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Endocytosis of the cholera toxin B subunit (CTxB) in various cell lines has shown diversity of

entry paths of cell surface bound ligands. The aim of this study was to clarify internalisation

mechanism and endosomal trafficking of CTxB in murine fibroblasts (Balb 3T3 cells) and

human epithelial cells (HeLa). We have shown that CTxB enters Balb 3T3 cells mainly via

cholesterol-dependent endocytic pathway(s), while in HeLa cells clathrin endocytosis plays a

major role. Early endosomal acidic gradient is required for CTxB progression towards the

Golgi in HeLa cells, whereas a majority of internalised CTxB bypasses early endosomes

(EEA1+ compartments) in Balb 3T3 cells. The acidic gradient is also required for exit from the

Golgi into the late endosomes and degradation of CTxB in Balb 3T3 cells. Thus, the CTxB

trafficking may help in the understanding of non-clathrin endocytic mechanisms and the

complexity of late endosomal compartments.
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INTRODUCTION

Membrane components are internalised into the cell by

the process of endocytosis into endocytic vesicles whose

structure is determined by proteins required for their for-

mation (for review see Ref.1). Clathrin and caveolin are

major proteins that are involved in their organization and,

accordingly, the endocytosis can be divided on clathrin-

or caveolae-mediated endocytosis. However, endocytic ve-

sicles can also arise without assistance of these proteins

(non-clathrin and non-cavolae mediated endocytosis). The

endocytic entry from the plasma membrane and intracel-

lular trafficking depends on the membrane microdomain

organization and also on membrane dynamics that is de-

pendent on the cell type.2 Thus, the same membrane

component may use different routes for entry into the cell.

Although, endocytic entry via clathrin-coated vesicles is

relatively well characterized on several natural receptor-

ligand systems, other clathrin-independent pathways are

still poorly characterized, primarily due to the lack of ap-

propriate receptor-ligand models. Bacterial protein toxins,

thus, may serve as a useful tool for studying endocytic

transport pathways in cells.

Vibrio cholerae enterotoxin, cholera toxin (CTx),

belongs to a family of two component toxins with cha-

racteristic structure and function (AB5 toxins). It contains

five identical binding subunits (CTxB) that carry the toxin

into the cell and heterodimeric A-subunit that activates

adenylyl cyclase.3–5 The B-subunits of the toxin contain

five binding sites and can specifically bind up to five

cell-surface glycosphingolipid GM1,6 which serve as a

receptor for CTX entry into the cell. Visualized by CTxB,

GM1 has been reported to be uniformly distributed in

the plasma membrane.7 It was found to be concentrated

in caveolae,8–10 flask-shaped invaginations at the plasma

membrane that are enriched in cholesterol, sphingolipids

and protein caveolin, but also it can be visualized in clath-
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rin-coated pits,8,9 although to a much lesser extent than

in caveolae. A majority of intracellular GM1 could be

found in late endosomal vesiculo-tubular compartments.8

Internalisation pathway of CTX has been investigat-

ed in various cell lines and has been shown to vary de-

pendent on the cell type examined. CTX binds to GM1

and then follows a complex endocytic route involving

retrograde membrane traffic trough the Golgi complex

towards the endoplasmic reticulum (ER),11,12 where

A-subunit is activated. In the absence of the A subunit,

the B subunit (CTxB) traffics through the endocytic path-

way towards Golgi and is rerouted from the Golgi into

late endosomes for degradation.5 Thus, the CTxB can be

used as a useful tool for characterization of the endocy-

tic trafficking.

Binding to GM1 associates CTxB with detergent-re-

sistant membrane domains, presumably lipid rafts. Exactly

how the CTxB-GM1 complex traffics from the plasma

membrane to the Golgi and then to the ER remains poor-

ly understood. Due to its association with caveolae, it is

assumed that CTxB internalise via caveolar endocytosis

and it is generally used as a marker for caveolar endo-

cytosis.4,12–14 The fact that little CTxB is detected in

clathrin-coated pits9 does not exclude the possibility that

the toxin is also rapidly endocytosed via these structures,

which is more difficult to visualize since they have half-

life of only 1 minute at the cell surface. In fact, recent

studies suggest that CTxB may enter cells via the clath-

rin-dependent pathway, but inhibition of this pathway

did not prevent its uptake.4,15–17 In addition, CTxB was

internalised in cells devoid of caveolin,18 suggesting that

clathrin- and caveolae-independent mechanisms can be

involved in toxin internalisation.19–21 Once internalised,

CTxB can be found in different intracellular compart-

ments: early endosomes, caveosomes, recycling endoso-

mes, perinuclear recycling compartments but also in ca-

veolin-negative pH neutral compartments similar to ca-

veosomes.15

In this study, we have compared internalisation and

intracellular trafficking of CTxB in murine fibroblastic

cell line Balb 3T3 and in well-characterized human epi-

thelial cell line HeLa, known that internalise CTxB via a

clathrin-dependent mechanism.22 The experiments rule out

that CTxB enters Balb 3T3 cells mainly via cholesterol

dependent endocytic pathway, while in HeLa cells both

clathrin and cholesterol dependent pathways play a role.

EXPERIMENTAL

Cells, Antibodies and Reagents

Balb 3T3 cells (murine fibroblastic cell line) and HeLa cells

(human epithelial cell line) were grown in Petri dishes as

adherent cell lines in Dulbeco’s modified minimal essential

medium (DMEM) supplemented with 10 % (vol. ratio) foe-

tal bovine serum (FBS), 2 mmol dm–3 L-glutamine, 100 mg

ml–1 streptomycin and 100 U ml–1 penicillin (1 U ml–1
� 1

mg ml–1). All reagents were obtained from Gibco, Grand

Island, NY.

Transferrin-FITC, anti-caveolin-1-Cy3, chlorpromazine,

filipin, methyl-â-cyclodextrin, monensin, leupeptin, LY294002,

anti-CTxB and cholera toxin B subunit conjugated with

FITC or with biotin (CTxB-FITC, CTxB-biotin) were pro-

vided by Sigma-Aldrich Chemie Gmbh. NH4Cl was from

Kemika Zagreb. LysoSensor Green DND-189, LysoSensor

Green DND-153, CTxB-Alexa Fluor 555 and 488 (CTxB-

AF 555 and CTxB-AF 488), anti-mouse IgG2a-AF 488 and

555, anti-rat IgG-AF 555 and 488, and anti-mouse IgG1-AF

555 and 488, and monoclonal antibodies (mAbs) against hu-

man transferrin receptor were obtained from Molecular Pro-

bes. mAbs to Lamp-1, GM130, p115, Vti1a, GS28 and EEA1

were from Becton Dickinson & Co., San Jose, CA. mAbs

against murine transferrin receptor (TfR) were produced by

R17 hybridoma cells (obtained from American Type Culture

Collection).

Protein A-sepharose was from Amersham Pharmacia

Biotech.; polyvinylidene difluorid (PVDF) Western blotting

membrane and streptavidin-POD were from Roche Diagnos-

tics GmbH, Mannheim, Germany; Super Signal West Dura

Extended Duration Substrate was from Pierce Chemical

Co., Rockford, IL, USA and BioMax film was from Kodak,

Rochester, NY.

