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The potent cytolethal distending toxin produced by Haemophilus ducreyi is a putative virulence factor in
the pathogenesis of chancroid. We studied its action on eukaryotic cells, with the long-term goal of
understanding the pathophysiology of the disease. Intoxication of cultured human epithelial-like cells,
human keratinocytes, and hamster fibroblasts was irreversible, and appeared as a gradual distention of
three- to fivefold the size of control cells. Organized actin assemblies appeared concomitantly with cell
enlargement, promoted by a mechanism that probably does not involve small GTPases of the Rho pro-
tein family. Intoxicated cells did not proliferate. Similar to cells treated with other cytolethal distend-
ing toxins, these cells accumulated in the G2 phase of the cell cycle, demonstrating an increased level of
the tyrosine phosphorylated (inactive) form of the cyclin-dependent kinase p34<d<2. DNA synthesis was
not affected until several hours after this increase, suggesting that the toxin acts directly on some
kinase/phosphatase in the signaling network controlling the p34¢4< activity. We propose that this toxin
has an important role both in the generation of chancroid ulcers and in their slow healing. The toxin

may also be an interesting new tool for molecular studies of the eukaryotic cell- cycle machinery.

J. Clin. Invest. 103:107-115 (1999).

Introduction
Haemopbhilus ducreyi is a Gram-negative, facultatively
anaerobic coccobacillus that causes chancroid (soft
chancre). This sexually transmitted disease develops with
characteristic mucocutaneous, shallow ulcers on the
external genitals. The ulcers are painful and show a pro-
nounced retardation of healing. The disease is endemic
in many developing countries, where an association
between genital ulcers and transmission of HIV has been
demonstrated (1-4). Information is limited concerning
the pathogenic mechanisms responsible for the devel-
opment of ulcers in chancroid. A few bacterial compo-
nents potentially involved in destruction of cells and tis-
sues have been identified. The lipo-oligosaccharide
caused a dermal lesion in animal models (5, 6), but the
concentrations needed were unphysiologically high. The
122-kDa cell-associated hemolysin was able to kill
human foreskin fibroblasts in vitro (7, 8), but a
hemolysin-negative isogenic mutant was equally active
as the wild type in causing pustules in human skin (9).
A separate, secreted cytotoxin of H. ducreyi was shown
to kill cultured epithelial-like cells of human origin (10).
Immunization of rabbits with live bacteria or bacterial
products elicited toxin-neutralizing serum antibodies
(11). The toxin produced by different H. ducreyi strains
was immunologically similar. A neutralizing monoclon-
al antibody (MAB M4D4) was prepared and used for
immunoaffinity purification (12), yielding a cytotoxic
20-kDa protein that shared the same or similar epitope

for all toxic strains (12). This H. ducreyi toxin induced cell
enlargement followed by cell death (10). The effect is
similar to that of the cytolethal distending toxins (CDTs)
encoded by a cluster of three linked genes (cdtA,B,C) that
have been detected in Escherichia coli (CDT-I, CDT-II,
CDT-III) (13-15), Shigella (16), Campylobacter (17), and
Actinobacillus actinomycetemcomitans (18).

Recently, the H. ducreyi cytotoxin was shown to be
encoded by a similar cluster of three linked genes (19).
Henceforth in this paper, it will be referred to as the H.
ducreyi cytolethal distending toxin (HACDT). The three
proteins have calculated molecular masses of 25, 30, and
20 kDa and are 38%, 51%, and 24% identical with the
products of the E. coli genes encoding CDT-I (13).
HACDT is even more related to the Actinobacillus CDT:
the identities between the predicted amino acid
sequences are 91%, 97%, and 94% (18). To our knowl-
edge, HACDT is the only one of the CDTs known to
date that has been purified. The NH,-terminal amino
acid sequence of the purified HICDT (12) showed 100%
homology with the NH,-terminal sequence of the
cloned 20-kDa c¢d:tC protein product (19). The HICDT-
neutralizing MAB M4D4 (12) bound to a His-fusion
involving the 20-kDa ¢dtC protein product (19). These
findings suggest that the active site of the toxin is local-
ized in the C protein (19). Nonetheless, all three H.
ducreyi cdt genes had to be expressed in recombinant E.
coli strains to produce cytotoxic culture supernatants
(19). Similar findings have been reported for the E. coli
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Figure 1

