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Fungal lectin — clathrin - facilitation of endocytosis

The lectin isolated from Xerocomus chrysenteron (XCL)
displays a toxic activity towards insects. In order to assess its
passible mode of action and to gather useful data for its
potential nse in insect-resistant transgenic plants, we investi-
gated the effects of XCL at the cellular Ievel. Imnmunofluo-
rescence microscopy studies revealed that XCL is rapidly
internalized into small endocytic vesicles that further coalesce
in the perinuclear region. We show that XCL is endocytosed by
the clathrin-dependent pathway, and is delivered to late
endosome/lysosome compartments. The internalization of
XCL seems to be general since it occurs in different cell types
such as insect (SF9) or mammalian (NIH-3T3 and Hela) cell
lines. In the presence of XCL, the uptake of GFP and BSA is
greatly enhanced, demonstrating that XCL facilitates endocy-
tosis. Thus, XCL could serve as a delivery agent to facilitate the
endocytosis of proteins that do not enter the cell alone.

Abbreviations, ABL Agaricus bisporus lectin. — AOL Arthrobothrys
oligospora lectin. — AP-2 Adaptor protein complex 2. — BSA Bovine
serum atbumin. ~ GFP Green fluorescent protein, — PBS 10 mM phosphate
buffer, pH 7.2, 150 mM NaCl. - XCL Xerccomus chrysenteron lectin.

Introduction

Lectins are carbohydrate-binding proteins that bind glycans of
glycoproteins, glycolipids or polysaccharides with high affinity
{Goldstein et al., 1980). Although over 100 plant lectins have
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been isolated and characterized, their physiological role within
the plant remains speculative. However, their most likely
function is believed to be defence against different kinds of
plant-eating organisms (Peumans and Van Damme, 1995).
Numerous plant lectins present toxic properties toward differ-
ent insect species {Janzen etal., 1976; Osborn et al., 1988;
Gatehouse et al., 1996; Sauvion et al., 1996) but the mecha-
nisms by which these proteins exert their toxic activity is poorly
known. Although a binding between lectins and glycoproteins
of the epithelial cells of the midgut appears to be necessary, it is
not sufficient to explain the disruption of cellular functions
interfering with insect growth and survival (Harper et al., 1995;
Powell et al., 1998).

Unlike their plant counterparts, lectins from higher fungi are
less documented (Guillot and Konska, 1997). We have purified
a lectin from a mushroom with insecticidal properties: Xero-
comus chrysenteron. This lectin (XCL) belongs to a group of
lectins firstly described for AOL (Arthrobothrys oligospora
Lectin) and ABL (Agaricus bisporus Lectin), which are specific
for N-acetyl-galactosamine and galactose (Rosén et al., 1992).
XCL induces high mortality rates in several insect species from
different orders (Wang et al., 2002; Trigueros et al., 2003).

Itis generally accepted that intoxication of cells requires first
endocytosis of the toxin, intracellular transport and transloca-
tion to the cytosol from intracellular compartments such as the
endosomes, the endoplasmic reticulum and the Golgi apparatus
(Sandvig et al., 2002; Falnes and Sandvig, 2000; Vetterlein et al.,
2002). Different mechanisms of uptake into cells have been
identified: receptor-mediated endocytosis via clathrin-coated
vesicles, uptake by caveolae, macropinocytosis, and clathrin-
and caveolae-independent mechanisms (Pelkmans et al,, 2001;
Torgersen et al., 2001).

In the present study, we have investigated whether XCL is
internalized by distinct cell types, and to what cell compartment
the lectin is targeted. We examine the effect of chlorpromazine
and intracellular potassium depletion, which inhibit clathrin-
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mediated endocytosis, and the effect of filipin, an inhibitor of
caveolae, to determine the mechanism of XCL-internalization.
We show that XCL is rapidly internalized into the cells via
carbohydrate interactions, and that it facilitates the endocytosis
of poorly internalized substrates such as GFP and BSA, making
this new lectin a potential delivery agent.

Materials and methods

Materials

A cDNA encoding a lectin from Xerocomus chrysenteron was pre-
viously obtained by PCR from primers deduced from peptide sequences
(Trigueros et al., 2003). This cDNA was expressed in E. coli with an N-
terminal histidine tail. Purification of the protein (XCL) was achieved
by affinity chromatography using nickel as ligand. Purified extracts were
found to be devoid of any contaminant as assessed by overloaded SDS-
PAGE.

Primary antibodies: Polyclonal antibodies directed against the XCL
native protein were obtained by incubation of rabbit erythrocytes with
the lectin, followed by intravenous injection into the animal. These
antibodies recognize only the native form of XCL. Monoclonal mouse
anti-human cathepsin D antibody was purchased from Dako 8. A, France

Monoclonal mouse anti a-adaptin (a subunit of adaptor protein
compiex AP-2) antibody was purchased from Santa Cruz Biotechnol-
agy.

