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The aim of this study was to further elucidate our previous observation on molecular interaction of GM3, CD4 and p56lck in
microdomains of human peripheral blood lymphocytes (PBL). We analyzed GM3 distribution by immunoelectron
microscopy and the association between GM3 and CD4-p56lck complex by scanning confocal microscopy and co-
immunoprecipitation experiments. Scanning confocal microscopy analysis showed an uneven signal distribution of GM3
molecules over the surface of human lymphocytes. Nearly complete colocalization areas indicated that CD4 molecules
were distributed in GM3-enriched plasma membrane domains. Co-immunoprecipitation experiments revealed that CD4
and p56lck were immunoprecipitated by IgG anti-GM3, demonstrating that GM3 tightly binds to the CD4-p56lck complex in
human PBL. In order to verify whether GM3 association with CD4 molecules may depend on the presence of p56lck, we
analyzed this association in U937, a CD4 � and p56lck negative cell line. The immunoprecipitation with anti-GM3 revealed
the presence of a 58 kDa band immunostained with anti-CD4 Ab, suggesting that the GM3-CD4 interaction does not
require its association with p56lck. These ®ndings support the view that GM3 enriched-domains may represent a
functional multimolecular complex involved in signal transduction and cell activation.
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Abbreviations: GSL, glycosphingolipids; PBL, peripheral blood lymphocytes; GEM, glycosphingolipid-enriched
microdomains; LDTI, low density Triton X-100 insoluble fraction; PKC, protein kinase C; TCR, T cell receptor; PBS,
phosphate buffered saline; MAb, monoclonal antibody; FITC, ¯uorescein isothiocyanate; LBPA, lysobisphosphatidic
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Introduction

Gangliosides, acidic glycosphingolipids (GSL), are ubiquitous

constituents of cell membranes [1], where they show cell type-

speci®c expression patterns. In human mononuclear cells

monosialoganglioside GM3 represents the main ganglioside

constituent of cell plasma membrane [2]. The distribution of

these molecules on lymphocyte plasma membrane has been

deeply investigated in the last few years [3,4]. Previous

immuno¯uorescence and immunogold electron microscopical

studies revealed a clustered distribution of GM3 molecules on

the cell surface of human peripheral blood lymphocytes

(PBL), clearly indicating the presence of glycosphingolipid

(GM3)-enriched microdomains (GEM) [4,5]. These domains

have been identi®ed as low density Triton X-100 insoluble

fraction (LDTI) due to their poor solubility in cold nonionic

detergents, showing an about 20 fold enrichment of GM3 and

cholesterol, as compared to total cell lysates [4].

Gangliosides in these fractions may be involved in

modulating signal transduction by GSL-GSL interaction,

binding with speci®c antibody or assembly with signal

transducer molecules [5]. The variety of proteins detected in

these domains isolated from different cell types is extremely

wide. The presence of tyrosine kinase receptors, mono- (Ras,

Rap) and heterotrimeric G proteins, Src-like tyrosine kinases

(Ick, lyn, fyn), PKC isozymes and GPI anchored proteins [6±

8] allows to consider these portions of the plasma membrane

as `glycosignaling domains'. We previously demonstrated that,

in lymphocytes, CD4 and p56lck, a member of the Src family

of tyrosine kinases, are selectively recovered in GM3-enriched

LDTI complexes [4]. The CD4-p56lck complex represents one

of the most important receptor systems in the T cell function

and CD4 is considered to be the TCR co-receptor in thymic

selection, T cell activation and cellular response [9±11]. Most
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of the CD4 functions are due to CD4 interaction with p56lck

[12]. Interestingly, in human T lymphocytes exogenous GM3

induces CD4 phosphorylation [13], dissociation from p56lck

and internalization via endocytic pits and vesicles [14].

In order to better analyze the interaction between GM3 and

CD4-p56lck complex, we performed in human peripheral

blood lymphocytes and in an histiocytic-monocytic leukemic

cell line (U937): a) scanning confocal microscopical analysis

of the dual surface distribution of GM3 and CD4 molecules; b)

co-immunoprecipitation experiments, using anti-GM3 anti-

body DH2 [15], in order to verify the association of CD4-

p56lck complex with immunoprecipitated GM3 molecules.

