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Summary

Cholera and Shiga toxin bind to the cell surface via changes in Gb3 and GM1 synthesis, not from variations of
glycolipid receptors GM1 and Gb3, respectively. receptor transport to the cell surface. The changes do not
Surprisingly, the majority of Vero cells from a non- reflect competition of Gb3 and GM1 synthesis for
synchronized population bind either Cholera or Shiga lactosylceramide. Cells as diverse as Vero cells, PC12 cells
toxin but not both toxins. The hypothesis that the and astrocytes show the same cell-cycle-dependent
differential expression of toxin receptors is regulated by the regulation of glycosphingolipid receptors, suggesting that
cell cycle was tested. We find that Cholera toxin binds this novel phenomenon is based on a conserved regulatory
preferentially in GO/G1, with little binding through S-phase  mechanism.

to telophase, whereas Shiga toxin binds maximally through

G2 to telophase but does not bind during GO/G1 and Key words: AB5-toxins, Glycosphingolipid receptors, Cell cycle,
S-phase. The changes result from the corresponding Golgi

Introduction effects of ST (Mobassaleh et al., 1994). The cellular level of

Gangliosides and globosides are classes of glycosphingolipi@@ngliosides also seems to be regulated by differentiation. It
synthesized from lactosylceramide in the middle and latéecreases in 3T3-L1-adipocytes as they become differentiated.
Golgi. They can serve receptor functions in the plasmén particular, the level of GM1 drops by 75-80%. These changes
membranes of many different cell types. The ganglioside GM¢eould not be observed in the non-differentiating 3T3-C2 cell line
can act as a receptor for the B subunits of various AB5 toxindeed et al., 1980). In colon carcinoma cells (Nojiri et al., 1999)
like Cholera toxin (CTX) or the heat-stable toxin Il from as well as in renal carcinoma cells (Saito et al., 2000), the
Escherichia coli (Van Heyningen, 1974; King and Van synthesis of ganglioside GM3, a precursor of GM1, increases
Heyningen, 1974; Holmgren et al., 1973; Holmgren et al.following induction of differentiation. The percentage of
1985; Griffiths et al., 1986; Spangler, 1992) whereas theultivated MFII-fibroblasts exhibiting high levels of GM3
globotriaoside Gb3 is a receptor for the AB5-toxin Shiga toxirincreases as cells become confluent (Rosner et al., 1990). A
(ST) and some related toxins like Verotoxin (Lindberg et al.similar observation has been made with cultivated Zejdela
1987; Lingwood et al., 1987). Application of gangliosides othepatoma cells (Staedel-Flaig et al., 1987). Interestingly,
globosides to cells can elicit cellular responses as divergent tigatment of a variety of different cell types with butyrate induces
signal transduction, cell adhesion or cell growth (Hakomorsynthesis and cell surface expression of GM1 as well as of Gb3
and Igarashi, 1993). Moreover, the expression of thesgishman and Attikan, 1979), leading to an enhanced binding of
glycosphingolipids on the surface of the plasma membran€TX as well as of ST and verotoxin. Choi et al. (Choi et al.,
shows strong variations depending on the cell type and the stét@97) have studied the levels of neutral and acidic gangliosides
of the cell. in different phases of the cell cycle in a glioma cell line. Cell-
Cell differentiation affects synthesis and plasma membraneycle-dependent changes, in particular of GM3, GM2 and GML,
expression of Gb3. Undifferentiated THP-1 cells expressould not be observed, although a decrease in b-series
significantly more Gb3 on their surface than differentiated cellgangliosides was measured during metaphase.
(Ramegowda et al., 1996), while the situation is opposite in We report here that Vero cells, a green monkey kidney tumor
intestinal epithelial cells where differentiated cells express highell line, show cell-cycle-dependent but inverse changes in
levels of Gb3 on their surface and undifferentiated cells show aurface-expressed GM1 and Ghb3. During interphase and G1,
almost complete loss of Gb3 (Jacewicz et al., 1975). In someells bind almost exclusively CTX; during S-phase binding of
cells the expression of Gb3 on the cell surface seems to beth CTX and ST is very low. During G2, binding of ST
developmentally regulated. In rabbit intestinal microvilli increases and remains high during metaphase and telophase,
epithelial cells, the synthesis of Gb3 increases during the thinghereas the binding of CTX remains low until GO/G1 is
week of life together with an increased sensitivity to the toxiceached again. The cell-cycle-dependent changes in the
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Fig. 1. Differential binding of Shiga anCd cholera toxin to Vero cells;

