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Summary

It has previously been shown that Shiga toxin, despite
being bound to a glycolipid receptor, can be efficiently
endocytosed from clathrin-coated pits. However, clathrin-
independent endocytosis is also responsible for
proportion of the toxin uptake in some cells. After
endocytosis the toxin can be transported in retrograde
fashion to the Golgi apparatus and the endoplasmic
reticulum, and then to the cytosol, where it exerts its toxic
effect by inactivating ribosomes. In order to investigate the
role of dynamin and clathrin in endosome-to-Golgi
transport of Shiga toxin, we have used HelLa dyt4A and
BHK antisense clathrin heavy chain (CHC) cells that, in
an inducible manner, express mutant dynamin or CHC
antisense RNA, respectively. In these cell lines, one can
study the role of dynamin and clathrin on endosome-to-
Golgi transport because they, as shown here, still

a

shown to sensitize A431 cells to Shiga toxin by increasing
the proportion of cell-associated toxin that is transported
to the Golgi apparatus and the endoplasmic reticulum.
Here, we find that, in HeLa and BHK cells also, butyric acid
also increased toxin transport to the Golgi apparatus and
sensitized the cells to Shiga toxin. We have therefore
studied the role of dynamin and clathrin in both untreated
and butyric-acid-treated cells by measuring the sulfation of
a modified Shiga B fragment. Our results indicate that
endosome-to-Golgi transport of Shiga toxin is dependent
on functional dynamin in both untreated cells and in cells
treated with butyric acid. Interestingly, the regulation of
Shiga toxin transport in untreated and butyric-acid-treated
cells differs when it comes to the role of clathrin, because
only cells that are sensitized to Shiga toxin with butyric acid
need functional clathrin for endosome-to-Golgi transport.

internalize Shiga toxin when dynamin- and clathrin-

dependent endocytosis is blocked. Butyric acid has been Key words: Shiga toxin, Clathrin, Dynamin, Golgi apparatus

Introduction et al., 1993; Itin et al., 1997; Itin et al., 1999; Nicoziani et al.,
The bacterial Shiga toxin is produced ®figella dysenteriae 2000; Carroll et al., 2001; Miwako et al., 2001). However,
and consists of one enzymatically active A moiety and on&higa toxin is suggested to be transported directly from early
glycolipid receptor (Gb3) binding B moiety (five subunits). It endosomes to the trans-Golgi network (TGN), circumventing
has previously been shown that Shiga toxin, despite beiri§e late endocytic pathway (Ghosh et al., 1998; Mallard et al.,
bound to a glycolipid receptor, can be efficiently endocytosed998). Like the plant toxin ricin, Shiga toxin is transported to
by clathrin-coated pits (Sandvig and van Deurs, 1996)he Golgi apparatus in a Rab9-independent manner (lversen et
However, clathrin-independent endocytosis is also responsibfd., 2001; Sandvig et al., 2002). Ricin transport to the Golgi
for a proportion of the toxin uptake in some cells (Lingwoodapparatus and, to a lesser extent, Shiga toxin transport differ
1999; Nichols et al., 2001; Sandvig et al., 2002), indicating th&tom the transport of the M6PR by also being regulated by
there are cell differences in the handling of the toxin. Aftecalcium (Lauvrak et al., 2002). Still, Shiga toxin transport to
endocytosis, a proportion of the toxin can be transported ithe Golgi apparatus is not identical to that of ricin, based on
retrograde fashion to the Golgi apparatus and the endoplasniite findings that endosome-to-Golgi transport of Shiga toxin
reticulum (ER), and then it is translocated to the cytosol, wher@Mallard et al., 1998; Wilcke et al., 2000), but not ricin (Iversen
it exerts its toxic effect by inactivating ribosomes. To monitoret al., 2001), is dependent on Rab11 and also seems to involve
transport of Shiga toxin to the Golgi apparatus, we have usetathrin. It is possible that transport of toxin-receptor
a mutated B fragment of Shiga toxin containing a tandem afomplexes located in different subdomains could be regulated
sulfation sites (Shiga B-Su)f (Mallard et al., 1998). This differently.
modified Shiga toxin is subjected to sulfation in the Golgi We have previously shown that ricin transport to the Golgi
apparatus, a modification that can be quantified usingpparatus is dependent on functional dynamin (Llorente et al.,
radioactive sulfate. 1998). In the present study, we were interested in whether
There is now evidence for several retrograde pathwayShiga toxin also is transported to the Golgi apparatus in a
leading from endosomes to the Golgi apparatus and the ERynamin-dependent manner. To analyse this, we used HelLa
One well characterized pathway is the Rab9-dependeutynk44A cells, which, in the absence of tetracycline, produce
transport route from late endosomes to the Golgi apparatimsutant dynamin (Damke et al., 1995b). Furthermore, Shiga
used by the mannose-6-phosphate receptor (M6PR) (Lombardixin has been found to localize with AP1 clathrin coat
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components in confocal- and electron-microscopy experimentsr cholera toxin (Skretting et al., 1999; Torgersen et al., 2001).
(Mallard et al., 1998), suggesting that clathrin coats might plagriefly, TAG- and biotin-labelled Shiga toxin and -transferrin were
a role in Shiga transport. However, endosomal clathrin coaepared by tagging the proteins wikhydroxysuccinimide ester-
have also been implicated in recycling to the plasma membrasétivated tris(bipyridine)-chelated ~ruthenium(ll)  TAG  (IGEN)

of the transferrin receptor (van Dam and Stoorvogel, 2002 'i(i)Ct(i)anIQt?ntg thtﬁgéoceveiltjlze %‘r‘]’:” ?géziigfempg%b a’r\‘lﬂ'gr‘;‘é‘tg’i‘;‘i’n"S'y
Thus, we also wanted to study the role of clathrin in endosomeg o ccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate) (Pierce,
to-Golgi transport and intoxication with .Shlgg toxin; in th|s Rockford, IL). The cells were washed with Hepes medium and
context, we have used BHK cells, which, in an induciblgncypated with TAG- and biotin-labelled Shiga toxin (5 ng3jnbr
manner, express clathrin heavy chain (CHC) antisense RNA. G- and biotin-labelled transferrin (50 ng®lin Hepes medium

is possible that the mechanism of toxin transport to the Gol@ontaining 2 mg mf bovine serum albumin for different time points
apparatus could vary depending on the sensitivity of the celht 37°C. The cells were subsequently washed twice with cold buffer
We have previously shown that butyric acid sensitizes A4310.14 M NaCl, 2 mM CaG| 20 mM Hepes; pH 8.6). Half of the cells
cells to Shiga toxin by increasing the proportion of cell-were then treated with 0.1 M MESNa in the same buffer at 0°C for 1
associated toxin that is transported to the Golgi apparatt'ﬁé)ur to remove the SS-linked biotin on the cell-surface-bound toxin;
and the ER (Sandvig et al., 1992). In the present work, e other half was incubated with buffer alone. Only toxin that is TAG-
demonstrate that a similar effect is seen in both the Hela ce elled and still biotinylated is detected in the cell lysate using