Secondary antibodies: FITC- and rhodamine-labeled goat anti-rabbit
and anti-mouse antibodies were purchased from Molecular Probes
Europe BV,

FITC labeled BSA, filipin and chlorpromazine were purchased from
Sigma-Aldrich, France. GFP was purchased from Clontech; the lectin
GS-11 from Griffonia simplicifolia used for staining the intermediate-to-
trans Golgi was purchased from Molecular Probes Europe BV.
Fluorescein-conjugated transferrin from human serum and dextran-
tetramethylrhodamine conjugate (70000 MW) were purchased from
Molecular Probes Europe BV,

Cell culture

SF9 cells were grown at 28°C in SF900 medium. HeLa and NIH-3T3
cells were growr in Dulbecco’s moditied Eagle's medium supplemented
with 10% foetal calf serum, 100 U/ml peniciilin, 100 ug/m! streptomycin,
and 2 mM glutamine in a 5% CO, incubator at 37°C.

Immunoflucrescence labeling
Cells (SF9, Hela or NIH-3T3) were grown in the appropriate medium on
glass coverslips and were incubated for different durations in the
presence of XCL. Control cells were grown in the absence of lectin.
Labeling of XCL: Cells were washed three times with PBS (10 mM
phosphate buffer, pH 7.2, 150 mM NaCl), fixed in PBS/3.6% formalde-
hyde for 30 min at room temperature and washed three times in PBS.
Cell permeation was performed in PBS/1% Triton X-100/1% BSA for
10 min at room temperature. After three washes in PBS, non-specific
sites were saturated in PBS/3% BSA (w/v) for 1 hour at room
temperature and the cells were then incubated for 1 hour at room
temperature with the anti-XCL antibody (dilution 1:400 in PBS/1%
BSA). The coverslips were washed twice in PBS/0.05% Tween 20 and
once in PBS before being incubated with FITC-labeled anti-rabbit
antibody (dilution 1:500) for 1 hour at room temperature. The
coverslips were washed three times in PBS before being incubated for
5 min at room temperature with 0.2 pg/mi DAPT in PBS, rinsed quickly 3
times, air-dried, and mounted on glass slides with Mowiol (Calbiochem).
Co-labeling of XCL and cathepsin-D: Hela cells grown on glass
coverslips were treated for 16 h with 17 pg/ml XCL. The cells were then
washed in PBS and fixed in 1.85% formaldehyde for 30 min at room
temperature. The cells were permeabilized in methanol at —20°C for
10 min before the immuno-labeling procedures. Simple and double
labeling of XCL and cathepsin D were performed as described above.
The dilution of the anti-human cathepsin D antibody was 1:25.

Labeling of AP-2: Once treated or not by chlorpromazine orfand
XCL, the cells were fixed in 3.6% formaldehyde for 30 min at room
temperature and permeabilized in PBS/1% Triton X-100/1% BSA for
6 min at room temperature. The immuno-labeling procedure was
performed as described using the anti-AP2 antibody at the dilution1:20.

Inhibition of XCL-internalization by lactose

The lectin (30 pg/ml) was pre-incubated 20 min at 25°C in serum-free
medium containing either 2%, 4% or 8% lactose. Then, these solutions
containing [XCL + lactose] werc added onto Hela cells, and after 90 min
of incubation at 37°C, the internalization of XCL was assessed by
immunofluorescence labeling as described above.

Treatment with chlorpromazine and filipin

In order to assess potential pathways of XCL endocytosis, Hela cells
grown on glass coverslips were pre-incubated 30 min in serum-free
medium containing either filipin (5 pg/ml) or chlorpromazine (10 pg/ml)
before the addition of XCL (30 pyg/mi). The cells were then incubated for
90 min at 37°C in the presence of the drugs before the immunofluo-
rescence labeling of XCL was performed as described above. Control
experiments were done using fransferrin and dextran as respective
markers for clathrin-mediated endocytosis and fluid-phase endocytosis.
Lysine-fixable dextran-tetramethylrhodamine conjugate (70 K) (1 mg/
ml) was added to the cells for 3 h at 37°Cin PBS (with Ca®* and Mg?+).

Transferrin uptake

Hela cells were serum starved for 30 min, incubated with 50 pg of FITC-
tranferrin/ml for 20 min at 4 °C for binding, washed, and tranferred to
37°C for 15 min. Cells were washed with 0.1 M glycine-0.1 M NaCl,
pH 3,to remove any uninternalized ligand, washed in PBS, lixed in3.7%
formaldehyde for 10 min, and mounted on glass slides with Mowiol.