differences in gene expression in Shiga versus Cholera toxin bindin ST CTX

Vero cells. (a) Differential binding of Cy3-CTX (CTX-Cy3) and

Cy2-ST (ST-Cy2) to non-synchronized Vero cells. Cells were Fig. 2. Cells that can be detached following colchicine treatment
incubated simultaneously with the two labeled toxins for 10 minutesbind preferentially to Shiga toxin, but bind again to Shiga and

at 0°C. Unbound toxins were washed away and the live cells Cholera toxin after desynchronization. (a) Vero cells detached from
observed by fluorescence microscopy. (b) Differential display the culture dish after colchicine treatment bind to Cy2-ST (upper left

comparing ST binding cells (S) and CTX binding cells (C). Non-  panel). Cells remaining attached to the dish are larger, have an
synchonized Vero cells were labeled simultaneously with Cy2-ST  extended structure (arrow) and bind only to Cy3-CTX (lower right

and Cy3-CTX as in (a) and separated by FACS. cDNA was panel) but not Cy2-ST (lower left panel). DIC (differential
synthesized from RNA extracted from ST and CT binding cells. interference contrast) of the two lower panels. (b) Cells detached
DNA fragments were produced by PCR using differématl 3 after colchicine treatment were analyzed 30 minutes after detachment

primers and analyzed by PAGE. The results of the primer pairs for binding of Cy2-ST (upper left panel) and Cy3-CTX (upper right

P2/T1, P2/T2, P2/T3, and P2/T4 are shown (see Methods section). panel). When detached cells were cultivated for another 12 hours,

Note the differentially amplified cDNA fragments marked by (*). they show again exclusive binding (arrows) of either Cy2-ST (lower
left panel) or Cy3-CTX (lower right panel) as seen in non-
synchronized cell cultures (compare with Fig. 1a).

expression of GM1 and Gb3 on the cell surface result fror

corresponding changes of synthesis of GM1 and Gb3ctivity (Fontana et al., 2000) without affecting its intracellular

respectively. These observations were confirmed also for othsgnsport (Majoul et al., 1998). ST was isolated as described
cell types including Vero 317 cells, undifferentiated andpreviously (Kozlov et al.,, 1993) (fron_1 the Engglhardt Instltute.of
differentiated PC12 cells and astrocytes, suggesting that olecular Biology, Moscow). Both toxins were directly labeled with

conserved mechanism is underlying this novel phenomenon&Y3- ©F Cy5-monosuccinimidyl esters or with Cy2-bissucccinimidyl
ester according to the Amersham Pharmacia Biotech protocol.

Labeled proteins were separated from free chromophores by gel
Materials and Methods filtration over G-10 and concentrated by Centricon-10 (Anfit¥on

centrifugation. The labeling stoichiometry was determined from the
Cells absorptions at 280 nm (protein), 487 nm (Cy2), 550 nm (Cy3), or
Vero and Vero 317 cells were obtained from ATCC. PC12 cells, a r&850 nm (Cy5). The molar dye:protein ratios ranged from 0.2 to 1. A
chromaffin tumor cell line, was a kind gift of Dieter Bruns, this polyclonal rabbit anti-cyclin B1 antibody and a mouse monoclonal
laboratory. anti-BrdU-antibody came from Transduction Laboratories (BD

Biosciences, Heidelberg, Germany), and a FITC-conjugated mouse

) o monoclonal anti-BrdU-antibody was from Pharmingen (BD

Toxins and antibodies Biosciences, Heidelberg, Germany). Mouse monoclonal anti-cyclin
CTX-K63 (kindly donated by Mariagrazia Pizza, Siena, Italy) wasB1 antibodies were a kind gift of Jonathan Pines (CRC, Cambridge,
used throughout the experiments. CTX-K63 hagd#-®utation in  UK). A horseradish-peroxidase-conjugated goat anti-rabbit antibody
the CTX-A subunit that completely abolishes its ADP-ribosylatingwas from Zymed Laboratories (San Francisco, USA).
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Fig. 3. Dividing cells bind only to Shiga toxin (Cy3-ST). Cells were
partially synchronized by a double-thymidine block and analyzed for g
toxin binding 6 hours later. The relative number of small round-
shaped cells binding preferentially to Cy3-ST (upper left panel) is
significantly higher than in non-synchronized cultures. Note that the
dividing cells (arrows) bind only to ST. The flat, extended, irregularly
shaped cells bind only to Cy2-CTX (upper right panel). Lower left
panel: overlay of the two upper panels. Lower right panel: digital
interference contrast. BrdU/ST - overlay