Materials and methods

Immunoelectron microscopy

Lymphocytes ®xed in formaldehyde (4% in PBS for 2 h at

4�C) were incubated with anti-GM3 mAb GMR6 [16] (kindly

provided by Dr Tadashi Tai), for 1 h at 4�C. Cells were ®xed

with glutaraldehyde (1% in PBS, for 1 h at 4�C) and then

incubated with rabbit anti-mouse IgM (Sigma Chem. Co, St

Louis, USA) (1:10 in PBS, for 1 h at 4�C); cells were

extensively washed and then labeled with colloidal gold

(18 nm, prepared by the citrate method) conjugated with

protein A (Pharmacia Fine Chemicals, Uppsala, Sweden) for

3 h at 4�C. Control experiments were performed omitting the

mAb from the immunolabeling procedure. All samples were

post-®xed in osmium tetroxide 1% in Veronal acetate buffer,

pH 7.4, for 2 h at 4�C, stained with uranyl acetate (5 mg=ml),

dehydrated in acetone, and embedded in Epon 812.

Analysis of GM3-CD4 colocalization on the cell surface of

PBL by scanning confocal microscopy

CD4� lymphocytes (1� 106 in 1 ml of PBS) were ®xed with

4% formaldehyde in PBS for 1 h at 4�C. Cells were then

labeled with anti-CD4 mAb (Orthodiagnostic, Rariton, NJ,

USA) for 1 hr at 4�C, followed by addition of Texas red-

conjugated anti-mouse IgG (Calbiochem, La Jolla, CA). After

3 washes in PBS, cells were incubated with anti-GM3 mAb

(GMR6) followed by 3 washes in PBS and addition (30 min at

4�C) of ¯uorescein isothiocyanate (FITC)-conjugated goat

anti-mouse IgM (Sigma Chem Co). Separately, in parallel

experiments, cells were directly stained with anti-GM3 mAb

before ®xing the cells with 4% formaldehyde in PBS.

Alternatively, cells were processed for a second formaldehyde

®xation immediately after the incubation with anti-GM3 mAb

and before the secondary antibody. Both ®xation procedures

did not affect the ganglioside distribution on the cell surface,

as already reported [4]. Cells were ®nally washed three times

in PBS and then mounted upside down onto a glass slide in

5 ml of glycerol=Tris-HCl pH 9.2. The coverslips were sealed

with nail varnish to prevent evaporation and stored at 4�C
before imaging. The images were acquired through a confocal

laser scanning microscope (Sarastro 2000, Molecular

Dynamics) equipped with a Nikon Optiphot microscope

(objective 60=1.4 oil) and an Argon Ion Laser (25 mW

output). Simultaneously, the green (FITC) and the red (Texas

Red, which reduces greatly overlapping) ¯uorophores were

excited at 488 nm and 518 nm. Acquisition of single FITC

stained samples in dual ¯uorescence scanning con®guration

did not show contribution of green signal in red. Images were

collected at 512� 512 pixels (0.08 mm=pixel lateral dimen-

sion, 0.48 mm=pixel axial dimension). Serial optical sections

were assembled in Depth-Coding mode. Acquisition and

processing were carried out using Image Space software

(Molecular Dynamics).

Isolation of low-density Triton-insoluble complexes (LDTI)

LDTI complexes were isolated as previously described [17].

Brie¯y, 5� 108 U937 cells were washed and resuspended in

2 ml MES-buffered saline (MBS: 25 mM MES, pH 6.5,

0.15 M NaCl) containing 1% Triton X-100 and 1 mM

phenylmethylsulphonyl ¯uoride and homogenized with 10

strokes of a Dounce homogenizer, adjusted to 40% sucrose

and placed at the bottom of an ultracentrifuge tube. A 5±30%

linear sucrose gradient was then placed above the lysate, and

centrifuged at 39,000 rpm for 16 h at 4�C in a SW41 rotor

(Beckman Inst., Palo Alto, CA). The visible band migrating at

20% sucrose was harvested and washed twice with MBS at

14,000 rpm for 30 min at 4�C.