Depletion of intracellular potassium

Potassium depletion was carried out as described previously (Larkin
et al., 1983). Briefly, Hela cells were shocked in a hypotonic medium
(DMEM/water, 1:1). After 5 min at 37°C, the hypotonic medium was
removed, and an isotonic K*-free medium (a-MEM with 50 mM Na-
HEPES, 100 mM NaCl, (pH 7.4), was added. XCL or transferrin uptake
assays were performed in the presence of isotonic K*-free medium.

GFP and BSA-FITC internalization

Heia cells were grown at 37°C on glass coverslips in the appropriate
medium and were incubated in serum-free medium for one hour in the
presence of GFP or FITC-BSA, or both GFP and XCL or FITC-BSA
and XCL. The concentrations of proteins used were 25 pg/ml GFPF,
250 pg/ml FITC-BSA, and 35 pg/ml XCL. After the fixation/permea-
bilization of the cells and DAPT staining, green fluorescence corre-
sponding to FITC-BSA or GFP was directly observed. The immuno-
fluorescence-labeling of XCL was also performed to verify the
internalization of the lectin.

Results

Internalization of the fungal lectin (XCL) in
three cell lines

Since XCL presented toxic properties toward several insect
species (Trigueros et al., 2000), we wondered if XCL was
internalized by insect cell lines. SF9 cells were incubated for
16 h with the lectin, and then treated for the immunofiuo-
rescence labeling. As shown in Figure 1D, large amounts of
XCL were internalized by SF9 cells. SF9 are small cells with
reduced volume of cytosol around the nucleus, therefore we
turned to the common cell lines Hela and NTH-3T3 for easier
microscopic observations. We also observed internalization
(Fig. 1E, F). In the three cell lines, fluorescence signals were
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Fig. 1. Endocytosis of XCL by different cell lines. DAPI staining of
SF9 (A), NIH-3T3 (B) and Hela cells cells {C). XCL staining of $SF9
(D), Hela (E) and NIH-3T3 cells (F}. The cells were incubated for 16 h
with 70 pg/m] XCL, fixed, permeabilized and processed [or indirect
immunofluorescence localization of XCL as described in Materials and
methods. Bars 10 pm.

assaciated with vesicles that were mostly concentrated in the
perinuclear region. Fluorescent structures with different sizes
were present, probably due to fusion of vesicles. The specificity
of XCL labeling was controlled with non lectin-treated cells for
which no staining was observed.

We hypothesized that the cellular uptake of the lectin was
possible thanks to the interactions of its sugar-binding sites with
the glycoconjugates of the cell surface, Qur previous studies
have shown that the hemagglutination activity of XCL,
obtained with group B human erythrocytes, was inhibited by
D-galactose, lactose and N-acetyl-D-galactosamine (Trigueros
et al., 2003). To test our hypothesis, Hela cells were incubated
with XCL in serum-free medium containing 2%, 4% or 8%
lactose. We still observed endocytosis of the lectin in the
presence of 2% and 4% lactose, but its internalization was
totally inhibited in the presence of 8% lactose (Fig. 2A, B) In
the control experiment, the receptor-mediated endocytosis of
transferrin still occurred in the presence of 8% lactose
(Fig. 2C). This resuit suggests that the uptake of XCL occurs
via ligand-binding mechanisms mediated through lectin-carbo-
hydrate interactions.

Fig. 2. Inhibition of XCL uptake by 8% lactose in Hela cells. XCL
labelling {A) and DAPI staining {B), FITC-transferrin {C). XCL and
FITC-transferrin uptake assays were performed in the presence of 8%
lactose as described in Malerials and methods. After 90 min of
incubation at 37°C, the internalization of XCL was assessed by
immunofluarescence as described in Material and Methods. Bar 10 pm.

intracellular targeting of XCL

We examined the lectin labeling of Hela cells incubated for
different times with XCL. After 15 min, lectin labeling was
mostly on the cell surface. Occurrence of XCL-labeled vesicles
localized in the cytoplasm was visible after 30 min (Fig. 3A).
After 2 hours, XCL-labeled vesicles began to coalesce around
the nucleus, and an intense polarized staining close to the
nucleus was observed after 4 hours (Fig. 3B). 4 days later, the
lectin was still detected in vesicles accumulated around the
nucleus.