Cell cultures

Vero, Vero 317 and PC 12 cells, mouse fetal astrocytes an
hippocampal neurons of newborn mice were cultivated in DMEM plu
10% FCS supplemented with 100 U/ml penicillin G and 0.1 mg/m
streptomycin. PC12 cells were cultivated on collagen (Vitrogen) o
poly-L-lysine (Sigma) coated cover slips; hippocampal neurons wer
cultured on a feeder layer of fetal mouse astrocytes. For the tox
binding experiments, cells were transferred to DMEM without phenoFig. 4.Cells in S-phase exhibt low binding of both toxi@ells were
red, buffered with 10 mM Hepes. pretreated with BrdU, exposed to Cy2-CTX and Cy3-ST and
analyzed by fluorescence microscopy as in Fig. 1a. Cells were then
o fixed, permeabilized and analyzed for BrdU incorporation using anti-
Determination of cell cycle phases BrdU-antibodies. Cells strongly stained for BrdU (S-phase) show
S-phase cells were identified by the incorporation of BrdU. To this endittle or no binding of CTX (CTX) or ST (ST).
Vero cells were incubated for 30 minutes under standard conditions
the presence of 50-1QM BrdU. Cells were washed with PBS, cooled
on ice and exposed to Cy-dye-labeled ST and CTX as below. Cel% of Vero cells were in G2 phase. For differentiation of PC12 cells
were fixed with 4% paraformaldehyde and permeabilized witrand neurons, 100 ng/ml NGF was added to the culture medium.
0.1% saponin. Following blocking with PBS/0.1% fish gelatine, the For synchronization by a double-thymidine block the exponentially
incorporation of BrdU into DNA was detected by immunofluorescenceyrowing Vero cells were arrested in G1 by treatment with thymidine
using either a BrdU-specific monoclonal antibody (1/100) in(3 mM) at 0.1% FCS. After 12 hours, cells were released from the
combination with Cy3- or Cy5-labeled rabbit-anti-mouse secondaryplock by washing with PBS and addition of fresh medium (DMEM,
antibodies (1/200) or a FITC-conjugated monoclonal anti-BrdU10% FCS). Cells were grown for another 10 hours and treated a second
antibody (1/100). time with 3 mM thymidine for 12 hours followed by release from the
To identify cells in G2 or metaphase, the expression andlock (as with the first block). Twelve hours after this release, 30-50%
intracellular distribution of endogenous cyclin B1 was analysed byf cells revealed a mitotic phenotype and nuclear staining for cyclin
immunofluorescence using a polyclonal rabbit anti-cyclin B1-antibodyB1. Binding of the toxins to the cell monolayer was analyzed 3, 6, 12,
or a mouse monoclonal anti-cyclin B1 antibody. For detection Cy-dyand 24 hours after the release from the second thymidine block.
labeled secondary antibodies were used. DNA was detected with DAPI Alternatively, cell monolayers were treated after 12 hours in culture
dissolved in Moviol. with 5 pg/ml colchicine for 2 or 3 hours. Detached cells were
sedimented by centrifugation (8@@or 5 minutes), washed with PBS
o and exposed to Cy-dye-labeled toxins at 0°C while in suspension. The
Synchronization and cell cycle arrest cells were washed again and sedimented by centrifugation. An aliquot
To obtain GO/G1 phase Vero cells, cells were maintained in 0.1% FC& the sedimented cells was plated on a cover slip for fluorescence
for 36 hours. After addition of serum within 8-10 hours, more tharmicroscopy.
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Fig. 5.Cells in G2 (cyclin B1 positive) and anaphase bind preferentially to Shiga toxin. (a,b) Non-synchronized Vero cells weréoexpose
Cy2-ST and Cy3-CTX and analyzed by fluorescence microscopy as in Fig. 1a. Cells were then fixed, permeabilized and imnfanostained
cyclin B1 (see Materals and Methods section). (a) and (b) represent different experiments of the same kind. Overlaythepresdaysof

CTX, ST and cyclin B1. (c) FACS-separated cells, binding either ST (lane 1) or CTX (lane 2) were extracted and identicabbpnoteihs
separated by SDS-PAGE. Immunoblots were performed using anti-cyclin-B1- and anti-protein disulfide isomerase antibodieprésaetS
extracts from the same cells but before FACS separation. The amount of protein in lane 3 was about four times thateaygdigchind| 2. (d)

A cell in anaphase shows a significant binding and uptake of ST but not of CTX. Chromatin staining with DAPI. The cellsivedreLti e
minutes after start of uptake of the toxins. At this time point significant amounts of the toxins have already entered the cells.