Co-immunoprecipitation of GM3 and transducer molecules in

PBL and U937 cells

Co-immunoprecipitation of GM3 and proteins was performed

according to Iwabuchi et al. [18]. Brie¯y, human PBL or U937

cell were lysed in lysis buffer (20 mM HEPES, pH 7.2=1%

Nonidet P-40=10% glycerol=50 mM NaF=1 mM phenyl-

methylsulphonyl ¯uoride=1 mM Na3VO4=10 mg of leupeptin

per ml). Cell free lysates (containing 20±25 mg of protein) or

Triton-insoluble fraction (containing 20±25 mg of protein)

were mixed with protein A-Sepharose beads and stirred by a

rotary shaker for 2 h at 4�C to preclear nonspeci®c binding.

After centrifugation (500� g for 1 min), the supernatant was

added with 20 ml of anti-GM3 mAb DH2 (IgG3) ascites [15]

(kindly provided by Dr Alessandro Prinetti) or with 20 ml of

mouse anti-lysobisphosphatidic acid (LBPA) mAb (IgG)

(kindly provided by Dr Jean Gruenberg) (19), 200 mg=ml, as

a negative control. The mixtures were placed overnight in a

rotary mixer at 4�C, added with protein A-sepharose beads and

placed again in a rotary mixer for 2 h. Beads were washed

three times with PBS containing 0.01% Tween 20, by brief

weak centrifugation (500� g for 1 min) and then suspended

with 100 ml of sample buffer with mercaptoethanol, heated to

95�C for 3 min, and centrifuged (1000� g for 2 min). The

supernatants were electrophoretically transferred to nitrocellu-

lose membrane (Bio-Rad, Hercules, CA) after SDS-PAGE

with 10% polyacrilamide gels and then probed with polyclonal
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anti-CD4 (Santa Cruz Biotechnologies, Santa Cruz, CA) and,

in PBL, with anti-p56lck Ab (Santa Cruz). Bound antibodies

were then visualized with peroxidase-conjugated anti-rabbit

IgG (Sigma Chem Co), followed by sodium nitroprusside

staining.

Results

Immunoelectron microscopic analysis

To analyze the distribution of GM3, formaldehyde ®xed PBL

were immunolabeled with anti-GM3 mAb (GMR6) followed

by anti-IgM antibodies and by protein A-colloidal gold.

Immunoelectron microscopic observations showed an uneven

distribution of GM3 on the lymphocyte plasma membrane

(Figure 1); the gold immunolabeling appeared in small clusters

and localized either over the microvilli or over the non villous

portion of the membrane. Gold clusters were also observed

inside both uncoated and coated pits (not shown). Our

observations con®rmed that the immunogold clustering

represents the native distribution of GM3 molecules over

lymphocyte plasma membrane. Immunogold labeling quanti-

tation, determined as gold clusters=mm length of plasma

membrane was performed and reported in Table 1.

Analysis of the association between GM3 and CD4 in human

PBL

In order to study the possible GM3-CD4 interaction in human

PBL, we analyzed their distribution on the plasma membrane

(Figure 2a, b). The results by scanning confocal microscopy

revealed that most of the cells showed an uneven signal

distribution of ganglioside molecules over the cell surface

(Figure 2b). In order to determine the possible association

between CD4 and GM3, we superimposed the double

immunostaining of anti-CD4 and anti-GM3. The merged

image of anti-CD4 and anti-GM3 staining revealed yellow

areas, resulting from overlap of green and red ¯uorescence, as

reported [20, 21]. They correspond to nearly complete

colocalization areas, indicating that CD4 molecules were

mainly, but not exclusively, localized in membrane domains

enriched with GM3 molecules (Figure 2c).

Co-immunoprecipitation of GM3, CD4 and p56lck in human

PBL

Lysates from human PBL were immunoprecipitated with anti-

GM3 mAb DH2, followed by protein A-Sepharose beads.

GM3 and its possible complex with associated proteins were

eluted from the beads and subjected to Western blotting. On

the basis of our previous demonstration that GM3 is highly

enriched in LDTI complexes and CD4 and p56lck are

selectively recovered in the same fractions [4], we analyzed

the association between GM3 and CD4-p56lck complex,

subjecting the blot membrane to a rabbit polyclonal anti-

CD4 or anti-p56lck Ab. With this approach, CD4 (Figure 3a)

Table 1. Quantitative analysis of GM3 clusters on lymphocyte plasma membrane

Total length
(mm)

Total occupied
by clusters (mm)

Average length of
cluster size (mm)

Range of length of
cluster size (mm)

Length (mm); (10*) 310.8 85.4 0.16� 0.03 0.05±0.32

n. clusters=cell (10*): 52�5
*: Number of lymphocyte plasma membranes analyzed in conventional thin sections.