Once internalized, macromolecules are forwarded to early
endosomes, from where they are either recycled to the plasma
membrane, sorted to the late recycling compartment, or
delivered to late endosomes (the prelysosomal compartment)
(Kirchausen, 2000; Sorkin, 2000). Numerous studies have
previously shown that once internalized, lectins are transported
to endosomes and lysosomes as well as to the Golgi apparatus
(Wu et al., 1999; Schwarz et al., 1982; Balin and Broadwell,
1987; Pavelka et al., 1998, Yu et al., 1999; Olsnes and Kozlov,
2001). To determine in which compartments XCL was local-
ized, Hela cells incubated for 16 h with the lectin were double-
labeled with anti-XCL antibodies and either Golgi or lysosomal
probes, The lectin GSII from Griffonia simplicifolia, which
specifically binds to a and B-N-acetyl-D-glucosaminyl resi-
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Fig. 3. Immunolacalization of XCL in Hela cells after 30 min (A}, and
4 h (B) of incubation. The cells incubated in the presence of XCL
(70 pg/ml) were probed for XCL as described in Materials and
methods. Bar 10 um. C, D. Co-localization of XCL and cathepsin D
in Hela cells. The cells were treated for 16 h with 17 pg/ml XCL. The co-

dues, was used as selective stain for the Golgi apparatus (Suzaki
and Kataoka, 1999). We have not observed any overlapping of
the GSII-labeling and XCL-labeled vesicles. On the contrary.
when using a monoclonal anti-cathepsin D antibody as a
specific probe for the late endosomes and lysosomes (Ludwig
et al., 1991; von Figura and Hasilik, 1986), we did observe the
overlapping of the fluorescence signals (Fig.3C, D). The
localization of XCL in vesicles co-labeled with anti-cathepsin
D antibodies indicates clearly that XCL is transported to the
late endosomes and lysosomes.

Endocytic mechanism responsible for the
uvptake of XCL

The uptake of XCL could presumably occur via any of the
endocytic mechanism operating in the cell: clathrin-mediated
endocytosis, caveolae-mediated endocytosis, and clathrin- and
caveolae-independent endocytosis (Conner and Schmid, 2003;
Lamaze et al.,2001; van Deurs et al., 1989). The involvement of
caveolae has been investigated by incubating the Hela cells with
XCL in the presence of filipin. Filipin is known to bind
cholesterol in the plasma membrane and impair the invagina-
tion of caveolae, which are highly enriched in cholesterol
(Simons and Gruenberg, 2000; Orlandi and Fishman, 1998;
Ippolitti et al., 2000), The treatment with filipin did not induce
any significant decrease in XCL uptake or redistribution of the
XCL-labeled vesicles (Fig. 4A, B), nor did it affect the uptake
of FITC-transferrin, a well-exstablished marker of the coated
pit pathway (Fig. 4E, F). Clathrin-mediated endocytosis can be
inhibited by amphiphilic drugs such as chlorpromarzine, which
prevent assembly of coated pits at the plasina membrane by
disrupting the recycling of AP-2 from endosomes (Wang et al.,
1993; Subtil et al., 1994; Shogomori and Futerman, 2001). We
analyzed the effect of chlorpromazine on the endocytosis of
XCL. and of transferrin in Hela cells. As expected, chlorpro-
mazine inhibited transferrin internalization {Fig. 4G). In the
same way, the uptake of XCL was inhibited in chlopromazine-

labeling of XCL and cathepsin DD was performed as described in
Materials and methods, using rhodamine-iabeled goat anti-rabbit 1gG
for the detection of XCL (C) and FITC-labeled goat anti-mouse
antibodies for the detection of cathepsin D (D). The arrowheads show
examples of vesicles co-labelled for XCL and cathepsin D.

treated cells (Fig 4C). In contrast, the uptake of tetramethyl-
rhodamine-dextran, a marker for bulk flow-fluid phase endo-
cytosis, was comprable in chlopromazine-ireated and non-
treated cells (Fig. 41, K). As an alternative to chlorpromazine,
potassium depletion combined with hypotonic shock has been
used as a possibly more specific and less toxic mean of inhibiting
clathrin-mediated endocytosis. Such treatment has been well
established to reversibly arrest clathrin-coated pit formation
{Larkin et al.,, 1983). Hela cells were subjected to hypotonic
shock and then incubated in K*-free medium with XCL or
FITC-transferrin. As shown in Figure 4D and 4H. this treat-
ment inhibited both transferrin and XCL internalization. Taken
together, these experiments indicate a major involvement of
clathrin-coated pits in the endocytosis of the lectin.

The adaptor protein complex AP-2 mediates the clathrin-
coated vesicle lormation at the plasma membrane. Clathrin and
AP-2 are rapidly recycled by dissociating from the endosome
membrane. We used anti-AP-2 antibodies to determine by
immunofluorescence if XCL induced medifications of clathrin-
coated pit staining in Hela cells. After 2 h of incubation with the
lectin, no significant changes of the AP-2 staining pattern were
observed: AP-2 was localized in small vesicles on the cell
surface and in the cytoplasm (Fig. SA, C). We also verified the
effect of chlorpromazine on the distribution of AP-2 in the
presence of XCL. The drug caused the relocation of AP-2 to
numerous vesicles deep within the cytoplasm of the cell.
{Fig. 5B, D). When the cells were treated with chlorpromazine
and XCL, the prominent endosomal staining of AP-2 was still
observed. Thus, the lectin did not induce any significant
modification of the celiular distibution of AP-2.

