were collected by 
centrifugation, lysed by vortex in 0.1% Triton X-100, 2 mM 
EDTA in Milli Q (pH 7.4), and fragmented using probe soni-
cator for 1 min, followed by freeze-thawing. Protein contents 
were measured using a BCA protein assay kit (ThermoFisher 
Scientific, Waltham, MA). For lipid extraction, cells were 
collected by centrifugation and extracted lipids with chlo-
roform/methanol (1:2 by vol., and then 2:1 by vol.). Lipids 
were applied to HPTLC plates (Merck, Darmstadt, Ger-
many) by adjusting with protein contents. The plates were 
developed sequentially in (1) chloroform/methanol/formic 
acid/water (65:25:8.9:1.1 by vol.), (2) chloroform/metha-
nol/4.4 M ammonia (50:40:10 by vol.), and (3) diethylether 
[39, 72]. Glycolipids were visualized by spraying orcinol 
reagent and heating at 100 ℃ while phospholipids and neu-
tral lipids were visualized by spraying cupric acetate solu-
tion to the same plates and heating at 180 ℃. The position of 
each lipid on HPTLC was determined using lipid standards.

For the detection of phospholipid molecular species, 
cells were prepared as described above and LC/ESI–MS-
based lipidomics analyses were performed on a Shimadzu 
Nexera UPLC system (Shimadzu, Kyoto, Japan) coupled 
with a QTRAP 4500 hybrid triple quadrupole linear ion 
trap mass spectrometer (AB Sciex, Framingham, MA). 
Lipids extracted from melanoma cells [73] were injected 
by an auto sampler. Chromatographic separation was per-
formed on a SeQuant ZIC-HILIC PEEK coated column 
(250 mm × 2.1 mm, 1.8 µm; Millipore) maintained at 50 ℃ 
using mobile phase A (water/acetonitrile (95/5, v/v) contain-
ing 10 mM ammonium acetate) and mobile phase B (water/
acetonitrile (50/50, v/v) containing 20 mM ammonium ace-
tate) in a gradient programme (0–22 min: 0% B → 40% B; 
22–25 min: 40% B → 40% B; 25–30 min: 0% B) with a flow 
rate of 0.5 mL/min. The instrument parameters for negative 
ion mode were as follows: curtain gas, 10 psi; collision gas, 
7 arb. unit; ionspray voltage, − 4500 V; temperature, 700 ℃; 
ion source gas 1, 30 psi; ion source gas 2, 70 psi. Detection 
of phospholipid species was performed by multiple reaction 
monitoring (MRM) as described in Supplemental Table 1.
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