Figure 1. Immunolabeling of GM3 molecules on PBL plasma
membrane. The surface distribution of the immunogold particles is
not uniform. Clusters of variable size are equally localized over the
microvilli and over the nonvillous portion of the plasma membrane.
Magni®cation:�25.500; bar: 0.5 mm.

Figure 2. Scanning confocal microscopic analysis of GM3-CD4
association on PBL plasma membrane. Cells were labeled with
anti-CD4 mAb, followed by the addition of Texas red-conjugate
anti-mouse IgG. After washing with PBS cells were incubated with
anti-GM3 (GMR6), followed by the addition of goat anti-mouse IgM
conjugated with ¯uorescein (FITC). Magni®cation: � 1000; bar
1mm. Lane a: cells stained with anti-GM3, followed by the addition
of goat anti-mouse IgM conjugated with ¯uorescein; Lane b: cells
stained with anti-CD4, followed by the addition of goat anti-mouse
IgG conjugated with Texas red; Lane c: dual immunolabeling of
anti-GM3 (green) and anti-CD4 (red). Colocalization areas are
stained in yellow.
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and p56lck (Figure 3c) were detected on Western blotting. In

control samples the immunoprecipitation with an irrelevant

Ab, mouse anti-LBPA mAb, under the same condition, did not

result in detectable levels of CD4 or p56lck (Figure 3b and d,

respectively).

Co-immunoprecipitation of GM3 and CD4 in U937 cells

In order to verify whether CD4 association with GM3

molecules may depend on the presence of p56lck, we analyzed

this complex in U937, a CD4� and p56lck negative cell line.

Lysates and the LDTI fraction from U937 were immuno-

precipitated with IgG anti-GM3 mAb (DH2) and protein A-

Sepharose beads, as above. GM3 and its possible complex

with associated transducer proteins were eluted from the beads

and subjected to Western blotting with rabbit polyclonal anti-

CD4. It revealed a band corresponding to 58 kDa (Figure 4a).

The same band was detected in the LDTI fraction (fraction 5)

(Figure 4c). In control samples the immunoprecipitation with

an irrevelant Ab, mouse anti-LBPA mAb, under the same

condition, did not result in detectable levels of any protein

(Figure 4b). These ®ndings demonstrate that, at least in an

histiocytic monocytic cell line, the GM3-CD4 interaction is

independent of CD4-p56lck association, suggesting the p56lck

needless role in clustering of GM3-CD4 molecules.

Discussion

In this report we analyzed the clustered distribution of GM3 on

lymphocyte plasma membrane and its association with CD4-

p56lck complex. Our immunogold observations con®rmed the

existence of GM3-enriched plasma membrane microdomains

characterized by different length of occupied membrane (range

0.05±0.32 mm). The average cluster length appeared to be

around 0.2 mm which seems to correspond to rafts of

intermediate size [22], previously observed in NIH3T3 [23],

and identi®ed as microdomains enriched in liquid-ordered

phase lipids and cholesterol and containing up to about 600

proteins. It is well known that rafts may function to

concentrate or segregate different proteins in lateral domains

of the membrane to form the `glycosignaling domain',

functionally involved in modulation of tyrosine kinase

activities, cell adhesion and cell-cell interation [24]. Following

our previous observation that in human lymphocytes GM3,

CD4, and p56lck are selectively recovered in the same

microdomains of the plasma membrane [4], we now provide

evidence that GM3 tightly binds to the CD4 antigen in U937

cells and to CD4-p56lck complex in human PBL. In different

cell systems a close association of speci®c gangliosides with

speci®c transducer proteins has been described [5], although

the precise mechanism involved remains to be elucidated. In

this concern, it has been hypothesized that interaction of

ganglioside with some transducers (e.g., c-Srk, Rho) may be

due to the presence of aliphatic chain (fatty acyl or farnesyl

group) linked to the transducer, although other transducers

Figure 3. Co-immunoprecipitation of GM3, CD4 and p56lck in
human PBL: Western blot analysis of GM3 immunoprecipitate.
Human PBL were lysed in lysis buffer. Cell-free lysates were
normalized for proteins and immunoprecipitated with IgG anti-GM3
mAb (DH2). Proteins from the immunoprecipitate were separated
on 10% SDS-PAGE and probed with the anti-CD4 or anti-p56lck