Facilitation of endocytosis

We hypothesized that the binding of XCL. to glycoconjugates of
the cell surface could enhance the endocytic processes and thus,
stimulate the uptake of poorly internalized substrates such as
GFP or BSA.
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XCL

Fig. 4. Effect of filipin (B. E. ¥), chlorpromazine (C, G, K) and K~
depletion (I, H) on the internalization of XCL (A -D), tranferrin (E-
H) and dextran (I-K). Hela cells were treated for 30 min at 37°C with
3 pg/ml filipin or 10 pg/ml chlorpromazine or were K* depleted before

To test this hypothesis, Hela cells were incubated for 60 min
either with XCL and GFP or GFP alone. No significant
fluorescent signal was detected with GFP alone (Fig. 6A); on
the contrary, numercus green fluorescent vesicles were present
in the cytoplasm of the cells incubated with both GFP and XCL
(Fig. 6B). Furthermore, an overlapping of the XCL-labeling
and GFP staining was observed (Fig. 7). The same experiments
were performed using BSA-FITC and XCL. BSA is inter-
nalized by the cells and is known to be further targeted to
endosomes and lysosomes. When the cells were incubated with
BSA-FITC, some labeled vesicles were observed (Fig. 6C). Co-
incubation with XCL greatly enhanced the amount of FITC-
labeled vesicles and their intensity of fluorescence (Fig. 6D3).
We also observed the co-localization of XCL. and BSA, which
confirmed the accumulation of the lectin in endosomes and
lysosomes. In the presence of chlorpromazine, the stimulatory

Tir

Dextran

adding XCL, FITC-tranferrin or dextran, Control cells are shown in(A,
E, I). The uptake assays were performed as described in Materials and
methods. The internalized substrates were observed by immunofluo-
rescence microscopy. Bar 10 pm.

effect exerted by XCL on BSA uptake was abolished, but the
basal level of BSA internalization was still observed (Fig. 6F}).

Discussion

The lectin from Xerocomus chrysenteron (XCL) was isolated
following a screening for new insecticidal molecules (Mier
et al., 1996). The aim of the present work was to characterize
some of the biological properties of this new lectin at the
cellular level. In the first part of this study, we used immuno-
fluorescence microscopy to examine the internalization of XCL
by different cell lines, its intracellular fate, and the endocytic
mechanism involved in the uptake of the lectin. XCL was
internalized rapidly (after 30 min) and in large amounts in the
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Fig. 5. Effect of chlorpromazine and XCL on AP-2 localization. Hela
cells were either not treated (A) or incubated for Zh in the presence of
chlorpromazine (10 pg/ml) (B) or in the presence of XCL (35 pg/ml)

Fig. 6. Effect of XCL on GFP and BSA internalization. Hela cells
were incubated in serum-free medium for one hour in the presence of
GFP (A) or FITC-BSA (C). or both GFP and XCL (B) or FITC-BSA
and XCL. (D) as described in Materials and methods. The cells were

{C), or both chlorpromazine and XCL (D). The cells were fixed and
processed for indirect immunofluorescence as described. Bar 10 pm,

fixed. and green fluorescence corresponding to GFP or BSA-FITC was
directly observed. E. . Effect of chlorpromazine on BSA internaliza-
tion. Hela cells were treated with chlorpromazine, and BSA uptake was
performed in the absence (E) or presence (F) of XCL. Bar 10 um.
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Fig. 7. Co-localization of XCL and GFP. Hela cells were incubated lor
1 kv in serum-frec medium containing 25 pg/m) GFP and 335 pg/ml XCL.
The cells were fixed and processed for immunofluorescence as
deseribed. Rhodamine-labeled goat anti-rabbit 1gG were used to stain
XCL (A), and green fluorescence corresponding to GFP was directly
observed (B}.

insect cell line SF9, in the mouse fibroblast cell line NIH3T3,
and in the tumour cell line Hela. The fact that XCL is
endocytosed in such different cell lincs suggests that the lectin
can enter many other cell types, thanks te its sugar-binding
property. Indeed, the inhibition of XCL-uptake by lactose
indicates that the binding of XCL on cell-surface glycoproteins
is necessary for its internalization. In the three cell lines, the
vesicles containing XCL were mostly accumulated around the
nucleus. Perinuclear aggregations of internalized lectins have
already been described in other studies (Aubin etal., 1980;
Schwarz el al., 1982; Yu et al., 1999).

Co-labeling experiments with anti-cathepsin D antibodies
allowed us to determine that once internalized, XCL was
targeted to the endosome/lysosome system. Identical observa-
tions were made with other lectins such as concanavalin A and
ABL, which have been shown to accumulate in perinuciear
endosomes {Schwarz et al., 1982; Yu et alk,, 1999).