Binding of Cy-labeled Shiga and Cholera toxin to cell surface protein disulfide isomerase antibody (1/500) and detected by

receptors chemoluminescence using the same secondary horseradish-

The binding conditions for Shiga and Cholera toxin were similar tqeroxidase-labeled goat anti-rabbit antibody as above.

those described previously (Majoul et al., 1996). In short, cells were

exposed to 0.pig/ml each of CTX and/or ST at 0°C for 15 minutes. ) ] )

Unbound toxins were removed by Washing at 0°C. The temperatufénalyses of intracellular receptors for Cholera and Shlga toxin

was then increased to 25°C for 5 minutes. Immediately thereafter tiéon-synchronized Vero cells were incubated at 0°C with either Cy3-

live cells were analyzed by fluorescence microscopy. In this way, toxi8T or Cy5-CTX (0.5ug/ml) for 20 minutes. Cells were washed at 0°C

binding as well as initial toxin uptake could be analyzed. to remove unbound toxins followed by fixation with 4%

paraformaldehyde for 10 minutes. Thereafter cells were exposed to

) ) the same concentration of unlabeled toxins at 0°C for 5 minutes to

Immunoblotting of cyclin B1 from FACS-separated Vero cells block the remaining toxin receptors on the cell surface; they were then

Non-synchronized Vero cells were exposed to Cy-dye labeled ST andashed and fixed again with 4% paraformaldehyde for 5 minutes.

CTX as described above. Cells separated by FACS as described belRemaining aldehyde groups were blocked with 50 mMyBGIHCells

were lysed on ice in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl,were then permeabilized with 0.1% (w/v) saponin in PBS/0.1% fish

2 mM EDTA, 2 mM EGTA, 1% Triton X-100 with @g/ml leupeptin,  gelatin and stained with Cy-3 or Cy5-labeled toxins for 20 minutes at

2 pg/ml aprotinin, and 5M PMSF). Aliquots from the lysate were room temperature. Unbound toxins were removed by washing with

heated for 5 minutes in Laemmli sample buffer, resolved by 12% SD3BS, and cells were analyzed by fluorescence microscopy.

PAGE and electroblotted onto a PVDF membrane (ImmoBiprThe

membranes were blocked in 2% dry milk in PBS and incubated with ) ) )

a polyclonal rabbit anti-cyclin B1 antibody (1/1000) followed by Fluorescence and immunofluorescence microscopy and image

chemoluminescence detection with a horseradish-peroxidase-couplBgCessing

secondary antibody (ECL system, Amersham-Pharmacia, Freiburd)Vhen binding and uptake of Cy-dye labeled toxins was analyzed in

Antibodies were removed by incubation in 0.1 M citric acid, pH 3.3live cells, the cells remained in phenol red free DMEM with 5-7%

The blot was then probed a second time with a rabbit antiFCS. Fluorescence microscopy was performed with a Zeiss Axioplan
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Vero 317

Fig. 7.Vero 317 cells in S-phase do not bind to Cholera toxin. The
experimental conditions used were the same as in Fig. 4. Cells bind
CTX (upper right panel) but not ST (upper left panel). Cells in S-
phase (BrdU) do not bind Cy3-CTX (lower left panel). Cy3-CTX-
binding cells do not incorporate BrdU.

cells were separated using a BD FACSVantage SE flow cytometry
system (BD Biosciences), using filter settings for FITC and TRITC.
RNA was extracted from the separated cells according to
Chomczynski and Sacchi (Chomczynski and Sacchi, 1987) using the
peqGOLD RNA Pur reagent and the protocol of the supplier
(Peqglab, Erlangen, Germany). cDNA was synthesized using oligo-
dT primers and MMLV reverse transcriptase (DEfta RNA
. . . . Fingerprinting Kit, Clontech, Heidelberg, Germany). For
Fig. 6. Vero cells that do not bind Shiga or Cholera toxin also lack amplification, ten Sprimers (P1-P10) and niné-grimers (T1-T9)
internal toxin receptorga) CTX-binding cells. The left panels (two  \yere used (Delf RNA Fingerprintin Kit, Clontech, Heidelberg,
different experiments) show cells strongly binding Cy3-CTX to the Germany) together with Advantage Kléiaq polymerase in the
cell surface. The same cells also exhibit a strong binding of Cy5- presence ofd-32P]-ATP. The first cycle was run for 5 minutes at
CTX to internal binding sites after permeabilization, whereas cells 94°C, 40°C and 72°C; the following two cycles were run for 2 minutes
that bind little Cy3-CTX to the surface lack internal binding sites for 4t 94°c and for 5 minutes each at 40°C and 72°C. This was followed
Cy5-CTX. (b) (Upper panels) A cell that strongly binds to Cy2-ST  py 23 cycles run for 1 minute each at 94°C and 60°C and 2 minutes
also expresses internal binding sites for Cy5-ST. (Lower panels) Twg; 72°C. The PCR products were separated by electrophoresis on
cells that exhibit strong binding of Cy2-ST to the cell surface also denaturing 5% polycrylamide gels. The gels were blotted onto
show internal receptors for Cy5-ST after cell permeabilization. Note\ynatman 1 paper, vacuum-dried and autoradiographed using Kodak
that surrounding cells that possess almost no internal binding sites MR film. Differentially amplified cDNA-fragments were cut out
fail also to bind ST to the cell surface. from the gel and reamplified under high stringency conditions with
the P/T-primer combination used for differential display. The
amplified fragments were cloned using the TOBPJA cloning
kit (Invitrogen), amplified and sequenced. The possibility of
¢ contamination by somatic DNA was excluded by comparing the band
patterns of non-transcribed RNA-samples with those of RNA-free