Effect of HdCDT on HaCat keratinocytes. Growing cells were exposed to 122 ng/ml HACDT for 2 h at 37°C. After postincubation in medium for 48

h (a) or 24 h (b), cells were fixed and stained with Giemsa. (¢) Control cells, 48 h. x100. HICDT, Haemophilus ducreyi cytolethal distending toxin.

108

CDTs, but the roles of the cdtA and cdtB protein prod-
ucts are not yet clear (13, 15).

The E. coli, Campylobacter, and Actinobacillus crude CDTs
have all been shown to induce cell-cycle arrest in the G2
phase (15, 18, 20, 21). A requirement for the transition
of cells from G2 into mitosis is that the cyclin-depend-
ent kinase p34¢d< is activated. The final step in that
process is a dephosphorylation in Thr-14 and Tyr-15 of
p34<d<2 (22). A hyperphosphorylation of p34<d< has been
reported to occur concomitantly with the cell-cycle arrest
induced by CDTs (20, 21). Here we report that the puri-
fied HACDT also induces G2 arrest and inactivation of
p34<de2 The tyrosine phosphorylation of p34<d< was the
earliest detectable toxin-induced effect, occurring before
HEp-2 cell enlargement and promotion of the actin
cytoskeleton (ACSK). HACDT did not act by adenosine
diphosphate (ADP) ribosylation or glucosylation, and
the ACSK effect appeared not to involve small guanosine
triphosphatases (GTPases) of the Rho protein family.
HACDT is likely to play an important role in the devel-
opment, persistence, and slow healing of the ulcerative
lesions characteristic of chancroid.

Methods

Materials. HACDT was purified by immunoaffinity chro-
matography as described (12). The protein concentration was
122 pg/ml. Toxin B from Clostridium difficile (TcdB) and Lethal
Toxin from Clostridium sordellii (TcsL) were kindly supplied by
C. von Eichel-Streiber (University of Mainz, Mainz, Germany).
Clostridium botulinum exoenzyme C3 was from Upstate Biotech-
nology Inc. (Lake Placid, New York, USA). UDP-[!*C]glucose
(specific activity 318 mCi/mmol) and [3?P|NAD (specific activ-
ity 800 Ci/mmol) were from Du Pont Nen (Dreieich, Germany).
Methyl-[*H]thymidine (specific activity 5.0 Ci/mmol) and [y-
32P]ATP (specific activity 30 Ci/mmol) were from Amersham
Sweden AB (Solna, Sweden). All other reagents were of analyti-
cal grade and obtained from local commercial sources.

Cell culture and toxin treatment. Human larynx carcinoma
cells (HEp-2; American Type Culture Collection [ATCC] No.
CCL-23), Chinese hamster lung fibroblasts (Don; ATCC No.
CCL-16), human cervix carcinoma cells (HeLa; ATCC No.
CCL-2), and a human keratinocyte line (HaCaT; kindly pro-
vided by N.E. Fusenig, Heidelberg, Germany) (23) were culti-
vated in Eagle’s MEM supplemented with 10% FBS, 5 mM L-
glutamine, penicillin (100 U/ml), and streptomycin (100 pg/
ml) in a humid atmosphere containing 5% CO,. Mouse Swiss
fibroblasts (3T3; ATCC No. CCL-92) were cultivated in
DMEM with supplements as already described here. HEp-2 or