Internalisation of CTxB

Cells were incubated with fluorescent CTxB-FITC for 30 min

at 4 °C, washed out with cold PBS and incubated at 37 °C.

At different periods (indicated in figures), cells were col-

lected and divided. Half was exposed to low-pH treatment

(30 s; pH = 2) and the other half was untreated (control of

total fluorescence intensity), and intracellular fluorescence

was analysed by flow cytometry. The result is presented as

mean fluorescence intensity (MFI) ratio of acid-treated and

acid-untreated cells.

Endocytosis of CTxB

Cells were incubated with fluorescent CTxB-AF 555 for

30 min at 4 °C, washed with cold PBS to remove unbound

marker and incubated at 37 °C for different periods (indi-

cated in figures). After incubation, the cells were fixed with

4 % paraformaldehyde, permeabilised with 0.5 % Triton

X-100 and labelled with markers of subcellular compart-

ments using primary antibodies to Lamp1, GM130, TfR, or

EEA1, and isotype-specific secondary antibody conjugated

with AF 488.

Drug Treatments

Cells were pre-incubated for 30 min at 37 °C in DMEM

containing 1.2 ìg ml–1 filipin, 8 ìmol dm–3 chlorpromazine,

10 mmol dm–3 methyl-â-cyclodextrin, 15 mmol dm–3 NH4Cl,

9 ìmol dm–3 monensin, 200 nmol dm–3 bafilomycin A1, 25

ìmol dm–3 LY294002 or 1 ìg ml–1 leupeptin. All subse-

quent incubations contained inhibitors in the same concen-

trations. Cells were cooled to 4 °C and incubated in the same
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medium containing 1 ìg ml–1 CTxB-AF 555 or CTxB-FITC

for 30 min. Labelled cells were than washed and incubated

at 37 °C for indicated periods, and analysed by flow cyto-

metry or confocal microscopy. Drug treatment did not af-

fect cell viability.

CTxB Localization in Detergent-resistant Membrane

Domains

Cells were labelled with CTxB-AF 555 and mAb against

TfR for 30 min at 4 °C, washed with cold PBS and then

treated with 0.5 % Triton X-100 for 1 min to elute deter-

gent-sensitive membrane domains. After three washes with

PBS, cells were fixed with 4 % paraformaldehyde and ana-

lysed by confocal microscopy.

Confocal Microscopy and Analysis of Colocalization

Images were obtained using Olympus Fluoview FV300 con-

focal microscope (Olympus Optical Company, Tokyo, Ja-

pan) with 60 PlanApo objectives. Presentation of figures was

accomplished in Adobe Photoshop (San Jose, CA). To vi-

sualize the level of co-localization, 8–10 cells per experi-

mental condition were randomly selected on the same cover

slip among those that were well spread and showed a well-

resolved pattern. Images of single cells were acquired at the

same magnification, exported in a TIFF format, and processed

by Fluoview, Version 4.3 FV 300 (Olympus Optical Co.).

Immunoprecipitation

One confluent 10-cm Petri dish of cells was labelled with

1 ìg ml–1 CTxB-biotin for 30 min at 4 °C. Unbound CTxB-

biotin was washed out with cold PBS, and cells were lysed

in a lysis buffer containing 50 mmol dm–3 Tris-Cl (pH = 8.0),

150 mmol dm–3 NaCl, 1 mmol dm–3 EDTA, 0.5 % NP40,

0.02 % NaN3 and 2 mmol dm–3 PMSF immediately or incu-

bated for additional 1 or 2 hours at 37 °C. Supernatants of

cellular lysates were immunoprecipitated with anti-CTxB

antibody. Immune complexes were retrieved with protein

A-sepharose, washed, heated to 95 °C for 10 min and run in

a 13 % SDS-PAGE gel. The gels were blotted onto the po-

lyvinylidene difluorid (PVDF) Western blotting membrane,

incubated for 1 h with 100 mU ml–1 of streptavidin-POD

washed and incubated with Super Signal West Dura Ex-

tended Duration Substrate for 1 min and exposed to BioMax

film (Kodak, Rochester, NY). Relative intensities of the bands

were measured by scanning densitometry of each of the in-

dividual bands. Relative ratio was calculated on the basis of

band density.

RESULTS

Plasma Membranes of Balb 3T3 Cells Have Higher

CTxB Binding Capacity than Plasma Membranes of

Hela Cells

Cholera toxin B subunit (CTxB) binds to the cell surface

glycosphingolipid GM1 that serve as a receptor molecule

for its entry into the cell.6 Internalisation pathway and

intracellular route of CTxB may depend on the initial

amount of CTxB bound to the cell surface receptors. Thus,

in order to compare CTxB binding capacity of plasma

membranes of Balb 3T3 and HeLa cells we determined

the level of GM1 cell surface expression on these two

cell lines. Cells were incubated for 30 min with CTxB-

FITC at 4 °C and cell surface bound CTxB determined

by flow cytometry. Fluorescence signal on Balb 3T3 cell

was much stronger (15 to 20 times) than fluorescent sig-

nal on HeLa cells, indicating that GM1 receptors were

abundant in the plasma membrane of Balb 3T3 cells. Flow

cytometric profiles shown in Figure 1a also indicate that,

in both cell lines, two populations of cells regarding to

the level of GM1 expression could be distinguished: ap-

proximately 25 % of Balb 3T3 cells had lower expres-

sion and 10–15 % of HeLa cells had higher expression

than majority of cell population.

In order to determine the cell surface binding capa-

city of plasma membranes we labelled cells with CTxB-
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Figure 1. Expression of GM1 at the cell surface. (a) Flow cyto-
metric profile of GM1 expression at the cell surface of Balb 3T3
and HeLa cells. Cells were incubated with CTxB-FITC for 30 min
and analysed by flow cytometry. (b) Cell surface binding capacity
for cholera toxin B subunit (CTxB). Cells were labelled with CTxB-
biotin for 30 min and NP40 cell extracts immunoprecipitated with
anti-CTxB (11 kDa band of CTxB). Relative ratio was calculated
on the basis of band density. (c) Localization of GM1 in detergent
resistant membrane microdomains. Cells were labelled with CTxB-AF
555 (red fluorescence) and mAb against TfR (green fluorescence),
and then treated with 0.5 % Triton X-100 for 1 min. After fixation
the cells were analysed by confocal microscopy on 0.5 ìm sec-
tions. Scaling bar represents 5 mm. Representative of three inde-
pendent experiments with comparable results are shown.



biotin and immunoprecipitated cell surface bound CTxB

from cytoplasmic extracts of the same number of cells

with anti-CTxB antibody (Figure 1b). Intensity of bands

from immunoprecipitates of Balb 3T3 cells was much

stronger than bands of HeLa cells. Densitometric analy-

sis of bands revealed that 23 times more of biotinylated

material was loaded on gels with immunoprecipitates from

Balb 3T3 cells. These data indicate that Balb 3T3 cells

had more GM1 receptors at the cell surface and much

higher CTxB binding capacity than HeLa cells.