We have investigated the implication of clathrin-coated pits
and caveolae in endocytosis of XCL because these pathways are
responsible for the uptake of toxins in many cell types
(Schnitzer et al., 1996; Mallard et al., 1998; Sandvig and van
Dears, 2000; Torgersen et al, 2001). We found that the
internalization of XCL was inhibited when the clathrin-
dependent pathway was blocked by chlorpromazine or by
hypotonic shock/K* depletion. On the contrary, the caveolae
inhibitor, filipin, did not atfect endocytosis of XCL. Thus, the
clathrin-mediated endocytosis seems to be the major pathway
involved in the uptake of the lectin in Hela cells. Wheat germ
agglutinin was shown to react with numerous binding sites on
the membrane of hepatoma cells and was also internalized in
large amounts by receptor-mediated endocytosis via clathrin-
coated pits (Vetterlein et al., 2002). The cellular entry of ABL
involved clathrin-coated pits. but also clathrin-independent
pathways and macropinocytosis (Yu etal., 1999). It seems

probable that XCL enters the cell by binding to multiple
glycosylated receplors of the cell surface that are internalized in
a constitutive way, like the transferrin or LDL (low density
lipoprotein) receptors (Benmerah and Lamaze, 2002). We can
also hypothesize that XCL is endocytosed via ligand-induced
receptor internalization, The lectin, having at least two sugar-
binding sites, could mimic a ligand by inducing the dimerisation
of receptors, which could further lead to their internalization
into clathrin-coated endocytic vesicles. Indeed, various studies
have shown that lectins, initially bound in a unique form at the
cell surface, are redistributed into clusters and undergo
endocytosis, inducing redistribution and internalization of
surface glycoproteins {Schwarz et al,, 1982). It is also possible
that XCL. comparably to Shiga and Cholera toxins (Sandvig
etal., 1989; Shogomori and Futerman, 2001), binds to raft-
associated glycolipids, and is further internalized by clathrin-
coated vesicles.

In the second part of this study, we wanted to see if XCL could
stimulate the uptake of poorly internalized molecules. We
showed that the endocytosis of GFP and BSA was enhanced
when these proteins were co-incubated with the lectin. The
stimulatory effect exerted by XCL on endocytosis was abol-
ished in the presence of chlorpromazine, an inhibitor of the
clathrin-mediated pathway. This result leads us to hypothesize
that X CL facilitates endocytosis via clathrin-coated pits. By its
interaction with numerous glycoproteins of the cell surface, the
lectin might stimulate the formation of clathrin-coated pits at
the plasma membrane and thus, enhance the uptake of
molecules present in the medium. Alternatively, XCL (inter-
nalized via clathrin-mediated endocytosis) might be required to
stimulate clathrin-independent uptake mechanisms. The find-
ing that molecules are rapidly co-internalized with XCL could
be of value for several applications in biotechnology. The
specific binding of lectins has already been explored as a mean
of targeting and enhancing the delivery of therapeutic agents
(Mody et al., 1995) or for gene transfer (Yanagira and Cheng,
1999; Yin and Cheng, 1994; Batra et al., 1994).

Acknowledgements. This study was supported by Syngenta.

References

Aubin, I E., Tolson, N., Ling, V. {I980): The redistribution of fluo-
resceinated concanavalin A in Chinese hamster ovary cells and in
their colcemid-resistant mutants. Exp. Cell Res. 126, 75-85.

Balin. B.J, Broadwell, R. D. (1987): Lectin-labcled membrane is
transferred to the Golgi complex in mouse pituitary cells in vivo. J.
Histochem. Cytochem. 35, 489 —498.

Batra, R. K., Wang-Johanning, F,, Wagner, E., Garver, R. L, Jr., Curiel,
D.T. (1994): Receptor mediated gene delivery employing lectin-
binding specificity. Gene Ther. 1,255-260.

Benmerah, A., Lamaze, C. (2002): Endocytose: Chague voie compte!
Medecine/Sciences 18, 1126 -1136

Conner, S. D., Schmid, S. L. (2003): Regulated portals of entry into the
cell. Nature 422, 37 —44.

Falnes, P. O., Sandvig, K. (2000): Penetration of protein toxins into cells.
Curr. Opin. Cell Biol. 12, 407-413.

Gatehonse, A. M. R..Down, R, E_, Powell, K. S, Sauvion,N., Rahbé, Y.,
Newell, C. A., Merryweather, A., Hamilton, W. D. O.,, Gatehouse,
I AL (1996): Transgenic potalo plants with enhanced resistance to
peach-potato aphid Myzus persicae. Entomol. Exp. Apptic. 79, 295~
307.

Goldstein, 1. I, Hughes, R. C.. Monsigny, M., Osawa, T., Sharon, N.
{1980} What should be called a lectin. Nawure 285, 60 -07.