Aex=514 nm for Cy3 fluorescence. | les: both identical ts. M ) h
Fixed cells, as used during the analysis of cell cycle markers (s€@Ntrol samples; both gave identical results. Moreover, using the
method described, intron sequences were never detected.

above), were observed using a filter set for AMCA, FITC and Cy3.

Simultaneous detection of Cy2- and Cy3-labeled samples was

performed with a Zeiss LSM 410 laser scan microscope using laser

excitation at 488 nm and 514 nm respectively. Cy5 was detected aﬁ{)esults

laser excitation at 633 nm. Vero cells from a non-synchronized population can bind
to both Shiga and Cholera toxin

Non-synchronized cells can bind to both toxins (Fig. 1a).
iL—éowever, a closer analysis of binding and internalization of the
t

microscope using 68Plan Achromat and 180Neofluar objectives
and filters for excitation ahex=488 nm for Cy2 fluoresence an

Differential display of Cholera and Shiga toxin bound cells

Non-synchronized Vero cells were plated on 1.4 cm culture dishes

described above. After 12 hours, cells were washed with PBS and the© toxins on the single cell Ievel _revealed that the binding of
dishes transferred to ice. Cells were treated for 20 minutes at 0°C wite two toxins by Vero cells exhibits a heterogeneous pattern.

Cy2-ST and Cy3-CTX (0.2ug/ml each). Unbound toxins were Under steady-state conditions, some cells showed a weak
removed by washing with ice-cold PBS. Cells were then detached Winding of both toxins, whereas most of the cells showed an
incubation with PBS containing 10 mM EDTA. Cy2- and Cy3-labeledalmost exclusive binding to either CTX or ST (Fig. 1a).
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Transcription is differently regulated in Shiga-toxin- and
Cholera-toxin-binding cells PC1 2

Vero cells were incubated with Cy2-ST and Cy3-CTX anc
separated by FACS. RNA from the separated cells wa
extracted, reversed transcribed and analyzed by differenti
display. The pattern of DNA fragments showed distinct
differences between ST- and CTX-binding cells (Fig. 1b)
Although the cDNAs corresponding to the RNA fragments
have not been identified yet, the different pattern shows clear
that the differences between the two cell populations is nc
restricted to their differential toxin binding.

The different toxin binding patterns correspond to
different phases of the cell cycle
When Vero cells were diluted to the single cell level anc
recultivated to obtain clonal cells, again a mixture of ST- ant
CTX-binding cells was obtained after 24-48 hours (data nc
shown), which indicates that the different toxin binding
patterns did not represent genetically different cells but rathe
different states of clonal cells. This led us to test the hypothes
that the differences in the binding of the two toxins might
reflect different phases of the cell cycle. The following
experiments were carried out to test this hypothesis.
Cultured cells in metaphase bind weakly to cover slips an
can, therefore, be detached by colchicine treatment ar
shaking, whereas cells in interphase or G1 remain on the gla
under the same condition. Therefore, Vero cells were treate
with colchicine as described in the Methods section, an
detached cells and cells that remained bound to the cover s DIC/BrdU
were analyzed for ST- and CTX-binding. The detached an
replated cells had a round-shaped appearance and bol
exclusively to ST (Fig. 2a), whereas most of the cells
remaining on the cover slip were larger, flat and irregularly
shaped and bound only to CTX (Fig. 2a). Of 150 detached ar
replated cells, all showed a strong binding of ST, whereas on
three of these cells exhibited a significant binding of CTX. Or

the other hand, of the 50 Iarge_, flat, irregula_rly shaped cells thFig. 8.PC12 cells also show cell-cycle-dependent expression of
had remained on the coverslip after colchicine treatment arreceptors for CTX. (a-c) represent identical cells. No binding of Cy2-

shaking, all bound strongly to CTX, and none of these cellsT is observed. Cy3-CTX binds almost exclusively to the large
exhibited a significant binding of ST. When the detached cellseripheral cells; (c) differential interference contrast picture.