. Streptavidin beads (Dynal, Oslo, Norway) and ORIGEN Analyzer.
and the BHK cells used. To study whether increased GO'Q‘ us, cells treated with MESNa will represent the amount of

transport is associated with a change in the mechanism gfqocytosed toxin, whereas untreated cells will represent the total
transport, we have therefore investigated the role of dynamigmount of toxin associated with the cells. The cells were then washed
and clathrin in both untreated and butyric-acid-treated cellswice with cold buffer (0.14 M NaCl, 2 mM CagI20 mM Hepes;

We find that the transport of Shiga toxin from endosomegH 7.0) and lysed (lysis buffer: 0.1 M NaCl, 5 mM MgC30 mM

to the Golgi apparatus is dependent on dynamin in bothlepes, 1% Triton X-100, 60 mK&toctyl-glucopyranoside). Then, the
untreated and butyric-acid-treated cells. Interestingly, Shiglsed cells were centrifuged for 5 minutes at 14,000 rpm in an

toxin transport seems to be dependent on clathrin only aft%ge“doéfbmi(‘:ml(’eb”tlrliﬂégghtf) remove thfe nuclei ﬁ”d lthe ac;nlount of
ric-acid treatment. Thus. the requlation of Shi winfAG- and biotin-labelled Shiga or transferrin in the cleared lysates
butyric-acid treatment us, the regulation of Shiga to re measured using streptavidin beads and the ORIGEN Analyzer.

transport in untreated and butyric acid-treated cells seems Y&
differ when it comes to the role of clathrin.

Measurements of Shiga toxin cytotoxicity

. Cells were incubated for 2 hours in Hepes medium lacking leucine
Materlals and Methods and with increasing concentrations of Shiga toxin. The cells were then
Materials incubated in Hepes medium containing 2 mCimi¥H]-leucine for
Tetracycline, puromycin, geneticin, butyric acid, transfemiogctyl- 20 minutes at 37°C. Cells were extracted with 5% trichloroacetic acid
glucopyranoside, 2-mercaptoethanesulfonic acid, sodium sa{fCA) for 10 minutes, followed by a wash (5 minutes) in 5% TCA
(MESNa), and Hepes were obtained from Sigma Chemical (St Louigind subsequently dissolved in 0.1 M KOH. The cell-associated
MO). Na3°SQu was purchased from Amersham Biosciencesradioactivity was measured.
(Buckinghamshire, UK). The plasmid construct pcDNA-3 Myc
Rab®7%L was a gift from H. Stenmark (The Norwegian Radium .
Hospital, Oslo, Norway). Shiga toxin was labelled with Alexa FluorSulfation of STxB-Sulfz
488 from Molecular Probes (Leiden, The Netherlands) according tdhe modified version of Shiga toxin B chain containing a tandem of
the procedure given by the company. Anti-Myc antibodies were fronsulfation sites (STxB-Sulf (Mallard et al., 1998) was a kind gift from
the 9E10 hybridoma line (Evan et al., 1985). Rabbit anti-Shiga toxif.. Johannes (The Curie Institute, Paris). Cells were washed twice with
antibodies were obtained by standard immunization. DMEM without sulfate, and incubated with 0.3 mCi#r 0.6 mCi

ml~1 Na3°SQy for 3 hours at 37°C in the same medium but

supplemented with 1 mM Caf£l2 mM L-glutamine and A
Cells nonessential amino acids (Life Technologies, Paisley, UK). Then
The BHK21-tTA cell line (Iversen et al., 2003) was grown in completeSTxB-Sulf (2.8ug mtY) was added and the incubation was continued
Duchenne’s modified Eagle’s medium (DMEM) (Flow Laboratories,for either 15 minutes (cells incubated with 0.6 mCilnNa3°SQy)
Irvine, UK) supplemented with 7.5% foetal calf serum (FCS), 2 mMor 1 hour (cells incubated with 0.3 mCiHNa35SQy). The cells
L-glutamine, 100 units m} penicillin, 100ug mi-1 streptomycin and  were washed twice with cold PBS and then lysed [lysis buffer: 0.1 M
200 ug mil geneticin. Stable BHK21-tTA/anti-CHC cells were NaCl, 10 mM NaHPQu, 1 mM EDTA, 1% Triton X-100 and 60 mM
maintained in select DMEM (complete DMEM containing 200 ngn-octyl-glucopyranoside, supplemented with a mixture of protease
ml~1 puromycin and 2ig mttetracycline). To induce CHC antisense inhibitors (Roche Molecular Biochemicals, Mannheim, Germany), pH
RNA expression, tetracycline was removed from the medium. Th&.4]. The cells were centrifuged for 10 minutes at 5000 rpm in an
HeLa cell line tTA-HeLa (Gossen and Bujard, 1992) stablyEppendorf microcentrifuge to remove the nuclei and the cleared lysate
transformed with the cDNA for dy4** was grown in DMEM was immunoprecipitated with rabbit anti-Shiga toxin antibodies
supplemented with 10% FCS, 2 mM L-glutamine, 100 units! ml immobilized on protein-A/Sepharose beads (Amersham Biosciences,
penicillin, 100ug mi-! streptomycin, 40Qug mt2 geneticin, 200 ng  Uppsala, Sweden) overnight at 4°C. The beads were then washed
ml-1 puromycin and Jug mt1 tetracycline. This cell line was a gift twice with PBS containing 0.35% Triton X-100 before the adsorbed
from S. L. Schmid (The Scripps Research Institute, La Jolla, CA). material was analysed by sodium-dodecyl-sulfate polyacrylamide-gel
electrophoresis (SDS-PAGE) under reducing conditions.