522 F Francis et al.

Guillot, J., Konska, G. {1997): Lectins in higher fungi. Biochem. System.
Ecol. 25,203 230

Harper, S. M., Crenshaw, R. W, Maullins, M. A., Privalle L. 8. (1995}
Lectin binding to insect brush border membranes. J. Econ. Entomol.
88, 11971202,

Ippoliti, R., Lendaro, E., Benedetti, P. A, Torrisi, M. R., Belleudi, F.,
Carpani, D., Soria, M. R., Fabbrini, M. S. (2000): Endocytosis of a
chimera between human pro-urokinase and the plant toxin saporin:
an unusual internalization mechanism. FASEB I. 14, 1335~ 1344.

Janzen, D. H., Juster, H. B,, Liener, I. R. (1976): Insecticidal action of
the phytohemagglutinin in black beans on a Bruchid beetle. Science
192, 795 -796.

Kirchhausen, T. (2000): Three ways to make a vesicle. Nat. Rev. Mol.
Cell Biol. 1, 187 -198.

Lamaze, C., Dujeancourt, A., Baba, T., Lo, C. G., Benmerah, A.,
Dautry-Varsat A. (2001): Interleukin 2 receptors and detergent-
resistant membrane domains deline a clathrin-independent endacy-
tic pathway. Mol. Cell 7, 661 -671.

Larkin, J. M., Brown, M. 8., Goldstein J. L., Anderson, R. G. (1983}
Depletion of intracellular potassium arrests coated pit formation and
receptor-mediated endocytosis in fibroblasts. Cell 33, 273-285.

Ludwig. T., Griffiths, G., Hoflack, B. (1991} Distribution of newly
synthesized lysosomal enzymes in the endocytic pathway of normal
rat kidney cells. J Cell Biol. 115, 1561 --72.

Mallard, F,, Antony, C., Tenza, D.,-Salamero, 1., Goud, B., Johannes, L.
(1998): Direct pathway from early/recycling endosomes to the Golgi
apparatus revealed through the study of Shiga toxin B-fragment
transport. J. Cell Biol. 143, 973 - 990.

Mier, N, Canete, S., Klaebe, A., Chavant, L.. Fournier, D. (1996):
Insecticidal properties of mushroom and toadstool carpophores.
Phytochemistry 41, 1293 -1299.

Mody, R., Joshi, §., Chaney, W. (1995): Use of lectins as diagnostic and
therapeutic tools for cancer. 1. Pharmacol. Toxicol. Methods 33,
1-14.

Olsnes, S., Kozlov. 1. V. {2001): Ricin. Toxicon 39, 17231728,

Orlandi, P. A., Fishman, P. H. (1998) Filipin-dependent inhibition of
cholera 1oxin: evidence for toxin imternalization and activation
through caveolae-like domains. I. Cell Biol. 141, 905-915.

Osborn, T. C., Alexander, D. C., Sun, S. S. M., Cardona. C., Bliss, F. A.
{1988): Insecticidal activity and lectin homology of arcelin seed
protein. Science 240, 207-210.

Pavelka, M., Ellinger, A., Debbage. P, Loewe, C., Vetterlein, M., Roth,
1. (1998): Endocytic routes to the Golgi apparatus. Histochem, Cell
Biol. 109. 555-570.

Pelkmans, L., Kartenbeck, J.. Helenius, A. (2001): Caveolar endocytosis
of simian virus 40 reveals a new two-step vesicular transport pathway
to the ER. Nat. Cell Biol. 3, 473 -483.

Peumans. W.J., Van Damme, J. M. (1995), Lectins as plant defense
proteins. Plant Physiol. 109, 347 -352,

Powell, K. S., Spence, J., Bharathi, M., Gatehouse, I A., Galehouse,
A. M. R. (1998): Immunohistochemicals and developmental studies
to elucidate the mechanism of action of the snowdrop lectin on the
rice brown plant hopper, Nilaparvata lugens. J. Insect Physiol. 44,
529-539.

Rosén, §. Ek, B., Rask, L., Tunlid, A. (1992): Purification and
characterization of a surface lectin from the nematode-trapping
fungus Arthrobotrys oligespera. §. Gen. Microbiol. 138, 2663 -2672.

Sandvig. K., Olsnes. S., Brown, J. E,, Petersen, O. W., van Deurs, B.
(1989): Endocytosis from coated pits of Shiga toxin: a glycolipid-
binding protein from Shigella dysenteriae 1. 1. Cell Biol. 108, 1331 -
1343.

Sandvig, K., van Deurs, B. (2000): Entry of ricin and Shiga toxin into
cells: molecular mechanisms and medical perspectives. EMBO 1. 19,
5943 - 5950,

Sandvig, K., Grimmer, $., Lauvrak, 8. U., Torgersen, M. L., Skretting, G.,
van Deurs, B., Iversen, T. G. (2002): Pathways followed by ricin and
Shiga toxin into cells. Histochem. Cell Biol. 117, 131 - 141.