HeLa cells in logarithmic growth phase (in 96-well or 24-well
plates) were cooled on ice for 15 min before addition of ice-
cold toxin (122 ng/ml). After 15-min exposure, the cells were
washed three times with cold HBSS. Eagle’s MEM was added
and the cells were further incubated at 37°C. Don and 3T3
fibroblasts were exposed to 122 ng/ml HACDT continuously
at 37°C. HaCaT cells suspended in culture medium were
treated with HACDT for 2 h at 37°C followed by toxin-free
growth medium as described previously (10). The cytopathic
effect (CPE) was neutralizable by preincubation of the toxin
(30 min at 37°C) with the MAB M4D4 (12).

Staining of F-actin with FITC-phalloidin and measurement of cell
area. HACDT-treated cells were stained with FITC-phalloidin
and visualized by fluorescence microscopy as previously
described (24). Ten randomly chosen fields were photographed
and the negatives scanned (Personal Densitometer SI; Molecu-
lar Dynamics, Sunnyvale, California, USA). The cell areas were
quantified using ImageQuant software (Molecular Dynamics).

Assay of small GTPases. Small GTPases in cell lysates were
labeled with the glucosyltransferase toxins TcdB and TesL in
the presence of UDP-['“C|glucose. The GTPases were separat-
ed by SDS-PAGE and visualized by PhosphorImager (Molecu-
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Figure 2

Area of HdCDT-treated HEp-2 cells. Cells were treated with HdCDT (15
min on ice). After postincubation at 37°C for the times indicated, cells
were stained with FITC-phalloidin and photographed. Cell areas were
quantified using ImageQuant software, and the results were expressed as

percentage + SD of untreated control cells.
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lar Dynamics) analysis as described (25). Cell lysates were son-
icated three times for 3 s, centrifuged (3,500 g x 10 min), and
the supernatants were subjected to high-speed centrifugation
(52,000 g% 1 h) at 8°C. The supernatants from the second cen-
trifugation were used as cytosol. The pellets, resuspended in
200 pl of lysis buffer, were used as the membrane fraction.

Assay of ADP-ribosyltransferase activity and glucosyltransferase
activity. ADP-ribosyltransferase activity was assayed as
described (24) by incubating HICDT (12.2g/ml) with fresh
cell lysate and [3?P]NAD for 60 min, followed by SDS-PAGE
of the proteins and detection of radioactivity. The C. botulinum
ADP-ribosyltransferase C3 served as positive control. Gluco-
syltransferase activity was assayed as described (25), with TcdB
as positive control.

Assay of DNA synthesis. DNA synthesis was assayed by two
methods: () Toxin-treated HEp-2 cells were incubated at 37°C
in medium for 6, 12, and 24 h followed by fresh medium with
10 pg/ml bromodeoxyuridine (BrdU; Sigma Chemical Co., St.
Louis, Missouri, USA) for 12 h. Cells were fixed and permeabi-
lized for immunofluorescence (24) and incubated (90 min) ina
humid chamber with monoclonal anti-BrdU (Clone BU-33;
Sigma Chemical Co.) diluted 1:1,000 in PBS containing 0.5
mg/ml DNAse I (Sigma Chemical Co.) and 0.1 % BSA. After two
rinses with PBS and incubation (60 min at 22°C) with tetrarho-
damine isothiocyanate (TRITC)-rabbit anti-mouse conjugate
(diluted 1:250), BrdU-incorporating cells were visualized by flu-
orescence microscopy and counted in 10 randomly chosen
fields. (b) Cells growing in 24-well plates were exposed to toxin
(quadruplicate samples) and postincubated in fresh medium as
already described here. At the indicated times, the cells were
incubated for 30 min with [*H|thymidine (1 pCi/ml), and then
rapidly removed by trypsinization and treated for 30 min with
trichloroacetic acid (final concentration 10%). The macromol-
ecular fraction was precipitated by centrifugation (13,000 g% 10
min), washed in 10% trichloroacetic acid, dissolved in scintilla-
tion liquid (OptiPhase HiSafe; Fisons Chemicals, Loughbor-
ough, United Kingdom), and counted on a liquid
scintillation counter (LKB Wallac, Loughborough, United King-
dom).Cell cycle analysis by flow cytometry. Cells were treated with
122 ng/ml HACDT, rinsed with HBSS, scraped off (Cell Scraper;
Nalge Nunc International, Naperville, Illinois, USA), and cen-
trifuged (3,500 g x 7 min). The pellet was resuspended in 1.5 ml
HBSS and fixed at 0°C for 10 min with 3 ml ethanol (70%). The