Endocytosis of Shiga toxin and transferrin

Endocytosis of Shiga toxin and transferrin was measured using tfeDS-PAGE
ORIGEN Analyzer (IGEN, Rockville, MD) as described previously SDS-PAGE was performed in 12% gels as described (Laemmli, 1970).
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The gels were fixed in 4% acetic acid and 27% methanol for 3@nd in clathrin- and caveolae-independent endocytic processes
minutes, and then incubated for 20 minutes in 1 M sodium salicylat¢Schnitzer et al., 1996; Oh et al., 1998; Henley et al., 1998;
pH 5.8, in 2% glycerol. Kodak XAR-5 films were exposed to the dried_amaze et al., 2001). Also, the involvement of clathrin in
gels at —80°C for autoradiography. Signal intensities of the bands Weffhtake and intracellular transport of Shiga toxin has been
quantified by exposing the gels to Phospholmager screens and usipgestigated, using a BHK cell line in which CHC antisense
ImageQuant 5.0 software (Amersham Biosciences, Uppsala, SwedeEQNA is indl.;ced in the absence of tetracycline, leading to a

block in clathrin-dependent endocytosis as well as inhibiting
Calculation of endosome-to-Golgi transport of Shiga toxin clathrin function intracellularly (Ilversen et al., 2003). Shiga
Quantification of the signal intensities of the sulfated STxBsSulf toXin is, despite being bound to a glycolipid receptor,
bands gives the amount of Shiga toxin B chain that has entered te#ficiently endocytosed by clathrin-coated pits in some cells
cells and been transported to the Golgi apparatus. To calculate tf8andvig and van Deurs, 1996). However, clathrin-independent
effect of expressing mutant dynamin or CHC antisense RNA on thendocytosis can also be responsible for a fraction of the toxin
endosome-to-Golgi step alone, the changes in sulfation were correctggtake in some cells (Lingwood, 1999; Nichols et al., 2001;
for the changes in endocytosis under the different conditions; that i_Sandvig etal., 2002).The two cell lines that we use in this study
expression of CHC antisense RNA in the absence of butyric aciyere selected because a large proportion of Shiga toxin is still
reduced the sulfation by 38% (see Fig. 6A) but also reduced the,,cvtosed when clathrin-dependent endocytosis is blocked

endocytosis by 11% (see Fig. 6B), resulting in only a 30% reduction. . : .
in endosome-to-Golgi transport (shown in Fig. 6C). Furthermore, t ither by expression of mutant dynamin or CHC antisense

exclude the possibility that the changes in STxB-Sstfifation for NA (Fig. 1A), facilitating studies of intracellular transport
the different conditions were due to any changes in the sulfatio

machinery rather than a change in Golgi transport, we also analys A)

the sulfation of endogenous proteins. This was done by counting tt

amount of5S-labelled proteins after TCA precipitation of the lysates . Hela BHK

obtained from the sulfation experiments. Only minor changes in th 015 min
sulfation of proteins in general were observed for the differen £ 304

conditions (not shown). 22 1
Immunofluorescence % % 15 |

Cells grown on coverslips were washed twice with Hepes mediur 3 g

before incubation with Alexa Fluor 488-labelled Shiga toxin (500 n¢ g 101

ml=Y) for 20 minutes at 37°C. The cells were subsequently fixed witl & £ 5

3% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-10C & o

and blocked with 5% FCS. The Golgi apparatus was labelled wit ' ' ' C '
mouse anti-GM130 antibodies (Transduction Laboratories) follower control  dynK44A control angs:(r:mse

by CY-5 labelled goat anti-mouse IgG (Jackson Immunoresearc

Laboratories, West Grove, PA). Clathrin heavy chain staining wa

performed by using goat anti-CHC (C-20) antibodies (Santa Cru B) HelLa BHK
Biotechnology) followed by rhodamine-labelled donkey anti-goat IgG

(Jackson Immunoresearch Laboratories). When indicated, the ce 507 E5 min
were transfected with a GTPase-deficient mutant form of Rab5 (Myc = — T 015 min
Rab%7%) (Raiborg et al., 2001) before incubation with Shiga toxin. o = 40

Transfected cells were identified using mouse anti-Myc antibodie é%

followed by CY5-labelled donkey anti-mouse IgG (Jackson 8§ 30 1

Immunoresearch Laboratories). The fixed cells were analysed usinc g ﬁ

LSM 510 Meta confocal microscope (Zeiss, Germany). Pictures wer £ g 20 1

taken of thin single plane sections. The extent of colocalizatiol §

between Shiga toxin (green channel) and CHC (red channel) w: E:g 10 -

quantified by calculating the ratio between the number of yellow (i.e = ¢ ’_v_r_l r‘—lLl
colocalization) pixels (fluorescence level between 150 and 255) ar o ; ; : : )
the number of green pixels (fluorescence level between 150 and 2£ control  dynK44A control  antisense
using Adobe Photoshop 7.0. Also, the number of red pixel CHC

(fluorescence level between 150 and 255) was calculated.
Fig. 1. Shiga toxin and transferrin endocytosis in HeLa and BHK
cells. HeLa and BHK cells grown with (control) and without

Results (dynK44A for HelLa cells or antisense CHC for BHK cells)
Endocytosis of Shiga toxin in dynk44A and antisense tetracycline for 48 hours were incubated with TAG- and biotin-
CHC cells labelled (A) Shiga toxin (5 ng ml) or (B) transferrin (50 ng m¥)

. . . . ._for 5 or 15 minutes. Half of the cells were then incubated with 0.1 M
:ennd?)::d?(rjsitsarllr::ivfnsttrlggéﬁuI;hretralg\slogﬁrgfegki Oefl tg)):iﬂaryvlen ulsne ESNa for 1 hour at 0°C to remove the SS-linked biotin on the cell
y p g ’ rface-bound toxin, before the cells were washed and lysed. The

HeLa dyrf4A cells that, in the absence of tetracycline, ymount of TAG- and biotin-labelled toxin in the lysates was then
produce mutant dynamin that is unable to bind and hydrolys@easured using streptavidin beads and Origen Analyzer, and the
GTP. Expression of this mutant is known to block the clathrindegree of endocytosis (as percentage of total cell-associated protein)
dependent uptake of transferrin (Damke et al.,, 1994)was calculated. The error bars show the standard deviation between
Furthermore, dynamin can be involved in uptake from caveolaigree to eight independent experiments.
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steps under these conditions. The extent of reduction iA) HelLa

Shiga toxin endocytosis after blocking clathrin-dependen

endocytosis varied somewhat between different experiment

probably owing to growth conditions. The amount of total cell- 120 - —— control
associated toxin was not affected upon expression of muta —e— control + ba
dynamin or CHC antisense RNA (data not shown). To mak
sure that the dynamin- and clathrin-dependent endocytosis w
blocked in the absence of tetracycline in our experiments
endocytosis of transferrin was analysed in parallel (Fig. 1B).