which bound almost exclusively to ST, were reseeded, culturgd-g) NGF-differentiated cells show increased binding and uptake of
in the presence of serum for 12 hours and then analyzed f6y3-CTX (d) and (f), whereas undifferentiated cells characterized by
toxin binding, the normal distribution between CTX- and ST-their round shape and lack of axonal protrusions (small arrows in (d)
binding cells was obtained (Fig. 2b). These results indicate thafd ()) show little CTX-binding. (h) and (i) PC12 cells in S-phase
Vero cells in interphase or G1 bind preferentially to CTX, @S characterized by BrdU incorporation (i) do not bind CTX (h).
whereas cells in metaphase or anaphase bind mainly to ST.

To further substantiate this conclusion, Vero cells werand metaphase (Kakino et al., 1996; Jin et al.,, 1998). As
partially synchronized by a double thymidine block. Twelvedepicted in Fig. 4, cells in S-phase exhibited only low binding
hours after release from the block, 30-50% of the cells were iof both toxins, indicating that the expression of receptors for
metaphase or anaphase (Fig. 3). These cells bound almdsith toxins on the cell surface strongly decreases during S-
exclusively to ST (Fig. 3, upper left panel), whereas cells iphase. All of the 50 cells showing a strong incorporation of
interphase or G1, which were characterized by their stronBrDU exhibited either no or a very low binding to CTX and
adhesion and their flat and extended appearence, bound o&8y. When the degree of toxin binding was quantified using a
to CTX (Fig. 3, upper right panel). 7 degree scale (ranging from 1 equals no detectable binding to

In order to obtain a more detailed picture, we correlated thé equals very strong binding) the mean binding of CTX was
binding of the two toxins with the incorporation of BrdU on 2.3+1.1 and the mean binding of ST was 2.2+1.3. As the
one hand and the expression and intracellular distribution ddinding of CTX remained low through S-phase, G2, metaphase
cyclin B1 on the other. Strong incorporation of BrdU is anand anaphase (see below) it is clear that some BrDU-negative
indicator of S-phase, whereas an increased expression andaalls show a low degree of CTX-binding.
enhanced nuclear uptake of cyclin B1 is an indicator for G2 When cells move from S-phase into G2 and metaphase, the
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Fig. 10.A schematic presentation of cell-cycle-dependent differential
synthesis of receptors for Cholera and Shiga toxin.

binding of CTX and an increased binding of ST (Fig. 5d). Upon
transition into G1, binding of CTX reappears, whereas the

Fig. 9. Differential binding of Cy2-labeled Shiga toxin and Cy3-  apjility of the cells to bind to ST decreases or disappears.
labeled Cholera toxin to fetal mouse astrocytes and binding of Cy3-

labeled CTX to hippocampal neurons. (a) Binding of Cy3-CTX to

astrocytes. Binding conditions were the same as in Fig. 1a. During Decreased toxin binding results from decreased
inspection of the live cells under the fluorescence microscope, som?eceptor biosynthesis