Sauvion, N., Rahbé, Y., Peumans, W. J., Van Damme, E. 1. M, Gate-
house, J. A., Gatehouse, M. R. (1996): Effects of GNA and other
mannose binding ectins on development and fecundity of the peach-
potato aphid Myzus persicae. Entomol. Exp. Applic. 79, 285 -293.

Schwarz, M. A., Harper, P. A, Juliano, R. L. (1982): Interactions of
lectins with CHO cell surface membranes. 11 Differential effects of
local anaesthetics on endocytosis of Con A and WGA bindinog sites. J.
Cell. Physiol. 111, 264 - 274.

Schnitzer, J. E., Oh, P.,MclIntosh, D. P. (1996): Role of GTP hydrolysis in
fission of caveolae directly from plasma membranes. Science 274,
239--242.

Shogomori, H., Futerman, A. H. (2001): Cholera toxin is found in
detergent-insoluble rafts/domains at the cell surface of hippocampal
neurons but is internalized via a raft-independent mechanism. J. Biol.
Chem. 276, 9182 -9188.

Simons, K., Gruenberg, I. (2000): Jamming the endosomal system: lipid
rafts and lysosomal storage diseases. Trends Cell Biol. 10, 459 - 462,

Sorkin, A. (2000): The endocytosis machinery. J. Cell Sei. 113, 4375 -
4376. )

Subtil, A., Hémar, A., Dautry-Varsat, A. (1994): Rapid endocytosis of
interleukin 2 receptors when clathrin-coated pit endocytosis is
inhibited. I. Cell Sci. 107, 3461 - 3468,

Suzaki, E., Kataoka, K. (1999); Three-dimensional visualization of the
Golgi apparatus: observation of Brunner’s gland cells by a confocal
laser scanning microscope. J. Struct. Biok. 128, 131-138.

Torgersen. M. L., Skretting, G.. van Deurs, B, Sandvig, K. (2001)
Internalization of cholera toxin by different endocytic mechanisms. J.
Cell Sc1. 114, 3737 -3747.

Trigueros, V., Wang, M., Pere, D., Paquereau, L., Chavant, L., Fournier,
D. (2000): Modulation of a lectin insecticidal activity by carbohy-
drates. Arch. Insect Biochem. Physiol. 45, 175-179.

Trigueros, V., Lougarre, A.. Ali-Ahmed. D, Rabhe, Y., Guillot, ],
Chavant, L., Fournier, D., Paguereau L. (2003): Xeroconus chrysen-
teron lectin: identification of a new pesticidal protein. Biochim.
Biophys. Acta 1621, 292-298.

van Deurs, B., Petersen. O. W., Qlsnes, S., Sandvig, K. (1989): The ways
of endocytosis. Int. Rev. Cytol. 117, 131 -77.

Vetterlein, M., Ellinger, A., Neumiiller J., Pavelka, M. (2002): Golgi
apparatus and TGN during endocytosis. Histochem. Cell Biol. 117,
143-150.

von Figura, K., Hasilik, A. (1986): Lysosomal enzymes and their
receptors. Annu. Rev. Biochem. 55, 167-193.

Wang, L. H.. Rothberg, K. G, Anderson, R. G. (1993): Mis-assembly of
clathrin lattices on endosomes reveals a regulatory switch f{or coated
pit formation. J. Cell Biol. 123, 1107 -1117.

Wang, M., Trigueros, V., Paquereau, L., Chavant, L., Fournier D. (2002):
Proteins as active compounds involved in insecticidal activity of
mushroom fruitbodies. J. Econ. Entomol. 95, 603 -607.

Wu,C. H., Yeh, 8. T., Ling, E. A. (1999): Studies of lectin receptors of rat
microglia in culture: receptor distribution and internalization. Exp.
Brain Res. 124, 8999,

Yanagihara, K., Cheng, P 'W. (1999): Lectin enhancement of the
lipofection efficiency in human Jung carcinoma cells. Biochin.
Biophys. Acta 1472,25-33.

Yin, W., Cheng, P. W, (1994): Lectin conjugate-directed gene transfer to
airway epithelial cells. Biochem. Biophys. Res. Commun. 205, 826 -
833,

Yu, L. G., Fernig, D. G., White, M. R., Spiller, D. G., Appleton, P, Evans,
R. C., Grierson, L, Smith, I A., Davies, H., Gerasimenko, O. V.,
Petersen, O. H.,Milton, J. D., Rhedes, J. M. (1999): Edible mushroom
(Agaricus bisporus) lectin, which reversibly inhibits epithelial cell
proliferation, blocks nuclear localization sequence-dependent nucle-
ar protein import. J. Biol. Chem. 274, 4890~ 4899.