Butyric acid sensitizes HeLa and BHK cells to Shiga toxin
It was possible that Shiga toxin transport to the Golgi apparatt

3[H]-leucine incorporation
(% of control)
(2]
o

occurs by different mechanisms depending on the sensitivil 0 - - - - - -
of the cell. We have previously shown that butyric acid 001 01 1 10 100
sensitizes A431 cells to Shiga toxin by increasing the Shiga toxin concentration (ug/ml)

proportion of cell-associated toxin that is transported to th
Golgi apparatus and the ER (Sandvig et al., 1992). In th

present study, we therefore first investigated whether butyri B) BHK

acid affected the intracellular routing of Shiga toxin also in

HelLa and BHK cells, as earlier observed in A431 cells. Fig. :

shows that both cell lines were highly sensitized to Shiga toxi 120 1 —=— control
when incubated with 2 mM butyric acid for 24 hours. In fact, = ;4 | —@—control + ba
the increase in the toxic effect of Shiga toxin in butyric-acid- %

treated cells compared with untreated cells was more the § < 80 A

tenfold in both cell lines. This result suggested that butyric aci  § g

increases the transport of Shiga toxin to the Golgi apparatt < 60 1

and the ER in these cells. We have previously found the -%§ 40 |

butyric-acid treatment of cells can induce a large increase | 3@ —

Shiga toxin binding sites for the toxin in polarized MDCK cells = 20

(Sandvig et al., 1991). However, this was not the case in eith ©

the Hela cells or the BHK cells (data not shown). Also, the 0 ' ' ' ' ' '
difference in endocytic uptake of the toxin (see below) coul 0.01 01 ! 10 100

not explain this strong sensitization. Shiga toxin concentration (ug/ml)

Fig. 2.Butyric acid sensitizes HeLa and BHK cells to Shiga toxin.

. - . . . Hela (A) and BHK (B) control cells were grown with tetracycline
Butyric acid increases Shiga toxin transport to the Golgi for 48 hours and with or without 2 mM butyric acid (ba) for the last

apparatus 24 hours. The cells were then incubated with increasing
Consistent with the toxicity experiments, increased transpotioncentrations of Shiga toxin for 2 hours and the protein synthesis
of Shiga toxin to the Golgi apparatus upon butyric-acidneasured. The error bars represent deviations between duplicates.
treatment was visualized by immunofluorescence. HelLa and
BHK control cells grown for 48 hours in the presence of
tetracycline with or without 2 mM butyric acid for the last 24 for 48 hours, with or without butyric acid for the last 24 hours,
hours were incubated with Alexa Fluor 488-labelled Shigavere incubated with a modified Shiga B fragment containing
toxin for 20 minutes. There was a strong colocalizatiora tandem of sulfation sites (STxB-S)IfAs seen in Fig. 4A,
between Shiga toxin and the Golgi marker GM130 in butyricthe sulfation of STxB-Suff was almost blocked in cells
acid-treated cells, whereas the toxin staining in untreated cekxpressing mutant dynamin in both untreated cells and in cells
was more endosomal (Fig. 3). Also, studies in which Shig&reated with butyric acid. There were only minor changes
toxin transport to the Golgi apparatus was quantified (byn the sulfation of cellular proteins (data not shown).
measuring the sulfation of a modified Shiga B fragmentfurthermore, butyric acid increased the sulfation of STxB-
revealed increased sulfation (i.e. increased Golgi transpor§ulf; to a large extent, and relatively large amounts of Shiga
after treatment with butyric acid (see below). toxin had reached the TGN in these cells already after 15
minutes. This increased sulfation is consistent with the
observed increase in sensitivity to Shiga toxin after butyric-
Endosome-to-Golgi transport of Shiga B is dependent acid treatment (Fig. 2A) and the confocal studies (Fig. 3).
on dynamin Fig. 4A shows the effect of expressing mutant dynamin on
We have previously found that expression of mutant dynamithe amount of STxB-Sulfthat has first entered the cells and
inhibits the transport of ricin to the Golgi apparatus and the ERhen been transported further to the TGN, where it is sulfated.
(Llorente et al., 1998). To investigate whether dynamin is als®o calculate the effect of expressing mutant dynamin on the
involved in endosome-to-Golgi transport of Shiga toxin, HeLaendosome-to-Golgi step alone, the changes in sulfation were
cells incubated with (control) or without (d$##4) tetracycline  corrected for the actual amount of Shiga toxin that was
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+ butyric acid

Shiga toxin

HelLa
control

BHK
control

A) HeLa: Sulfation of Shiga B-(Sulf),

Shiga toxin

15 minutes 1 hour
- - -
- dyn g dyn - dyn dyn
Ctr. K444 Crr. K444 Ctr. K44A K44A
ba | — - s - -+ O+

n=2 ‘]00% 22%  1380%  139% | 100%

31%  579%

83%

100%  10%

B) HeLla: Internalized Shiga toxin

100%

14%

n=2 | 100% 67% 237%  101% ‘IU{]%

T3%  197%  109% ‘

C) HeLa: Endosome-to-Golgi transport of Shiga toxin

15 minutes
120 %

100 %
80 %
60 %
40 %
20 %

0%

contral  dynK44A control  dynK44A
+ba +ba

100% 33% 555%  144%

100% 26%

120 %
100 %
80 %
60 %
40 %
20 %

0%

1 hour

+ba + b

control  dynkK44A  control  dynkK444

100%

47%

296% 82%

100% 28

%o

GMI130

Fig. 3. Effect of butyric acid on transport
of Shiga toxin to the Golgi apparatus.
HelLa (A-C) and BHK (D-F) control
cells grown with tetracycline for 48
hours and with (B,C,E,F) or without
(A,D) 2 mM butyric acid for the last 24
hours were incubated withplg mi?
Alexa Fluor 488-labelled Shiga toxin for
20 minutes. The Golgi apparatus was
labelled with mouse anti-GM130
antibodies followed by CY-5 labelled
goat anti-mouse IgG (C,F).