It is well know that GM1 resides in the detergent in-

soluble membrane microdomains,4,5 but also that micro-

domain composition may vary between different cell ty-

pes.23 To confirm that GM1 in Balb 3T3 cells is located

in the detergent insoluble domains of the plasma mem-

brane, we labelled cells with CTxB-AF 555 and mAb

against TfR and after labelling extracted them with Tri-

ton X-100 for 1 min at 4 °C. It had been shown that this

treatment washes out less organized membrane lipid bi-

layers, including also proteins that reside in these areas.24

Since it is well known that TfR belongs to this group16

we used it as a control. The distribution of TfR and

CTxB at plasma membranes was analysed by confocal

microscopy (Figure 1c). Both TfR and CTxB were found

at distinct regions of plasma membranes of untreated cells

and they did not significantly colocalize, indicating that

they are located in different areas of the plasma mem-

brane. After extraction with Triton X-100 the bound TfR

was washed out, whereas amount of the bound CTxB-

AF 555 remained unchanged, confirming our previous

observation that TfR and GM1 reside in different mem-

brane microdomains. These data indicate that in both

cell lines CTxB binds to GM1 receptors that are located

in detergent resistant membrane microdomains.

CTxB Uses Different Internalisation Route in Balb

3T3 and HeLa Cells

To determine the internalisation capacity of Balb 3T3 cells

we bound CTxB-FITC to the cell surface at 4 °C and al-

lowed internalisation at 37 °C for different periods. Non-

internalised material from half of cells was removed from

the cell surface by short acidification (30 s, pH = 2) and

cellular fluorescence was determined by flow cytometry.

Internalisation was assessed by division of the fluores-

cent signal of acid-untreated (total fluorescence bound)

and acid-treated cells (internalised fluorescence) and re-

sult expressed as in percents of internalised material (Fig-

ure 2a). We have found that 70 % of cell surface bound

CTxB rapidly internalised within 30 min into HeLa cells,

whereas internalisation into Balb 3T3 cells showed dif-

ferent kinetics: after 30 min only 17 % of initially bound

CTxB was internalised, after 60 min 33 % and after

90 min 43 %. Thus, it appears that approximately one third

of cell surface bound CTxB was internalised in an hour

by a slow and constant internalisation process. This dif-

ference in internalisation kinetics indicates that in Balb

3T3 cells CTxB uses different internalisation mechanism

than in HeLa cells.

It is well known that after internalisation CTxB trans-

ported into the Golgi compartments.5,15,25 To confirm this

on Balb 3T3 cells, we performed colocalization analysis
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Figure 2. Kinetics of CTxB internalisation. (a) Internalisation of the cell surface bound CTxB. Balb 3T3 (closed circles) and HeLa cells
(open circles) were incubated with CTxB-FITC, cell surface bound CTxB-FITC removed by short low-pH treatment (30 s; pH = 2) and
intracellular fluorescence analysed by flow cytometry. The result is presented as MFI ratio of acid-treated and acid-untreated cells. (b)
Colocalization of CTxB with Golgi markers (green fluorescence) in Balb 3T3 cells after 45 min of internalisation of CTxB-AF 555 (red
fluorescence). (c) Kinetic of CTxB internalisation into the Golgi. CTxB-AF 555 (red fluorescence), bound to the surface at 4 °C for 30 min,
was internalised at 37 °C and Golgi was labelled with mAb GM130 and anti-mouse IgG1-AF 488 (green fluorescence). Scaling bar
represents 5 ìm. Representative of three independent experiments with comparable results are shown.



of the internalised CTxB with different markers of Golgi

compartments, such as, p115 (cis-Golgi and ER-Golgi traf-

ficking including ERGIC, GS28 (cis-Golgi), and Vti1a

(cis- to trans-Golgi). After 45 min of internalisation

CTxB colocalised with all described markers, indicating

that the Golgi complex is in the route of its intracellular

trafficking also in Balb 3T3 cells (Figure 2b), although it

uses slower internalisation route than in HeLa cells. De-

tailed dissection of time required for reaching the Golgi

in Balb 3T3 and HeLa cells showed that CTxB needed

30 min to reach the Golgi in the majority of HeLa cells,

whereas only in a small proportion of Balb 3T3 cells co-

localization with the Golgi marker was found in that time.

In the majority of Balb 3T3 cells, the Golgi complex was

reached after 45 min (Figure 2c). These data indicate that,

in addition to the different internalisation mechanism us-

ed in two cell lines, CTxB also uses different endosomal

route and travels longer towards the Golgi in Balb 3T3

cells.

CTxB Enters Balb 3T3 Cells Mainly via Cholesterol

Dependent Endocytic Pathway

To dissect the mechanism of CTxB internalisation we

treated Balb 3T3 and HeLa cells with a set of chemicals

that disrupt endocytic machinery and inhibit clathrin-de-

pendent and cholesterol-dependent endocytosis. The ste-

rol-binding agent filipin disrupts caveolae structure and

function,26,27 methyl-â-cyclodextrin (MâCD) disturbs

structure of lipid rafts28 and has similar effect as filipin,

whereas chlorpromazine (Cp) blocks clathrin-dependent

endocytosis.29 Cells were treated with these inhibitors and

internalisation of CTxB determined by flow cytometry

(internalisation rate), or by confocal microscopy by its

colocalization with the Golgi marker.

Filipin and MâCD treatment inhibited accumulation

of CTxB-FITC inside Balb 3T3 cells, although some

more CTxB entered into MâCD treated cells. However,

treatment of HeLa cell by filipin had no effect on CTxB

internalisation and little inhibitory effect of MâCD could

be seen (Figure 3a). When filipin and MâCD were used

in combination, no internalised CTxB could be detected

inside Balb 3T3 cells (data not shown). On the contrary,

treatment of Balb 3T3 cells with chlorpromazine did not

inhibit CTxB internalisation, whereas almost completely

prevented its entry into HeLa cells (Figure 3a).

When internalisation of CTxB was followed by con-

focal microscopy, we have found that filipin prevented

entry of majority of CTxB into endosomal structures of

Balb 3T3 cells and thereby its delivery into the Golgi

(Figure 3b). As expected, filipin did not inhibited entry

of CTxB into the Golgi of HeLa cells, although a lot of

internalised CTxB remained in endosomal structures. Si-

milar to filipin, MâCD inhibited internalisation of CTxB

and its delivery into the Golgi of Balb 3T3 cells, but in

majority of cells internalised CTxB could be found in
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Figure 3. Effect of inhibitors of caveolar and clathrin endocytosis on
internalisation of CTxB. (a) Internalisation of CTxB in the presence of
inhibitors. Cells were pre-incubated for 30 min with filipin (F), chlor-
promazine (Cp) and methyl-b-cyclodextrin (MâCD) or control me-
dium (O) and incubated in the same medium containing CTxB-FITC
for 30 min at 4 °C. Labelled cells were than incubated at 37 °C for
additional 45 min in medium containing inhibitors. Surface bound
CTxB was removed by short low-pH treatment (30 s; pH = 2.0) and
intracellular fluorescence analysed by flow cytometry. The result is
presented as MFI ratio of acid-treated and acid-untreated cells. (b)
Internalisation of the CTxB-AF 555 (red fluorescence) into the Golgi
(green fluorescence) in the presence of inhibitors. Cells were treated
as described above, fixed and labelled with anti-GM130/anti-mouse
IgG1-AF 488 for confocal analysis (c) Translocation of cytoplasmic
caveolin into sites of CTxB binding. CTxB-AF 488 (green fluorescen-
ce) was bound to the surface of Balb 3T3 cells at 4 °C for 30 min
and internalised at 37 °C for indicated periods. After that cells were
fixed and stained with anti-caveolin-1-Cy3 (red fluorescence). Scaling
bar represents 5 mm. Representative of three independent experi-
ments with comparable results are shown.