polyclonal Ab. Lane a: GM3 immunoprecipitate, reactivity with anti-
CD4 Ab; Lane b: LBPA immunoprecipitate, reactivity with anti-CD4
Ab; Lane c: GM3 immunoprecipitate, reactivity with anti-p56lck Ab;
Lane d: LBPA immunoprecipitate, reactivity with anti-p56lck Ab.

Figure 4. Co-immunoprecipitation of GM3 and CD4 in U937 cells:
Western blot analysis of GM3 immunoprecipitate. Cells were lysed
in lysis buffer. Cell-free lysates and LDTI fraction were normalized
for proteins and immunoprecipitated with IgG anti-GM3 mAb
(DH2). Proteins from the immunoprecipitate were separated on
10% SDS-PAGE and probed with the anti-CD4 Ab. Lane a: GM3
immunoprecipitate, reactivity with anti-CD4 Ab; Lane b: LBPA
immunoprecipitate, reactivity with anti-CD4 Ab; Lane c: GM3
immunoprecipitate in the LDTI fraction (fraction 5), reactivity with
anti-CD4 Ab.
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present in glycosignaling domains (e.g., FAK, Ras) may

require different mechanisms [5]. High af®nity SDS-resistant

ganglioside-protein-interactions have been reported in differ-

ent cell types and exert relevant functional effects. GM1 and

Trk A kinase in PC12 cells strongly enhance neurite outgrowth

and neuro®lament expression [25], nonreceptor Src family

tyrosine kinase Lyn and a-Gal-GD1b in rat basophilic

leukemia cells play an important role in receptor-mediated

signal transduction [26] and Lyn and GD3 in rat brain are

involved in neuritogenesis and synaptic formation [27]. In

addition, SDS-resistant complexes between GM3 and prosa-

posin on NS20Y neuroblastoma cell plasma membrane are

structural components of the prosaposin receptor, involved in

extracellular signal-regulated protein kinase (ERK) phosphor-

ylation and cell differentiation [21].

In the present study the GM3-CD4 association was

demonstrated by a novel approach, showing that CD4 was

co-immunoprecipitated by an IgG anti-GM3 (DH2) [15]. This

procedure represents, in our hand, a valuable tool that led us to

clarify the role of GM3 as a transducer molecule, with the

cooperation of speci®c proteins. This approach was validated

by the studies of Yamamura [28] and Iwabuchi [18], who

revealed that in B16 melanoma cells the DH2 antibody

immunoprecipitated multiple signal transducer molecules,

such as c-Src, Rho and FAK. Furthermore, scanning confocal

microscopical images supported the existence of GM3

enriched microdomains on the surface of intact PBL, where

CD4 molecules were mainly, but not exclusively, colocalized

with GM3. A similar ®nding was observed in NS20Y

neuroblastoma cells showing a selective colocalization of

prosaposin with GM3 molecules [21].

However, all these ®ndings do not prompt to conclude

whether GM3 binds CD4 directly or through interaction with

other unidenti®ed protein(s). In this study we demonstrated

that GM3-CD4 interaction can occur in the absence of p56lck,

as observed in U937 p56lck negative cells. In this cell line the

possibility of GM3 interaction with other GEM associated

proteins, such as CD14 [8], fyn [29], TNFR1 [29] and CD48

[30] requires further investigation. In this concern, we

hypothesize that immunoprecipitation by anti-GM3 Ab is like

to pull out a `clod' of plasma membrane, due to tight and weak

binding associations among GM3 molecules and different

proteins, which may represent the multimolecular signaling

complex.

In conclusion, both morphological and biochemical

analyses demonstrate the existence of GM3 microdomains

on lymphocyte plasma membrane, where the presence of

ganglioside-protein(s) interactions strongly supports the func-

tional role of these rafts as structural components of membrane

multimolecular signaling complexes.
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