25 pm

Fig. 4. Endosome-to-Golgi transport of Shiga toxin in
Hela cells. HelLa cells were grown with (control) and
without (dyrf44A) tetracycline for 48 hours and with and
without 2 mM butyric acid (ba) for the last 24 hours.

(A) Sulfation of STxB-Sulf was analysed by incubating
the cells with radioactive sulfate for 3 hours at 37°C
before STxB-Sulf (2.8 ug mt1) was added for 15

minutes or 1 hour. The cells were subsequently washed,
lysed and immunoprecipitated with rabbit anti-Shiga
toxin antibodies. The adsorbed material was analysed by
12% SDS-PAGE before autoradiography. Quantified
average signal intensities (as percentage of the value in
control cells) from two independent experiments are
shown (A, bottom). As shown, butyric acid strongly
increased the sulfation and expression of mutant
dynamin gave a strong reduction. (B) In parallel, the
internalization of Shiga toxin for the different conditions
in (A) was analysed by incubating the cells with TAG-
and biotin-labelled Shiga toxin (5 ngTHlfor 15

minutes or 1 hour. The SS-linked biotin on the cell-
surface-bound toxin was then removed by incubating the
cells with 0.1 M MESNa for 1 hour at 0°C.

Subsequently, the cells were washed and lysed, and the
amounts of TAG- and biotin-labelled Shiga toxin in the
lysates were measured using streptavidin beads and an
Origen Analyzer. Average values from these two
experiments are shown as the percentage of the value in
control cells. As shown, butyric-acid treatment almost
doubled the amount of endocytosed toxin. (C) The effect
of expressing mutant dynamin on the endosome-to-Golgi
transport of Shiga toxin (shown as percentage of the
value in control cells) was calculated by correcting the
average signal intensities in (A) for the amount of Shiga
toxin that was internalized in (B). The error bars show
the standard error of the mean from the two experiments.
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internalized under the different conditions (Fig. 4B). Theassociated toxin was endocytosed in butyric-acid-treated cells
calculations reveal that endosome-to-Golgi transport of Shigegompared with 29% in untreated cells during a 15 minute
toxin is reduced by at least 70% in cells expressing mutamicubation (Fig. 5A). By contrast, Shiga toxin endocytosis in
dynamin, in both untreated cells and cells treated with butyriBHK control cells was essentially unchanged upon butyric-
acid (Fig. 4C). Thus, in both untreated and butyric-acid-treatedcid treatment. The increased uptake of Shiga toxin in HelLa
cells, transport of Shiga toxin to the Golgi apparatus seems tells seems to be dynamin dependent because it was not
be dependent on functional dynamin. Furthermore, butyric acidbserved in cells expressing mutant dynamin 4. In
increased the proportion of internalized toxin that isfact, the proportion of Shiga toxin endocytosis that was
transported to the Golgi apparatus by more than five times aftdgnamin dependent was increased from 12% in untreated cells
15 minutes incubation with the toxin (Fig. 4C, bottom).to 49% in cells treated with butyric acid [calculated from the
However, this effect seems to be smaller after longer incubatiatifference between control cells and 8§t cells, and
times: only a threefold increase was observed after 1 hour. (control + ba) and (dyf#** + ba), respectively, in Fig. 5A].
Even though butyric-acid treatment did not elevate Shiga toxin
endocytosis in BHK control cells, the proportion of toxin

Butyric acid increases dynamin-dependent endocytosis uptake that was clathrin dependent was indeed increased in
in HeLa cells and clathrin-dependent endocytosis in these cells after butyric-acid treatment, from 19% to 43% (Fig.
BHK cells 5A). To verify that the dynamin-dependent endocytosis was

Interestingly, butyric acid also stimulates the endocytic uptakalso blocked in butyric-acid-treated cells, we analysed the
of Shiga toxin in HelLa control cells: 45% of total cell- transferrin endocytosis under the same conditions (Fig. 5B).

A) HelLa BHK
50 - 50 -
S 40 - = 40 -
X =
2= 2 2 T
29 S
P 4 =
g3 %0 ] §‘ g 30 1 T
T g S o
c 0 c 0
[T R
s 20 c S 20
e 38 g8
© T c =
S 3 i
£8 101 28 104
S N5
g 8
0 T T T | 0 T T T |
control  dynK44A control dynK44A control  antisense control + antisense
+ ba + ba CHC ba CHC +ba
B) HelLa BHK
60 - 60 -
£ 50 i £ 50
7]
2 & 40 S & 40-
3G g0
o o
22 a0 22 30
& i o © i
c 3 £z
=] £Eg
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Fig. 5.Butyric acid increases the proportion of Shiga toxin endocytosed in a dynamin- and clathrin-dependent manner. HeLa ancbBHK cont
cells were grown with tetracycline for 48 hours and with and without 2 mM butyric acid (ba) for the last 24 hours. TheectiEnwe

incubated with TAG- and biotin-labelled Shiga toxin (5 ngyn(A) or transferrin (50 ng m}) (B) for 15 minutes. Half of the cells were then
incubated with 0.1 M MESNa for 1 hour at 0°C to remove the SS-linked biotin on the cell-surface-bound toxin before the eedished

and lysed. The amounts of TAG- and biotin-labelled toxin in the lysates were then measured using streptavidin beads @mdnaly2eg,

and the degree of endocytosis (as the percentage of total cell-associated protein) was calculated. The error bars refiwesdretdaen

two independent experiments.
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Endosome-to-Golgi transport of Shiga B becomes Increased colocalization between Shiga toxin and CHC
clathrin dependent upon butyric-acid treatment after butyric-acid treatment