-
-
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cells were pelleted and stained for 15 min with 1 ml propidium
iodide (PI) solution (0.05 mg/ml; RNAse, 0.02 mg/ml; NP40,
0.3%; sodium citrate, 1 mg/ml). Flow cytometry analysis of the
DNA content was performed with a FACSort flow cytometer
(Becton Dickinson Immunocytometry Systems, San Jose, Cali-
fornia, USA). The data from 103 cells were collected and ana-
lyzed using CellQuest software (Becton Dickinson).

Western blot. Cells were lysed in 300 pl of SDS electrophoresis
sample buffer (26) and samples were boiled for 10 min. The
proteins were separated by 10% SDS-PAGE, transferred to Pro-
tran Nitrocellulose (Schleicher & Schuell, Dassel Germany) and
probed with antiphosphotyrosine (Upstate Biotechnology) or
anti-cdc2 (Transduction Laboratories, Lexington, Kentucky,
USA) antibodies. Blots were developed with a Chemilumines-
cence Western Blotting Kit (Boehringer Mannheim,
Mannheim, Germany) using a peroxidase-labeled secondary
antibody. The amount of protein in the lysates was determined
by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, Cal-
ifornia, USA) using BSA as a standard.

Two-dimensional gel electrophoresis. Cells were lysed in sample
buffer (26), boiled for 10 min, cooled on ice for S min, and treat-
ed for 8 min at 22°C with a 1:20 diluted solution of DNAse I (1
mg/ml), RNAse (0.25 mg/ml), 0.5 M Tris, 0.1 M MgCl, (pH 7.0).
Lysates were incubated 20 min at 22°C with acetone (final con-
centration 80%) and centrifuged (12,000 g X 10 min). The pellet
was washed once with acetone, centrifuged, dried for 5 min, and
resuspended in 50 pl of buffer (9.9 M urea; 4% Triton X-100; 2.2%
ampholytes; 100 mM 2-mercaptoethanol). After isoelectric focus-
ingin 11-cm Immobiline dry strips (pH 3-10; Pharmacia Biotech
AB, Sollentuna, Sweden), the proteins were separated in the sec-
ond dimension by 10% SDS-PAGE, transferred to nitrocellulose,
and probed with anti-phosphotyrosine or anti-cdc2 antibodies.

Assay of cell proliferation and cell death. Cells were treated with
HACDT for 15 min on ice or continuously at 37°C. At differ-
ent time points, quadruplicates of control and treated cells were
removed by trypsinization and counted. Cell death was assayed
by uptake of trypan blue (0.025%).

Immunoprecipitation of p34<2. HEp-2 cells in 75-cm? flasks
were treated with HACDT for 15 min on ice followed by medi-
um for 24 h. Control cells were treated with nocodazole (100
nM) for 16 h or untreated. The p34<d< was immunoprecipitat-
ed using the Immunoprecipitation Kit (Protein G) (Boehringer
Mannheim) with 4.5 g of cdc2 antibody and incubation for 5