peripheral endosomal vesicles. However, in MâCD

treated HeLa cells a lot of internalised CTxB was found

in endosomal structures, including large juxtanuclear en-

dosomal vesicles, but very little of internalised CTxB was

found colocalising with the Golgi marker. As expected,

chlorpromazine had no effect on internalisation of the

CTxB into the Balb 3T3 cell, including its delivery to the

Golgi complex. In contrast to Balb 3T3 cells, in Cp treat-

ed HeLa cells CTxB was not found in the Golgi, although

some internalised material could be detected in subplas-

malemal endosomal vesicles. Thus, our data indicate that

CTxB enters Balb 3T3 cells mainly via cholesterol-de-

pendent (caveolar) endocytosis, while in HeLa cell line

dominant endocytic pathway is clathrin-dependent.

To test whether CTxB enters into the Balb 3T3 cells

via caveolae we performed colocalization analysis with

caveolin-1 (cav-1), a major protein required for forma-

tion of caveolae. Immediately after CTxB binding at

4 °C, caveolin-1 was not found at the plasma membrane

but rather dispersed in the cytosol (Figure 3c). When

cells were shifted to 37 °C already after 5 min a lot of

cav-1 was found recruited to the internal part of plasma

membrane. In these cells, colocalization with CTxB was

found (Figure 3c). After 10 min, CTxB was found in cy-

toplasmic endosomal vesicles and many of them coloca-

lised with cav-1. In contrast to Balb 3T3 cells, cav-1 did

not recruit to the plasma membrane of HeLa cells after

CTxB binding and remained dispersed in the cytosol.

Endosomal vesicles containing internalised CTxB also

did not colocalize with cav-1 (data non shown).

From these experiments we can conclude that CTxB

enters into the Balb 3T3 cells via caveolar endocytosis

that requires intact cholesterol rich membrane microdo-

mains.

Internalised CTxB Bypass EEA1 Early Endosomal

Compartments

When the distribution of internalised CTxB-AF 555 was

analysed by confocal microscopy, CTxB could be found

in endosomal vesicles that were dispersed throughout the

cytosol, migrating from the cell periphery towards the

juxtanuclear pericentriolar area, before reaching Golgi

(Figure 4a). A smaller part of these vesicles were EEA1+

(early endosome antigen 1), indicating that CTxB was

transported to the juxtanuclear area generally bypassing

the EEA1+ early endosomes. Thus, it appears that inter-

nalised CTxB in Balb 3T3 cells enters also the endocytic

route that is used by transferrin and other cell surface

proteins that are internalised by clathrin endocytosis or

through the bulk internalisation pathway. This is sup-

ported by finding that internalised CTxB was found in

vesicle containing transferrin receptor (TfR). At earlier

stages after internalisation, many of CTxB containing

endosomes were TfR- and the highest degree of coloca-

lization was found in the juxtanuclear region (Figure 4b).

As expected, colocalization with TfR and EEA1 was more

pronounced in HeLa cells since CTxB enters these cells

via the same route as TfR (Figure 4b and unpublished

data). These data indicated that, in both cell lines, inter-

nalised CTxB could be sorted into early endosomal ve-

sicles that acquire EEA1 which are than used for transport

of the internalised material into the juxtanuclear region.

This was expected for HeLa cells. However, colocaliza-

tion of the internalised CTxB with cav-1 in Balb 3T3

cells would indicate that it is transported into the Golgi

via caveosomes that do not require recruitment of EEA1.

To test whether EEA1 early endosomal pathway was

required for delivery of the internalised CTxB into the

Golgi we used LY294002, an inhibitor of PI(3)-kinase

that is required for recruitment of EEA1 to the early en-

dosomal vesicles and thereby blocks transport through

early endosomes.30 In LY294002 treated cells CTxB

reached the Golgi with indistinguishable kinetics (30 min)

although clear perinuclear accumulation of CTxB con-

taining vesicles appeared earlier (after 20 min, Figure 4c).

Many of these vesicles were found in the vicinity of the

Golgi stacks (Figure 4c, 20 min) but at that time very lit-

tle of the internalised CTxB colocalised with the Golgi

marker GM130. Clear colocalization was found after

30 min of internalisation (Figure 4c, 30 min). Although

CTxB trafficking towards the Golgi was not inhibited in

LY294002 cells, many internalised CTxB material re-

mained retained in subplasmalemal vesicles (Figure 4c,

40 min) indicating that at least a part of internalised CTxB

needed to enter the EEA1+ endosomes to be transported

in the juxtanuclear region.

To verify the inhibitory effect of LY294002 on early

endosomal trafficking in Balb 3T3 cells, we used well-

characterized model of TfR endocytosis. In contrast to

CTxB, LY294002 treatment reduced cell surface expres-

sion of TfR (Figure 4d) because of interference with many

steps in TfR trafficking, including TfR recycling. Inter-

nalised TfR was found colocalised with EEA1 after 15 min

in untreated cells (Figure 4e). Early endosomal vesicles

containing endocytosed TfR fuse and recruit EEA1, as a

result of PI(3)-kinase activity on Rab5 protein.30 Since

PI(3)-kinases are target for inhibitory effect of LY294002,

recruitment of EEA1 to early endosomal vesicles and their

transport along microtubules is the first step inhibited in

the endosomal pathway.30 In LY294002 treated cells we

found many TfR+ vesicles separated from EEA1+ vesicles

(Figure 4e), suggesting that LY294002 inhibited early

stages in endosomal trafficking in Balb 3T3 cells. Thus,

our data indicate that internalised CTxB in Balb 3T3 cells

used both caveolar and EEA1 early endosomal vesicles

for transport into the juxtanuclear region. When recruit-

ment of EEA1 to early endosomes was inhibited, a pro-

portion of the internalised CTxB remains stacked in sub-

plasmalemal vesicles waiting appropriate cargo vehicles

for transportation.
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Early Endosomal Acidic Gradient Is Not Required

for CTxB Progression towards the Golgi in Balb

3T3 Cells

Early endosomes trafficking of many macromolecules is

dependent on the endosomal pH that is established by an

ATP-dependent proton pump (vacuolar H+-ATPase or

V-ATPase). To determine if the endosomal acidic gradient

is required for CTxB transport to the Golgi, we treated

cells with inhibitors of vesicular transport (acidification)

to achieve neutral pH in early endosomal compartments.