To investigate whether clathrin plays a role in endosome-toFhe sulfation experiment shows that expression of CHC
Golgi transport of Shiga toxin, we incubated BHK cells,antisense RNA in butyric-acid-treated BHK cells blocks the
grown with (control) or without (antisense CHC) Shiga toxin transport from endosomes to the Golgi apparatus,
tetracycline for 48 hours, and with or without butyric acidwhereas the transport is only slightly reduced in untreated
for 24 hours, with STxB-Sulf In Fig. 6A, the sulfation of cells. This suggests that the toxin is more dependent on a
STxB-Sulk is shown and, after correcting for the amount ofpathway that involves clathrin in butyric-acid-treated cells
Shiga toxin internalized under the different conditions (Figthan in untreated cells. We therefore performed confocal
6B), we find that the endosome-to-Golgi transport of Shiganicroscopy experiments to analyse the colocalization between
toxin was only reduced by 30% and 11% by expression dbhiga toxin and CHC in untreated and butyric-acid-treated
CHC antisense RNA after incubation for 15 minutes and tells. Thus, HeLa and BHK control cells grown for 48 hours
hour, respectively (Fig. 6C). Interestingly, the reduction inin the presence of tetracycline and with or without 2 mM
transport in antisense CHC cells was much stronger updutyric acid for the last 24 hours were incubated with Alexa
butyric-acid treatment. After incubation with the toxin for Fluor 488-labelled Shiga toxin for 20 minutes. As shown in
15 minutes or 1 hour, the transport was reduced by 80%ig. 7, the colocalization between Shiga toxin and CHC is quite
and 75%, respectively, compared with 30% and 11% ihmow for both cell lines in both untreated and butyric-acid-
untreated cells. The increased proportion of cell-associatdceated cells. Thus, the figure images show no striking
toxin that is transported to the Golgi apparatus upomlifference in the degree of colocalization upon butyric-
butyric-acid treatment was also apparent in these cellscid treatment. However, quantification of the extent of
consistent with the observed increase in sensitivity to Shigeolocalization (as the percentage of the total amount of toxin)
toxin after butyric-acid treatment (Fig. 2B) and the confocafrom eight or nine cells using Adobe Photoshop 7.0 software
studies (Fig. 3). revealed that the proportion of Shiga toxin colocalized with

A) BHK: Sulfation of Shiga B-Sulf>

15 minutes 1 hour
Fig. 6. Endosome-to-Golgi transport of Shiga toxin in
o - | e e - BHK cells. BHK cells were grown with (control) and
without [antisense (As) CHC] tetracycline for 48 hours
e 1 g g A e T A and with and without 2 mM butyric acid (ba) for the last
oY o i Tc — o CJI:C 24 hours. (A) Sulfation of STxB-Sulfvas analysed by
incubating the cells with radioactive sulfate for 3 hours at
37°C before STxB-Suif(2.8 ug mt1) was added for 15
n=3 ‘ 100%  62% 550% 61% | 100% 84% 173% 28% minutes or 1 hour. The cells were subsequently washed,
lysed and immunoprecipitated with rabbit anti-Shiga-toxin
100% 1% 100% 16% antibodies. The adsorbed material was analysed by 12%

SDS-PAGE before autoradiography. Quantified average
signal intensities from three independent experiments are
B) BHK: Internalized Shiga toxin shown in the lower panel of (A) (as the percentage of the
value in control cells). As shown, butyric acid increased
the sulfation strongly, and expression of CHC antisense
100% 97%  83% 60% | RNA gave a strong reduction in butyric-acid-treated cells
but not in untreated cells. (B) In parallel, the
internalization of Shiga toxin for the different conditions
C) BHK: Endosome-to-Golgi transport of Shiga toxin in (A) was analysed by incubating the cells with TAG- and
biotin-labelled Shiga toxin (5 ng M) for 15 minutes or 1
hour. The SS-linked biotin on the cell-surface-bound toxin

n=3 ‘ 100%  89% 90%  54%

gl 15 minutes i I hour was then removed by incubating the cells with 0.1 M
MeSNa for 1 hour at 0°C. Subsequently, the cells were

100 % 100% | puy i washed and lysed, and the amounts of TAG- and biotin-

80 % 80 % TN labelled Shiga toxin in the lysates were measured using

60 % ' el streptavidin beads and an Origen Analyzer. Average

values from these three experiments are shown as the
il : 40% 1 percentage of the value in control cells. As shown, butyric
20% T 20% - ' acid increased the proportion of Shiga toxin endocytosed
0% 0o | I in a clathrin-dependent manner. (C) The effect of
control control control  aniisense  control  anfisense expressing CHC antisense RNA on the endosome-to-
CHC +ba CHC +ba CHC +ba CHC +ba

Golgi transport of Shiga toxin (shown as the percentage of

the value in control cells) was calculated by correcting the
100%  70%  587% 116% ‘w“% 8%  212% 4% average signal intensities in (A) for the amount of Shiga

! ! toxin that was internalized in (B). The error bars show the
100%  20% 100%  25% .
standard error of the mean from the three experiments.
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colocalization only indicates that Shiga toxin
A) Hekis cotitrol B) BHK control transport in general seems to be more clathrin-
dependent after butyric-acid treatment; it does not
implicate the clathrin dependency in any specific
transport step. To analyse the involvement of
clathrin in the transport step specifically from early
endosomes, we transfected HeLa and BHK control
cells grown in the presence of tetracycline with a
GTPase-deficient mutant form of Rab5 (Myc-
Rab®79Y), which has been shown to increase
membrane fusion, resulting in the formation of
enlarged early endosomes (Raiborg et al., 2001).
The cells were further grown with or without
butyric acid for 24 hours, before incubation with
Alexa Fluor 488-labelled Shiga toxin for 20
minutes. Fig. 8 shows transfected cells containing
enlarged endosomes and quantification of the
extent of colocalization between Shiga toxin and
CHC (as the percentage of the total amount of
toxin on the enlarged endosome) of 6-11
endosomes from four to six transfected cells
revealed a twofold increase in the proportion of
Shiga toxin colocalized with CHC in butyric-acid-
treated cells compared with untreated cells, from
16.9% to 36.0% in HeLa control cells (Fig. 8A,

clathrin HC clathrin HC

30 um

Colocalization of STx and clathrin HC Colocalization of STx and clathrin HC graph) and from 16.1% to 35.8% in BHK control
(% of total amount of toxin) (% of total amount of toxin) Ce”S (Flg 88, graph) A|SO, in these experiments,
e 5% quantifications suggested that butyric acid
30 % 30% - increased the amount of clathrin on the enlarged
2; f 2[5] ;’ endosomes (data not shown).
15 % 15 %
10% 10 % ) ) 3 . 3 )
5% 5% Intoxication with Shiga toxin is dependent on
a% : : : 0% dynamin and clathrin
-ba + ba -ba + ba

We further investigated the effect of expressing
mutant dynamin or CHC antisense RNA on the
Fig. 7.Localization of Shiga toxin and clathrin heavy chain in K44A and BHK  ability of Shiga toxin to inhibit protein synthesis.
control cells. HeLa (A) and BHK (B) control cells grown with tetracycline for 48 Cells grown with (control) or without (dyA*A or
hours and with (+ ba) or without (— ba) 2 mM butyric acid for the last 24 hours  antisense CHC) tetracycline for 48 hours and with
were incubated with filg m! Alexa Fluor 488-labelled Shiga toxin (STx) for 20 or without butyric acid for the last 24 hours were
bmi”‘rjlte;' CHC |St§ir|]|in3 é"’askperformed by ‘g"g go"".tf.a”ti'CH? ﬁ”“b"dies ‘;O"ow?r‘ﬂcubated with increasing toxin concentrations for
y rhodamine-labelled donkey anti-goat IgG. Quantification of the extent o P .