Figure 3

Effect of HdCDT on the ACSK of HEp-2 and Don cells. HEp-2 cells (a and b) were treated with toxin (15 min on ice) and postincubated at 37°C for
48 h. Don cells (¢—f) were exposed to HdCDT for 24 h at 37°C. F-actin was stained with FITC-phalloidin as detailed in Methods. HEp-2 cells: con-
trol (a) and toxin treated (b); Don cells: controls (c, €) and toxin treated (d, f). X400 (a—d); X1000 (e and f). ACSK, actin cytoskeleton.
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Effect of HACDT on small GTP-binding proteins. HEp-2 cells were treated
with HACDT (15 min on ice) and postincubated at 37°C for 24 h. Lysates
were prepared from these cells (+) and control cells (-). Cytosolic (C) and
membrane (M) fractions were prepared by differential centrifugations and
incubated (1 h at 37°C) with TcdB or TcsL in the presence of UDP-
['“C]Glucose. Proteins were separated by 12.5% SDS-PAGE, and radiola-
beled bands were detected by Phosphorlmager analysis. TcdB, Toxin B from
Clostridium difficile; TesL, Lethal Toxin from Clostridium sordellii.

h with the protein G-agarose beads. Samples were analyzed by
Western blot with anti-phosphotyrosine antibodies.

Assay of histone H1 kinase activity. p34°42 in HEp-2 cell lysates
(1,500 pg protein) was immunoprecipitated. The p34°4?/cyclin
B complexes were incubated 10 min at 37°C with 2.5 puCi of [y-
32P], 10 pg of histone H1 (Boehringer Mannheim), 100 mM
NaCl, 10% Triton X-100, 50 pM ATP, and 10 mM MgCl,. Then,
10% SDS-PAGE radiolabeled bands were analyzed using a Phos-
phorlmager SF (Molecular Dynamics).

Results
Sensitivity of different cell lines to HICDT and optimal conditions
for toxin treatment. A 15-minute exposure of precooled
HEp-2 or HeLa cells to ice-cold HACDT, followed by fresh
toxin-free growth medium, sufficed to induce a morpho-
logical change in 12-24 hours, later resulting in cell death.
Also the human keratinocyte line HaCat was sensitive
(Fig. 1), although in this case, a two-hour incubation with
HdCDT at 37°C was needed before the postincubation in
medium. A requisite for the CPE in Don fibroblasts was
the continued presence of HICDT in the medium. Mouse
3T3 fibroblasts, however, did not change morphology
even when treated continuously with HdCDT. Most
experiments presented in the following section were per-
formed on HEp-2 cells, using the 15-minute binding step
on ice with 122 ng/ml HACDT. These standard condi-
tions were optimal for obtaining a reproducible CPE,
beginning 12-15 hours after toxin treatment.
HACDT-treated cells are enlarged, followed by shrinkage
and deterioration. The first morphological change seen
in toxin-sensitive cells was an enlargement. In HaCat
cells, this was clear 24 hours after treatment with 122
ng/ml (Fig. 1b) and cells rounded up after 48 hours
(Fig. 1a). In HEp-2 and HeLa cells, a distention was
already obvious 15 hours after toxin binding and max-
imal in 72 hours. After 24 hours, HEp-2 cells were
three times, and after 72 hours five times, larger than
the average control cell (Fig. 2). About 48 hours after
toxin exposure, cells began to round up and shrink.
Such cells incorporated trypan blue, indicating a dam-
aged plasma membrane. Don fibroblasts were maxi-
mally enlarged after 24 hours of continued HdCDT
treatment (122 ng/ml) and were completely destroyed
without rounding after a total exposure time of 48
hours (data not shown).

The ACSK is promoted in HACDT-treated cells. Another
member of the CDT family was shown to induce actin
rearrangements in Chinese hamster ovary (CHO) cells
(27). Similar changes of F-actin occurred in HdCDT-
treated cells. Prominent stress fibers developed and
membrane ruffling was promoted in both HEp-2 and
Don cells (Fig. 3, b, d, and f). Thus, the earliest morpho-
logical effect of HACDT on these cells is a distention
appearing concomitantly with a promoted ACSK.