For that purpose we treated cells with ionophore monensin
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Figure 4. Endocytic trafficking of CTxB through early endosomes in Balb 3T3 cells. (a) Colocalization of internalised CTxB with early
endosomal antigen 1 (EEA1) on Balb 3T3 cells. CTxB-AF 555 was internalised as described above and colocalised with EEA1 by using
anti-EEA1 and anti-chicken IgG-AF 488. Scaling bar represent 5 ìm. (b) Colocalization of internalised CTxB with steady-state transferrin
receptor (TfR). TfR was visualized with anti-TfR mAb R17 and anti-rat IgG-AF 488. (c) Internalisation of CTxB in LY294002 treated Balb
3T3 cells. 25 ìmol dm–3 LY294002 was added 30 min prior and kept through the internalisation assay. Golgi was stained with
anti-GM130 and anti-mouse IgG1-AF488. (d) Cell surface expression of TfR in Ly 294002 treated Balb 3T3 cells determined by flow
cytometry. (e) Internalisation of TfR into early endosomes in Ly 294002 treated Balb 3T3 cells. Externally bound mAb to TfR (R17) was
colocalised with EEA1 after 15 min of internalisation. Scaling bar represents 5 ìm. Representative of three independent experiments with
comparable results are shown.



that neutralizes internalised vesicles,31 lysosomotropic

amine NH4Cl that neutralize endosomal pH32,33 and the

V-ATPase inhibitor bafilomycin A1,34 and determined

delivery of CTxB into the Golgi in Balb 3T3 and HeLa

cells (Figure 5a). These inhibitors did not prevent CTxB

internalisation and CTxB transport to the Golgi in Balb

3T3 cells, although many vesicles that did not reach

juxtanuclear area could be seen. In contrast, inhibitors of

endosomal acidification retarded CTxB transport and

prevented its delivery into the Golgi in HeLa cells (Fig-

ure 5a). Since we have shown that CTxB uses both ca-

veosomal and early endosomal vesicles for transport in

Balb 3T3 cells (Figures 3 and 4) we tested whether dis-

ruption of the endosomal pH gradient has quantitative ef-

fect on overall CTxB internalisation. We have found that

Balb 3T3 cells internalised similar amounts of CTxB in

the presence of inhibitors of endosomal acidification

(Figure 5b). Therefore, we can conclude that endosomal

pH gradient is not required for CTxB internalisation and

intracellular trafficking in Balb 3T3 cells. This is sup-

ported by the observation that a majority of internalised

CTxB localized in the neutral endosomal compartments

(after 15 min of internalisation), as demonstrated by the

colocalization with the LysoSensor 153, a fluid phase

marker that stacks in the endosomal compartments with

pH above 6.8 (Figure 5c). As expected, after 15 min in-

ternalised CTxB did not colocalize with the LysoSensor

189, indicating that at this point it did not reach acidic

endosomal vesicles with pH below 6.0 (Figure 5c).

LysoSensor 189 stained perinuclear endosomal compart-

ments corresponding to the late endosomal vesicles.

Acidic Gradient Is Required for Exit from the Golgi

and Degradation of CTxB in Balb 3T3 Cells

It is well known that acidification of the Golgi stacks is

required for their maturation and the delivery of the cargo

towards secretory vesicles and late endosomal compart-

ments.35 We have found that in Balb 3T3 cells CTxB reach-

ed late endosomal compartments with indistinguishable

kinetics to HeLa cells, as determined by colocalization

with the late endosomal marker Lamp1. However, when

pH gradient of the Golgi and endosomal system was dis-

rupted by monensin, very little of CTxB reached Lamp1

compartments, even 90 min after internalisation (Figure

6a). In addition, monensin treatment disrupted late endo-

somal vesicles (Figure 6a, 90 min). These data indicate

that exit of CTxB from the Golgi and its delivery into

the degradation pathway is dependent upon the acidic

gradient established in this part of the vesicular route. To

test whether this treatment affects degradation of the

CTxB we first determined kinetics of its degradation by

Western blotting (Figure 6b) and quantified it in the up-

take experiment (Figure 6c). A substantial proportion of

the CTxB-biotin bound to the cell surface in the pulse-

chase experiment was degraded 60 min after internali-

sation, indicating for rapid progression of internalised

CTxB from the cell surface toward lysosomes. After 3

hours, less than 5 % of internalised material remained in-

side the cell (Figure 6b). Similar conclusion can be drawn

by pulse-chase internalisation of the fluorescent CTxB:

40 % of initially cell surface bound material was degraded

or removed from the cell after 90 min of internalisation

(Figure 6c). However, pre-treatment of cells with monen-
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Figure 5. Dependence of the CTxB internalisation on the acidic
gradient in endosomal compartments. (a) Effect of endosomal al-
kalisation on endocytic trafficking of CTxB in Balb 3T3 and HeLa
cells. Cells were pre-incubated for 30 min with monensin, NH4Cl
and bafilomycin A1 (Baf A1), or treated with control medium (Ø),
and internalisation of CTxB-AF 555 (red fluorescence) in the Golgi
(green fluorescence) determined after 30 min, as described above.
(b) Internalisation of CTxB in Balb 3T3 cells in the presence of alka-
lisation agents was determined in the internalisation assay (45 min)
by flow cytometry, as described above. (c) Internalisation of CTxB in
neutral and acidic endosomal compartments of Balb 3T3 cells.
CTxB-AF 555 (red fluorescence) was cointernalised for 15 min with
lysosensors (green fluorescence): Lyso 153 (neutral compartments)
or Lyso 189 (acidic compartments). Scaling bar represents 5 ìm.
Representative of three independent experiments with comparable
results are shown.



sin completely prevented degradation of the fluorescent

CTxB, supporting our previous observation that CTxB do

not reach late endosomes after disruption of endosomal

pH gradient. Similarly, leupeptin, an inhibitor of lysoso-

mal proteases prevented degradation of internalised fluo-

rescent CTxB, although not completely (Figure 6c).

Thus, we can conclude that acidic pH either in the Golgi

or in late endosomal compartments is required exit of

CTxB from the Golgi and its entry into the degradative

pathway.

DISCUSSION

Given that there are numerous contradictory published

data about CTxB endocytosis, the aim of this study was

to clarify internalisation mechanism and intracellular

trafficking of CTxB along the endocytic pathway in mu-

rine fibroblasts (Balb 3T3 cells), and to compare it with

human epithelial cells (HeLa cell line). We have shown

that caveolar/lipid-raft dependent endocytosis plays do-

minant role in Balb 3T3 cells, while in HeLa cells CTxB

is internalised mainly in clathrin-dependent manner. In-

ternalised CTxB reaches the Golgi complex in both cell

lines, but with different kinetics, and transport to the

Golgi requires functional acidic early endosomes only in

HeLa cell line. From the Golgi CTxB is targeted to the

late endosomal compartment and into lysosomes for de-

gradation.