colocalization between STx and CHC (as the percentage of the total amount of 2 hours. As shown in Fig. 9A, expression of mutant

toxin) from eight or nine cells is shown in (A,B, bottom). The error bars represenfiynamm protected untreated_ as We!l as bl.Jty”C'
the standard error of the mean. acid-treated Hela cells against Shiga toxin. A

protection against the toxin was also observed in
BHK cells expressing CHC antisense RNA (Fig.
CHC was almost doubled in butyric-acid treated HeLa contrd®B). In agreement with studies of sulfation of Shiga B-5ulf
cells compared with untreated cells, from 16.6% to 30.8% (Fighis protective effect was increased upon butyric-acid
7A, bottom). In BHK control cells, this colocalization treatment. Consistent with the sulfation experiments, Fig. 9
increased from 15.9% to 26.2% upon butyric-acid treatmerdlso demonstrates that the sensitivity to Shiga toxin in both cell
(Fig. 7B, bottom). For both cell lines, the amount of clathrinlines was strongly increased (about ten times) in cells treated
was also quantified and there seemed to be more membramégth butyric acid compared with untreated cells.
associated clathrin in the butyric-acid-treated cells (data not
shown). The relatively low degree of colocalization that we )
observe in our experiments is in agreement with earlier electrdpiscussion
microscopy studies showing that 9.7% of total internalized’he main finding in the present article is that Shiga toxin
Shiga B localizes with the AP1-type clathrin coat componentransport from endosomes to the Golgi apparatus is inhibited
y-adaptin (Mallard et al., 1998). From the experiments showby dominant negative mutant dynamin, and that the
in Fig. 7, it is difficult to distinguish between early endosomesequirement for clathrin at the endosomal level seems to be
and other cellular compartments, such as late endosomes atependent on the efficiency of Golgi transport.
the recycling compartment. Thus, the observed increase in Studies of retrograde transport have revealed that there are
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TGN, circumventing the late endocytic
pathway (Ghosh et al., 1998; Mallard et al.,
1998). Furthermore, Rab11 has been reported
to be involved in this transport, suggesting
that Shiga toxin might pass through the
g recycling compartment on its way to the
*} Colocalization of STx and clathrin HC on EE TGN (Wilcke et al., 2000). In this study,
T el we demonstrate that endosome-to-Golgi
0% transport of Shiga toxin is also dependent on
functional dynamin. Sulfation experiments
using STxB-Suli revealed that the transport
of Shiga toxin was almost blocked in cells
expressing mutant dynamin. Because the
toxic effect of Shiga toxin varies between
different cell lines, it was possible that toxin
transport to the Golgi apparatus occurred by
different mechanisms in cells that exhibit
different sensitivity to the toxin. Therefore,
we also investigated the effect of abolishing
dynamin function in HeLa cells sensitized by
treatment with butyric acid. As shown here,
B) Rab5?™" clathrin HC clathrin HC _ Merged and as previously demonstrated for A431
cells, butyric acid increases the proportion of
cell-associated toxin that is transported to the
Golgi apparatus and the ER (Sandvig et
al.,, 1992). A block in endosome-to-Golgi

transport was also observed in butyric-acid-

Colocalization of STx and clathrin HC on EE treated Hela dyﬁlllA Ce||S, Suggesting that

(as % of total amount of toxin)

A) Rabs?™" clathrin HC clathrin HC  Merged

Hela
control

30 %

25 um

BHK
control

50 % dynamin also plays a role in the efficient
40% transport of Shiga toxin in highly sensitive
30% ' cells. Dynamin has also been implicated in

the transport of ricin (Llorente et al., 1998),
as well as the M6PR (Nicoziani et al., 2000),
to the Golgi apparatus. However, the type of
coat (if any) involved in the dynamin-
dependent vesicle formation does not seem to
- be the same for the different pathways.
!f“ . Previous findings suggest that ricin travels
; j to the Golgi apparatus independently of
: clathrin (Iversen et al., 2001). Furthermore,
25 pum endosome-to-Golgi transport of the M6PR
seems to involve AP-1 (Meyer et al., 2000)
Fig. 8.Localization of Shiga toxin and CHC in Myc-R&8-transfected cells. HeLa but not clathrin (Draper et al., 1990; Hinners
(A) and BHK (B) control cells grown in the presence of tetracycline were transfected gng Tooze 2003). By contrast, Shiga toxin
with a GTPase-deficient mutant form of Rab5 (Myc-FiB5 to induce the formation of might be tr'ansported to the Gdlgi apparatus
enlarged early endosomes (EE). The cells were further grown with (+ ba) or without in a clathrin-dependent manner. because it has
(— ba) butyric acid for 24 hours before incubation wiflnglmt-1 Alexa Fluor 488- pena . L
labelled Shiga toxin (STx) for 20 minutes. CHC staining was performed by using goat been found to localize with Clathrm. and AP-
anti-CHC antibodies followed by rhodamine-labelled donkey anti-goat IgG. The enlargdd Py confocal- and  electron-microscopy
endosomes in transfected cells were identified with mouse anti-Myc antibodies followe@Xperiments (Mallard et al., 1998). In the
by CY5-labelled donkey anti-mouse 1gG. The white squares to the left are shown in  present study, we have investigated the role of
enlarged versions to the right (green and red channels alone and the merged picture). diathrin in endosome-to-Golgi transport of
graphs show quantification of the extent of colocalization between STx and CHC on EBhiga toxin using BHK cells that, in an
(as the percentage of the total amount of toxin) of 6-11 endosomes from four to six celifducible manner, express CHC antisense
The error bars represent the standard error of the mean. RNA. We find that expression of CHC

antisense  RNA inhibits the efficient
several pathways leading from endosomes to the Golgindosome-to-Golgi transport of Shiga toxin in butyric-acid-
apparatus. Much is known about the Rab9-dependent transptrgated cells by at least 75-80%. Interestingly, the regulation of
of the M6PR from late endosomes to the Golgi apparatu§higa toxin transport in untreated and butyric-acid-treated cells
However, the mechanism behind the transport of Shiga toxin wiffers when it comes to the role of clathrin, because only a slight
less clear. Earlier studies suggest that the toxin is, in contrastreduction in transport is observed without butyric acid in cells
the M6PR, transported directly from early endosomes to thexpressing CHC antisense RNA.