CTX is taken up and accumulates in the Golgi. (b,c) Astrocytes that T ] )
exhibit significant BrdU incoporation (blue-white nuclei in (c)) show As binding of the two toxins to the plasma membrane is
only weak binding of ST (b) or CTX (c). (d,e) Binding and uptake of determined by the density of receptor molecules in the
Cy3-CTX by hippocampal neurons. All axons and dendrites exhibit anembrane, we conclude that the cell-cycle-dependent
strong binding of the toxin. In (e), several neuronal cells on top of a differential binding of the two toxins reflects cell-cycle-
Cy3-CTX-binding astrocyte are depicted. dependent expression of GM1 and Gb3 on the plasma
membrane. This could result from reduced or absent synthesis
expression of cyclin B1 increases together with an enhanced toxin receptors or from a block of receptor transport from the
translocation into the nucleus (Fig. 5a,b). This shift waplace of synthesis to the plasma membrane. Therefore, we
associated with an increase in the binding of ST, whereas tlamalyzed the expression of intracellular receptors in
binding of CTX remained as low as during S-phase (Fig. 5a,bpermeabilized Vero cells. Unpermeabilized cells showing strong
Out of the 60 cells that gave a strong nuclear signal for cyclihinding to CTX also exhibited significant binding of this toxin
B1, all showed a strong binding of ST, whereas binding of CTXo intracellular sites (Fig. 6a). The same holds for cells showing
to these cells was either undetectable or very low. Those ceBtrong surface binding of ST. Cells that exhibited no or little
in which significant amounts of cyclin B1 were detected in théinding of either toxin to the cell surface were also devoid of
nucleus, showed a very strong binding of ST. This was furthentracellular toxin binding sites for the corresponding toxin after
substantiated by estimating the amount of cyclin B1 frontell permeabilization (Fig. 6a,b). This allows for the conclusion
immunoblots from ST- and CTX-positive cells after theirthat changes in the binding of either toxin results from the
separation by FACS (Fig. 5c). Clearly, the cells preferentiallicorresponding changes in synthesis of the glycolipid receptors.
binding to ST expressed significantly more cyclin B1 than the
CTX-positive cells. o .
In summary, we find that cells in interphase and G1 bin&e€ll-cycle-dependent binding of Cholera toxin to Vero
almost exclusively to CT. Cells in S-phase exhibit a decreasetl 7 cells
binding of both toxins, whereas the transition from S-phase tBoth the ganglioside GM and the globoside Gbare
the G2, metaphase and anaphase is associated with a lossyithesized from the same precursor, namely lactosyl
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ceramide. We, therefore, explored the possibility that amiscussion
increased synthesis of Gb3 from lactosylceramide during laté/e show here that glycosphingolipid receptors specific for two
G2 and M-phase might have competed for the synthesis different AB5 toxins exhibit cell-cycle-dependent changes in
GM3 or GA2, precursors of GM1 (Fig. 10). This hypothesistheir expression on the cell surface. The expression of the ST
was tested in Vero 317 cells, which are unable to bind STeceptor globotriaoside Gb3 is low during interphase and G1,
(Pudymaitis et al., 1991) while still binding CTX (Fig. 7). As as well as during S-phase. It strongly increases during G2 and
these cells also show a decreased or absent binding of ST afteetaphase. In contrast, the highest expression of the CTX
permeabilization of the cells in comparison to normal Veraeceptor GM1 takes place during interphase and G1, decreases
cells (data not shown), the decreased surface binding of ST biyring S-phase and stays low during G2, metaphase and
Vero 317 cells indicates not simply a disturbed translocation delophase. One practical aspect of these results is that they offer
Gb3 to the plasma membrane but a decreased synthesis of Ga3fast and straightforward method for assessing cell-cycle
Therefore, if the decreased binding of CTX during S-phase, Gghases at the single cell level in non-synchronized cells.
and M-phase in normal Vero cells results from a competition A decreased expression of these glycolipids on the cell
for lactosylceramide owing to increased Gb3 synthesis, suchsairface could reflect either their decreased net synthesis or an
decrease should not occur in Vero 317 cells. We analyzethhibition of their translocation from the Golgi to the plasma
therefore, the cell-cycle-dependent binding of CTX in Veromembrane. An enhanced degradation of the glycolipids or their
317 cells. increased endocytosis could also be responsible. We observed
Similar to normal Vero cells, Vero 317 cells show CTXthat cells that did not bind ST or CTX on the outer plasma
binding in flat, extended cells of the GO/G1-type (Fig. 7). Veranembrane had also lost the corresponding binding sites inside
317 cells in S-phase, which are characterized by a higtie cell. This argues strongly for an increased net synthesis of
incorporation of BrdU, bound little or no CTX (Fig. 7). From Gb3 or GM1 in cells exhibiting an increased binding of ST or
this we conclude that the cell-cycle-dependent changes @TX, respectively. Using verotoxin, a Shiga-like toxin, in
expression of the CTX-receptor GM1 on the cell surfacexperiments with Vero cells, Pudymaitis and Lingwood
does not result from a cell-cycle-dependent competition fo(Pudymaitis and Lingwood, 1992) observed a maximum
lactosylceramide. This conclusion is supported by datéoxicity at the G1/S-phase boundary but could not detect
obtained from PC12 cells and from astrocytes (see below). changes in the cellular Gb3 content or in the incorporation of
[¥“C]-galactose into Gb3. In these experiments, the whole