Recent data indicate that CTxB can be internalised

via different endocytic mechanisms in different cell ty-

pes,3,15,28 although in many cells internalisation is domi-

nantly mediated by caveolae, and CTxB internalisation

is often used as a model for caveolar endocytosis.13,36,37

To determine mechanism of CTxB endocytosis we used

filipin, a cholesterol-binding drug, and methyl-â-cyclo-

dextrin, a cholesterol-depleting agent. These drugs dis-

rupt detergent insoluble membrane microdomains and

caveolae,38,39 and therefore preclude caveolar and lipid

raft-dependent endocytosis13,33. Treatment of cells with

filipin and methyl-â-cyclodextrin inhibited CTxB inter-

nalisation in Balb 3T3 cells but not in HeLa cells (Fig-

ure 3a and 4a), indicating that lipid rafts are a major path-

way for CTxB endocytosis in Balb 3T3 cells. Cell

surface expression of GM1, which serve as receptor for

CTxB, was much higher in Balb 3T3 cells than in HeLa

cells (Figure 1) indicating that the endocytic pathway for

CTxB entry could be dependent upon the initial level of

the cell surface receptor. This is in accordance with the

observation that high cell surface expression of GM1 in-

duces caveolar and lipid raft-dependent endocytosis28 and

that CTxB is internalised via lipid raft-dependent mecha-

nism in cells that have high GM1 expression, and lipid

raft-independent in cells with low GM1 expression.40

The reduced levels of GM1 on the cell surface of HeLa

cells apparently did not influence the ability to recruit

CTxB to rafts domains loaded with GM1, as the low le-

vels of GM1 are still associated with Triton X-100 in-

soluble raft domains (Figure 1a).

Since is known that detergent insoluble membrane

domains are essential for both caveolar and non-caveolar

lipid raft-dependent endocytosis,1 we colocalised CTxB

with caveolin-1, protein known to be associated with ca-

veolae and caveosomes.41,42 Immediately after CTxB

binding caveolin-1 was found dispersed in the cytosol,

but after couple of minutes caveolin-1 was mobilized to

the plasma membrane (Figure 3) and colocalised with

the CTxB. This provides the second line of evidence that

CTxB enter into the Balb 3T3 cells via caveolae. In the

later stages many of CTxB containing endosomal vesicles

colocalised with caveolin-1 indicating for its localiza-

tions in caveosomes (Figure 3c). However, cell surface

binding and internalisation of CTxB in HeLa cells did not

mobilize caveolin-1 to the plasma membrane and no ca-

veolin-1 could be found associated with endosomal ve-

sicles containing internalised CTxB. Clathrin endocyto-

sis did not play a significant role in the internalisation of

CTxB in Balb 3T3 cells since chlorpromazine, drug

known to inhibit clathrin endocytosis,33,43,44 did not in-

fluence the internalisation of CTxB (Figure 3a). In con-

trast to Balb 3T3 cells, internalisation of cell surface bound

CTxB was almost completely prevented in HeLa cells

treated with chlorpromazine, leading to the conclusion
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Figure 6. Effect of vesicular alkalisation on degradation of CTxB in
Balb 3T3 cells. (a) Internalisation of CTxB into late endosomes. In-
ternalisation assay in untreated Balb 3T3 cells and in the presence
of monensin (30 min pre-treatment) was performed as described
above. (b) Degradation kinetics of cell surface bound CTxB. Balb
3T3 cells were incubated with CTxB-biotin for 30 min at 4 °C and
incubated at 37 °C. Cytoplasmic extract were separated by SDS-
PAGE, blotted and stained by streptavidin-peroxidase. Percentage
of expression was calculated on the basis of band density. (c) Effect
of inhibitors of endosomal acidification and lysosomal degradation
on degradation of internalised CTxB. Balb 3T3 cells were pre-treat-
ed with 9 ìmol dm–3 monensin (Mon) and 1 ìg ml–1 leupeptin (Leu),
and CTxB-FITC internalised for 90 min in the presence of inhibitors.
Fluorescence intensity of intracellular CTxB-FITC was determined by
flow cytometry. The result is presented as MFI ratio (expressed in
percents). Bar represents 5 ìm. Representative of three independent
experiments with comparable results are shown.



that CTxB is internalised via clathrin mediated route in

HeLa cells.

Irrespective on mechanism used to enter the cell,

either caveolar endocytosis in Balb 3T3 or clathrin-de-

pendent endocytosis in HeLa cells, internalised CTxB

was delivered into the juxtanuclear Golgi stacks in both

cell lines, although with slower kinetics in Balb 3T3

(45 min) then in HeLa (30 min) cells. This result is ap-

parently not in correlation with some previous studies

which shown that only non-clathrin pathways lead to

CTxB delivery to the Golgi complex.17,45 Conclusions in

these studies were based on the inhibitory effect of fi-

lipin,17 although we have found that filipin inhibits early

endosomal trafficking, and on detection of the extracellular

cAMP level,45 whereas our observations are based on

colocalization of internalised CTxB with Golgi markers.

Intracellular trafficking of the complete cholera tox-

in involves the entry into the Golgi for delivery of the A

subunit into the endoplasmic reticulum where A and B

subunit segregate; A subunit enters the cytosol and the B

subunit is directed into the late endosomes and degraded

(CTxB).5,46 To clarify whether CTxB enters the Golgi in

Balb 3T3 cells we performed colocalization studies with

four markers that are distributed in all parts of the Golgi

(Figure 2). We have found that internalised CTxB colo-

calize with all markers in the juxtanuclear region, in Golgi

stacks that are concentrated near the microtubule-orga-

nizing centre. However, we have also found that sub-

stantial amount of the internalised CTxB could be found

in the similar cisternal structures in the vicinity of the

Golgi stacks. These structures could represent collecting

multivesicular intermediate cisternal compartments that

are on the crossroad of early and late endosomal route,

and function as sorting organelle for cargo delivered with

early endosomal membranes, either for its rerouting into

the juxtanuclear recycling endosomes or for loading of

late endosomes.47,48 These parts of CTxB endocytic traf-

ficking remain unclear and further studies are required

for precise characterization of the CTxB entry into the

late endosomes.

Although it was shown that CTxB might travel dif-

ferent routes after internalisation, its progression along

early endosomal membranes and delivery into the juxta-

nuclear collecting cisternae is not clear. It is generally

accepted that after internalisation CTxB is directed into

the acidic early endosomes, either from caveosomes if it

is internalised via caveolar endocytosis, from clathrin

vesicles if it is internalised in clathrin dependent manner

or from glycosphingolipid enriched early compartments

(GEECs) if it is internalised via non-clathrin non-caveo-

lar route.17 Therefore early endosomes are considered as

the most important subcellular structures involved in

CTxB transport from plasma membrane to the Golgi.15,25

It has been shown in many studies that early endosomal

intermediates bearing EEA1 (EEA1+ early endosomal

vesicles) are required for cargo delivery to the recycling

endosomes and maturation of early endosomes into mul-

tivesicular (ECV/MVB) intermediates in the juxtanuclear

region.30,46 These vesicles are loaded with internalised TfR

and TfR trafficking is considered as model for early en-

dosomal route.30,49 We have found that internalised CTxB

did not significantly colocalize either with EEA1 or TfR

in Balb 3T3 cells, in contrast to strong colocalization with

both markers in HeLa cells (Figure 4d). Thus, we can con-

clude that CTxB bypass EEA1+ transport intermediates

in Balb 3T3 cells on its route to the Golgi. Colocaliza-

tion with TfR in perinuclear region on Balb 3T3 cells in-

dicate that both TfR and CTxB are collected in the same

juxtanuclear compartment before CTxB translocates into

the Golgi.