20 %
10 %
0%
-ba + ba
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A) HelLa essential for the elevated proportion of cell-associated toxin
that is transported to the Golgi apparatus and for the increased
sensitivity (Sandvig et al., 1994; Sandvig et al., 1996). An

120 _-—zon:ZLA explanation for the different regulation of Shiga toxin transport
- 100 icz:tml + ba in cells that exhibit different sensitivity to the toxin could be
S that, also on the endosomal level, a larger proportion of Gb3
S< 801 —©-dynka4A+ba  \with pound Shiga toxin becomes associated with clathrin-
s coated regions after butyric-acid treatment and that the
_‘g’§ 60 1 transport thereby becomes clathrin dependent. Importantly,
23 40 confocal microscopy experiments support this idea: there was
S . X . . X .
5= a twofold increase in the proportion of Shiga toxin colocalized
= 201 with CHC after butyric-acid treatment compared with
= untreated cells [both at the level of early endosomes (enlarged
0 - - - - - by Myc-Rab®79-expression) and when quantifying the
0.01 01 1 10 100 colocalization from all cellular compartments]. The increased
Shiga toxin concentration (ug/ml) proportion of Shiga toxin localized with clathrin might also
be due, at least partly, to there being more clathrin at the
membrane upon butyric-acid treatment. Furthermore, our
B) BHK findings suggest that the endosome-to-Golgi transport
involving clathrin-dependent vesicle formation is much more
120 - —_m— control efficient than clathrin-independent Shiga toxin transport, as

seen by the fivefold increase in Shiga B-Ssilfifation (and no
increase in toxin binding sites) after butyric-acid treatment.
The increased transport of Shiga toxin to the Golgi apparatus
upon butyric-acid treatment was also visualized by
immunofluorescence.

Receptor-mediated endocytosis was, for several years,
thought to occur only through clathrin-coated pits but there are
other endocytic mechanisms (for review, see Sandvig et al.,
2002; Conner and Schmid, 2003). For instance, the plant toxin
ricin can be internalized by clathrin- and dynamin-independent

—— antisense CHC
—®— control + ba
—6&— antisense CHC + ba

100 A

©
o
L

S
o

N
o
L

3[H]-leucine incorporation
(% of control)
[e2]
o

o

00l o4 1 10 100 ' mechanisms (Llorente et al., 1998; Iversen et al., 2001),

_ _ _ whereas the interleukin-2 receptor has been shown to be

Shiga toxin concentration (ug/mi) internalized through a clathrin-independent pathway that

Fig. 9. Cytotoxicity of Shiga toxin in HeLa and BHK cells. HeLa (A) requires dynamin (Lamaze et al., 2001). Also the Shiga-toxin
and BHK (B) cells were grown with (control) and without (8§ receptor Gb3 seems to be internalized by both clathrin-

for HeL a cells or antisense CHC for BHK cells) tetracycline for 48 dependent and clathrin-independent mechanisms (Sandvig and
hours and with and without 2 mM butyric acid (ba) for the last 24 yan Deurs, 1996; Lingwood, 1999; Nichols et al., 2001,
hours_. The qells were then incubate_d with incr_easing concentrationsSandVig et al., 2002). However, the extent to which the two
of Shiga toxin for 2 hours and protein synthesis measured. The erof,achanisms contribute to the toxin uptake seems to vary
bars represent deviations between duplicates. between different cell lines. Interestingly, in contrast to the
internalization of the interleukin-2 receptor, our data suggest
that the clathrin-independent endocytosis of Shiga toxin also
We have earlier found that Shiga toxin can induce movemeran be independent of dynamin, becauseX#yn cells
of toxin-Gb3 complexes to clathrin-coated pits (Sandvig et alexpressing mutant dynamin take up almost as much toxin as
1989). The intracellular transport of Shiga toxin is dependergontrol cells. It is important to realize that the high degree of
on the length of the fatty acid found in Gb3. Cells of highdynamin- and clathrin-independent endocytosis of Shiga toxin
sensitivity tend to synthesize Gb3 with C16 and C18 fatty acith the HeLa dyl*4A cells and the BHK antisense CHC cells
chains, and both very short and very long fatty acids wilthat we use in this study might not reflect the amount of toxin
reduce transport of Shiga toxin to the Golgi apparatusormally taken up by this mechanism in HeLa and BHK cells.
(Lingwood, 1999). We have previously demonstrated by masSells expressing mutant dynamin or CHC antisense RNA
spectrometry that there is a change in the length of the fattyight compensate for the lack of clathrin-dependent
acid of Gb3 upon butyric-acid treatment (Sandvig et al., 1994gndocytosis by upregulating other endocytic mechanisms
The change in Gb3 upon butyric-acid treatment might increag®amke et al., 1995a; Llorente et al., 1998). However, the use
the transport of Shiga-toxin/Gb3 complexes to clathrin-coatedf these cell lines has, in the present study, facilitated
pits. This might explain the increase in the proportion oinvestigations of endosome-to-Golgi transport.
dynamin-dependent endocytosis in 884 cells upon butyric- In conclusion, we demonstrate that endosome-to-Golgi
acid treatment from 12% to 49% and the increase in th&ansport of Shiga toxin is dependent on dynamin in both
proportion of clathrin-dependent endocytosis in antisense CHntreated and butyric-acid-treated cells. Interestingly, only the
cells from 19% to 43%. Furthermore, we have also found thafficient transport in butyric-acid-treated cells seems to be
the change in lipid composition of Gb3 by butyric acid isdependent on clathrin. Thus, the transport mechanism seems
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to differ when it comes to the role of clathrin, depending oningwood, C. A. (1999). Glycolipid receptors for verotoxin akigtlicobacter
the transport efficiency and the sensitivity of the cell to the pylori: role in pathologyBiochim. Biophys. Acta453 375-386.
toxin Llorente, A., Rapak, A., Schmid, S. L., van Deurs, B. and Sandvig, K.

’ (1998). Expression of mutant dynamin inhibits toxicity and transport of

endocytosed ricin to the Golgi apparatiisCell Biol. 140, 553-563.
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