o population of cultured cells was analyzed at different time
Cell-cycle-dependent binding of CTX to PC12 cells, points after a double-thymidine block. Thus, a correlation
primary cultured hippocampal neurons and astrocytes between surface expression of Gb3 and parameters of the cell
We next addressed the question of whether the cell-cycleycle could not be examined at the single cell level. It is our
dependent expression of toxin receptors is restricted to Vemexperience that Vero cells after a double-thymidine block start
and Vero 317 cells or whether it occurs also in completelyvithin a few hours to desynchronize. Therefore, the cell-cycle-
different cell types. dependent expression of Gb3 and GM1 can be reliably
To this end, we performed experiments with PC12 cells, aorrelated only by analyzing single cells. Interestingly
neuro-endocrine cell line. PC12 cells bind CTX but not STPudymaitis et al. (Pudymaitis et al., 1991) observed that in
(Fig. 8a,c). But not all PC12 cells showed strong CTX bindingyerotoxin-resistant Vero cells the decreased toxin binding was
many cells exhibited weak or no CTX binding. In particularparalleled by a decreased cellular Gb3 content and a strong
PC12 cells in S-phase, as indicated by a high incorporation oéduction of the activity of UDP-galactose:lactosylceramide-
BrdU, did not bind CTX (Fig. 8h,i). In order to achieve somea-galactosyltransferase, which converts lactosylceramide into
kind of synchronization, we treated PC12 cells with NGF, a&b3 (Kojima et al., 2000; Keusch et al., 2000). As we found
this growth factor is known to induce cellular differentiationhere an inverse relationship between the binding of CTX and
and arrest of the cells in GO/G1 (Hughes et al., 2000). Indeethat of ST we considered the possibility that the biosynthetic
all cells showing signs of differentiation (flat, extended shapeagactions leading to GM1 and Gb3 respectively might compete
development of axonal protrusion or axons) bound CTX (Figfor the common precursor lactosylceramide and that a cell-
8d,g). This indicates that in PC12 cells, CTX binding iscycle-dependent change in the activity afgalactosyl-
regulated by the cell cycle in a similar way as in Vero and Vertransferase-activity might be responsible for the observed
317 cells. This conclusion was further supported by ouchanges. However, as shown here by the experiments with the
observation that primary cultured hippocampal neuronal cell§T-resistant Vero317-cell line, the cell-cycle-dependent
which exist only in interphase, uniformly exhibited a strongchanges in the expression of GM1 on the cell surface occurred
binding to CTX (Fig. 9d,e). in the same way as in normal, ST-sensitive cells. These data
As the hippocampal neuronal cells were cultivated on top ofvere confirmed by our experiments with PC12 cells.
a feeder layer of astrocytes, we have also explored the bindingAt the moment we can only speculate on the biochemical
of the two toxins to these cells. Astrocytes bound ST as wethechanism underlying the cell-cycle-dependent expression of
as CTX, but, similar to Vero cells, cells exhibiting a strongGM1 on one hand and Gb3 on the other. These mechanisms
binding of ST did not bind CTX and vice versa (Fig. 9a,c).must act downstream of the synthesis of lactosylceramide as
Furthermore, astrocytes in S-phase, as indicated by a strotilgs metabolite is a common precursor for both types of
incorporation of BrdU, showed little binding of both toxins glycosphingolipids. Synthesis of Gb3 may then be regulated
(Fig. 9b,c). Thus, astrocytes show the same cell-cyclddy the cell-cycle-dependent expression of the highly specific
dependent differential expression of receptors for ST and CTX-galactosyltransferase (Kojima et al., 2000; Keusch et al.,
as Vero cells. 2000).
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The biosynthesis of GM1 may involve several steps. Arsensitivity towards NGF was lost but could be restored by the
UDP-N-acetyl-galactosyl transferase converts lactosylceramidmddition of GM1 (Mutoh et al., 1995).
to GA2, and GM3 to GM2, both precursors of the CTX- It thus appears that glycosphingolipids are involved in the
receptor GM1. It has been reported in a hybrid rat gliomatuning of complex processes like growth and differentiation,
neuroblastoma cell line, that the activity of this enzyme reachasghich are tightly linked to cell cycle activity. Further progress
a maximum during S- and G2-phase (Scheideler et al., 1984j)ill require a knowledge of the physiological ligands for the
This is not in line with our observation that the expression oflycosphingolipid receptors on the plasma membrane.
CTX receptors on the cell surface reaches a minimum during
S- and G2-phase. We wish to thank Hartmut Sebesse of the repro-division of our

Another possibility would be a celI-cycle-dependentinS“tUte for help with image processing. This work was supported by
regulation of sialyltransferase I, which catalyzes the conversio%alnts of the Deutsche Forschungsgemeinschait (grant So 43/So 60-
of lactosylceramide to GM3, and of GA2 to GAL, both and of the Fond der Chemischen Industrie given to H.D.S.
precursors for GM1. The activity of this enzyme reaches its
maximum during telophase and G1 and is elevated in contagteferences
inhibited cultured cells (Burczak et al., 1984). Anothergyrczak, J. D., Fairley, J. L. and Sweeley, C. ((1984). Characterization of
mechanism has also to be considered, namely regulation bya CMP-sialic acid: lactosylceramide sialyltransferase activity in cultured
breakdown. Scheideler et al. (Scheideler et al., 1984) observedhamster cellsBiochim. Biophys. Act804, 442-449. _
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