It has been reported that low pH in early endosomes

is required for takeover of CTxB from caveosomes as well

as from clathrin coated vesicles,50 and its subsequent

sorting into the Golgi. However, we have shown that

depletion of the endosomal acidic gradient by monensin,

NH4Cl, and bafilomycin A1 almost completely prevent-

ed CTxB transport to the Golgi in HeLa cells but not in

Balb 3T3 cells (Figure 5). In addition, treatment of cells

with LY294002, an inhibitor of PI(3)-kinase30 did not

prevent CTxB transport from plasma membrane to the

Golgi in Balb 3T3 cells (Figure 4c). This drug affects a

number of points in the endosomal pathway that are

controlled by PI(3)-kinase, and the first step that is inhi-

bited is recruitment of EEA1 to the Rab5+ early endo-

somal vesicles and generation of EEA1+ early endosomes

that are required for cargo transport along microtubular

network toward the juxtanuclear collecting cisternae.

In contrast to Balb 3T3 cells, the EEA1+ early endo-

somal transport intermediates are irreplaceable on HeLa

cells. The role of early endosomes in CTxB transport to

the Golgi in HeLa cells is also supported by effect of

cholesterol depleting drug MâCD (Figure 3b). Although

CTxB was internalised in MâCD treated cells, it did not

reach the Golgi since early endosomal compartments are

rich in lipid rafts and MâCD treatment disrupted their

function.51–53 We cannot exclude the possibility that CTxB

does, at some stage, pass trough EEA1+ compartments

also in Balb 3T3 cells, inasmuch some part of interna-

lised CTxB can be seen »trapped« in vesicles after inhi-

bition of acidification or treatment with LY294002, but

most of CTxB is nevertheless transported to the Golgi.

Our data demonstrate that in Balb 3T3 cells CTxB is

internalised via lipid raft in caveolin-1 positive structu-

res (caveosomes) from which it is sorted into pH neutral

vesicles negative for caveolin-1 and EEA1 before being

translocated into the Golgi. These structures are similar

to structures described for SV40 intracellular trafficking.31

However, very little is known about cargo delivery from

caveosomes and communication between caveosomes and

other early endosomal compartments. Further investiga-

tions on CTxB trafficking will be necessary to clarify how

cargo form caveosomes, and other neutral early endoso-
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mal compartments that are negative for caveolin-1 (i.e.

those described for SV40 trafficking), is delivered into

the juxtanuclear multivesicular sorting cisternae.

Almost half of cell-surface bound and internalised

CTxB disappeared after one hour, and more than 90 %

after three hours (Figure 6). Colocalisation with Lamp1

in Balb 3T3 cells and with CD63 in HeLa cells, markers

of late endosomes and lysosomes,8,53 and inhibition with

leupeptin indicate that a majority of internalised CTxB

is degraded in lysosomes. However, other ways of CTxB

discard from the cell cannot be excluded. For example, it

is known that exocytosis could be a way in which the

cell discards the excess of material from late endosomal

compartments.54 Incomplete inhibitory effect of leupeptin

(Figure 6) and rather rapid loss of the internalised CTxB

would support this option. In addition, alkalisation of

endosomal compartments by monensin inhibited CTxB

exit from the Golgi and completely prevented disappear-

ance of internalised CTxB from cells. Apparently low

pH in the trans-Golgi (pH less than 6.0) and acidic gra-

dient in late endosomes55 is required for entry of CTxB

into the degradative pathway. Additional studies are re-

quired to clarify whether low pH is required for CTxB

exit from the Golgi or for its entry into the late endo-

somal pathway. It has been shown that alkalisation of

endosomal compartment, including also late endosomes,

does not prevent entry of fluid phase markers and many

other cell surface receptors and ligands into the late en-

dosomes, including TfR, MHC class I molecules and mis-

folded proteins.29 Since we have found that intracellular

trafficking of lipid-raft linked proteins is not altered after

endosomal alkalisation (data not shown) it is very likely

that acidic milieu of the Golgi is required for CTxB exit.

Although several aspects of CTxB endocytic traffick-

ing have been extensively studied, still many questions

remained open. Recent progresses in understanding

complexity of the endosomal pathway will also contri-

bute to the understanding endosomal trafficking of CTxB,

particularly transition of CTxB into the late endosomes.

Indeed, CTxB trafficking may help in understanding

complexity of late endosomal compartments.

Acknowledgments. - This work was supported by the Mi-

nistry of Science, Education and Sports of the Republic of

Croatia (grants 062006 and 0062030) and EMBIC project,

European FP6, NoE, No.512040, LSHM-CT-2004-512040.

We thank Jelena \irli} and Ksenija Tuli} for technical assis-

tance.

REFERENCES

1. S. D. Conner and S. L. Schmid, Nature 422 (2003) 37–44.

2. L. Johansen and C. Lamaze, Traffic 3 (2002) 443–451.

3. N. K. Ganguly and T. Kaur, Indian J. Med. Res. 104 (1996)

28–37.

4. M. L. Torgersen, G. Skretting, B. van Deurs, and K. Sand-

vig, J. Cell Sci. 114 (2001) 3737–3747.

5. W. I. Lencer and D. Saslowsky, Biochim. Biophys. Acta 1746
(2005) 314–321.

6. B. D. Spangler, Microbiol. Rev. 56 (1992) 622–647.

7. A. K. Kenworthy, N. Petranova, and M. Edidin, Mol. Biol.

Cell 11 (2000) 1645–1655.

8. W. Mobius, V. Herzog, K. Sandhoff, and G. Schwarzmann,

J. Histochem. Cytochem. 47 (1999) 1005–1014.

9. R. G. Parton, J. Histochem. Cytochem. 42 (1994) 155–1566.

10. P. U. Le and I. R. Nabi, J. Cell Sci. 116 (2003) 1059–1071.

11. W. I. Lencer, C. Constable, S. Moe, M. G. Jobling, H. M.

Webb, S. Ruston, J. L. Madara, T. R. Hirst, and R. K. Hol-

mes, J. Cell Biol. 131 (1995) 951–962.

12. Y. Fujinaga, A. A. Wolf, C. Rodgihiero, H. Wheeler, B. Tsai,

L. Allen, M. G. Jobling, T. Rapoport, R. K. Holmes, W. I.

Lencer, Mol. Biol. Cell 14 (2003) 4783–4793.

13. P. A. Orlandi and P. H. Fishman, J. Cell Biol. 141 (1998)

905–915.

14. A. A. Wolf, M. G. Jobling, S. Wimer-Mackin, M. Fergu-

son-Maltzman, J.L. Madara, R.K. Holmes, and W.I. Len-

cer, J. Cell Biol. 141 (1998) 917–927.

15. N. Reig and F. G. van der Goot, FEBS Lett. 580 (2006) 5572–

5579.

16. H. Shogomori and A. H. Futerman, J. Biol. Chem. 276 (2001)

9182–9188.

17. B. J. Nichols, A. K. Kenworthy, R. S. Polishchuk, R. Lodge,

T. H. Roberts, K. Hirschberg, R. D. Phair, and J. Lippincott-

-Schwartz, J. Cell Biol. 153 (2001) 529–541.

18. S. Kassis, J. Hagmann, P. H. Fishman, P. P. Chang, and J.

Moss, J. Biol. Chem. 257 (1982) 12148–12152.

19. C. Lamaze and S. L. Schmid, Curr. Opin. Cell Biol. 7 (1995)

573–580.

20. K. Sandvig and B. van Deurs, FEBS Lett. 346 (1994) 99–102.

21. C. Lamaze, A. Dujeancourt, T. Baba, C. G. Lo, A. Benme-

rah, and A. Dautry-Varsat, Mol. Cell 7 (2001) 661–671.

22. R. D. Singh, V. Puri, J. T. Valiyaveettil, D. L. Marks, R.

Bittman, and R. E. Pagano, Mol. Biol. Cell 14 (2003) 3254–

3265.

23. P. Sharma, S. Sabharanjak, and S. Mayor, Semin. Cell Dev.

Biol. 13 (2002) 205–214.

24. W. Querbes, B. A. O´Hara, G. Williams, and W. J. Atwood,

J. Virol. 80 (2006) 9402–9413.

25. R. H. Massol, J. E. Larsen, Y. Fujinaga, W. I. Lencer, and T.

Kirchhausen, Mol. Biol. Cell 15 (2004) 3631–3641.

26. K. G. Rothberg, J. E. Heuser, W. C. Donzell, Y. S. Ying, J.

R. Glenney, and R. G. Anderson, Cell 68 (1992) 673–682.

27. J. E. Schnitzer, P. Oh, E. Pinney, and J. Allard, J. Cell Biol.

127 (1994) 1217–1232.

28. M. Kirham, A. Fujita, R. Chadda, S. J. Nixon, T. V. Kurz-

chalia, D. K. Sharma, R. E. Pagano, J. F. Hancock, S. Mayor,

and R. G. Parton, J. Cell Biol. 168 (2005) 465–476.

29. H. Mahmutefendi}, G. Blagojevi}, N. Ku~i}, and P. Lu~in,

J. Cell Physiol. 210 (2007) 445–455.

30. K. Lindmo and H. Stenmark, J. Cell Sci. 119 (2006) 605–

614.

31. E. M. Damm, L. Pelkmans, J. Kartenbeck, A. Mezzacasa, T.

Kurzchalia, and A. Helenius, J. Cell Biol. 168 (2005) 477–

488.

32. M. Kirkham and R. G. Parton, Biochim. Biophys. Acta 1746
(2005) 349–63.

ENDOCYTIC TRAFFICKING OF CHOLERA TOXIN 201

Croat. Chem. Acta 81 (1) 191–202 (2008)



33. J. M. Gilbert and T. L. Benjamin, J Virol. 74 (2000) 8582–

8588.

34. G. Baravalle, D. Schober, M. Huber, N. Bayer, R. F. Mur-

phy, and R. Fuchs, Cell Tissue Res. 320 (2005) 99–113.

35. M. Yanagaishta and V. C. Hascall, J. Biol. Chem. 260 (1985)

5445–5455.

36. I. R. Nabi and P. U. Le, J. Cell Biol. 161 (2003) 673–677.

37. B. J. Nichols, Nat. Cell Biol. 4 (2002) 374–378.

38. K. Simons and E. Ikonen, Nature 387 (1997) 569–572.

39. K. Simons and G. van Meer, Biochemistry 27 (1988) 6197–

6202.

40. H. Pang, P. U. Le, and I. R. Nabi, J. Cell Sci. 117 (2004)

1421–1430.

41. B. van Deurs, K. Roepstorff, A. M. Hommelgaard, and K.

Sandvig, Trends Cell Biol. 13 (2003) 92–100.

42. R. G. Parton, Curr. Opin. Cell Biol. 8 (1996) 542–548.

43. L. H. Wang, K. G. Rothberg, and R. G. Anderson, J. Cell

Biol. 123 (1993) 1107–1117.

44. M. N. Seaman, C. L. Ball, and M. S. Robinson, J. Cell Biol.

123 (1993) 1093–1105.

45. T. Pacuszka and P. H. Fishman, Biochemistry 31 (1992) 4773–

4778.

46. R. A. Spooner, D. C. Smith, A. J. Easton, L. M. Roberts,

and J. M. Lord, Virol. J. 3 (2006) 26.

47. S. Zachgo, B. Dobberstein, and G. Griffiths, J. Cell Sci. 103
(1992), 811–822.

48. B. Mo, Y. C. Tse, and L. Jiang, Int. Rev. Cytol. 253 (2006)

95–129.

49. E. M. van Dam, T. Ten Broeke, K. Jansen, P. Spijkers, and

W. Stoorvogel, J. Biol. Chem. 277 (2002) 48876–48883.

50. L. Pelkmans, T. Burli, M. Zerial, and A. Helenius, Cell 118
(2004) 767–780.

51. T. Kobayashi, M. H. Beuchat, M. Lindsay, S. Frias, R. D.

Palmiter, H. Sakuraba, R. G. Parton, and J. Gruenberg, Nat.

Cell Biol. 1 (1999) 113–118.

52. S. Grimmer, T. G. Iversen, B. van Deurs, and K. Sandvig,

Mol. Biol. Cell 11 (2000) 4205–4216.

53. Y. Sugimoto, H. Ninomiya, Y. Ohsaki, K. Higaki, J. P. Da-

vies, Y. A. Ioannou, and K. Ohno, Proc. Natl. Acad. Sci.

USA 98 (2001) 12391–12396.

54. K. Denzer, M. J. Kleijmeer, H. F. Heijnen, W. Stoorvogel,

and H. J. Geuze, J. Cell Sci. 113 (2000) 3365–3374.

55. N. Demaurex, News Physiol. Sci. 17 (2002) 1–5.

SA@ETAK

Endocitozni putevi toksina kolere u stanicama Balb 3T3

Gordana Blagojevi}, Hana Mahmutefendi}, Natalia Ku~i},
Maja Ili} Toma{ i Pero Lu~in

Endocitoza B podjedinice toksina kolere (CTxB) u razli~itim stani~nim linijama upu}uje na raznolikost

putova za ulazak liganada sa stani~ne povr{ine. U ovom radu istra`ujemo mehanizme internalizacije i endo-

somalnog transporta CTxB u mi{jim fibroblastima (stanice Balb 3T3) i ljudskim epitelnim stanicama (HeLa).

U Balb 3T3 stanice CTxB ulazi uglavnom endocitoznim putovima koji su ovisni o kolesterolu dok je ulazak u

HeLa stanice ovisan o klatrinskoj endocitozi. Napredovanje internaliziranog CTxB prema Golgijevu aparatu

treba kiseli gradijent u ranim endosomima, a u Balb 3T3 stanicama CTxB zaobilazi rane endosome (EEA1+

odjeljke). Isto tako, u Balb 3T3 stanicama je kiseli endosomalni gradijent potreban za izlazak CTxB iz Gol-

gijeva kompleksa u kasne endosome i degradaciju CTxB. Dakle, putovanje CTxB kroz endosomalne odjeljke

mo`e pomo}i u razumijevanju ne-klatrinskih mehanizama endocitoze te slo`enosti kasnih endosomalnih odje-

ljaka.
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