Given that small GTPases control both the ACSK (28)
and cell proliferation (29), we asked whether HACDT
might affect such proteins. For detection of small GTPas-
es, we used two glucosyltransferase toxins, TcdB and
TesL, produced by C. difficile and C. sordellii, respectively,
and known to glucosylate small GTPases of the Rho and
Ras subfamilies (24). Lysates made of HACDT-treated
and maximally enlarged HEp-2 cells were mixed with
each glucosyltransferase in the presence of UDP-[*C]glu-
cose (Fig. 4). Three observations suggested that HICDT
had no effect on small GTPases: () no alteration was
detectable in the electrophoretic mobilities of any of the
GTPases glucosylated by either TcdB or TesL; (b) the
extent of GTPase glucosylation by TcdB/TcsL was not
altered in HACDT-intoxicated cells; and (c) the distribu-
tion between the cytosolic and membrane fractions of
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Effect of HAICDT on cell proliferation. (a) HEp-2 cells were treated with
HdCDT (15 min on ice), postincubated at 37°C for the times indicated,
trypsinized, and counted. (b) 3T3 cells were treated with HICDT at 37°C
continuously until trypsinization and counting at the times indicated.
Each point represents the mean of quadruplicate samples + SD. Thisis a
representative experiment of two experiments, each of which was con-
ducted with quadriplicate samples.
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140 shown). By contrast, 3T3 fibroblasts proliferated nor-

a ] mally despite the continuous presence of HICDT in the
3 120 — medium (Fig. 5b), consistent with the finding that these
25 1007 cells were not morphologically altered by the toxin. The
o & 80 synthesis of DNA in HICDT-exposed HEp-2 cells was
'%E T not affected up to 18 hours after treatment, and incor-
30\3 60 poration of both BrdU and [*H]thymidine was decreased
57 404 24-36 hours after toxin exposure (Fig. 6). Thus, the divi-
£ sion of cells responding to HACDT with a CPE was irre-
20 1 versibly inhibited, but a blocked DNA synthesis was not
0 I the primary cause of this antiproliferative effect.

18 24 36 HACDT-treated cells are arrested in G2 phase. Flow cyto-
Incubation timehafte" toxin treatment metric analysis of HHCDT-treated HEp-2 cells indicated
(hours) a block in the G2/M phase (Fig. 7), similar as described
b 140 for other CDTs (15, 20). The nuclei were enlarged and no
S 120- _l_ mitotic ﬁgures were seen, suggesting that the cells were

g blocked in the G2 rather than the M phase.
g ~ 1007 3442 in HACDT-treated cells remains tyrosine phosphorylat-
§ ,g 80- ed and inactive. A hyperphosphorylation of the p34<dc
‘e 8 kinase was demonstrated in cells treated with other CDTs
56 607 (20, 21). We probed the proteins in HACDT-treated cells
_g 3 40 by Western blot with anti-phosphotyrosine antibodies.
= Indeed p34<d<? was significantly more phosphorylated
F 207 than in control lysates (data not shown). The p34<4< pro-
0 tein was immunoprecipitated and its kinase activity was
6 12 24 measured. In toxin-treated cells, the p34°4<2 kinase activ-
Incubation time after toxin treatment ity was about 20% of that in cells synchronized into the
(hours) G2/M phase by treatment with nocodazole (Fig. 8a).
Figure 6 Immunoprecipitated p34¢< was visualized with anti-

DNA synthesis in HdCDT-treated cells. (a) Incorporation of BrdU. HEp-
2 cells treated with HACDT for 15 min on ice were postincubated for
18,24, and 36 h in medium at 37°C. BrdU (10 Hg) was present during
the final 12 h, and its incorporation was visualized by staining with

phosphotyrosine antibody (Fig. 8b). As expected, the
p34<d<2 in nocodazole-treated cells showing a high kinase

anti-BrdU. (b) Incorporation of [*H]thymidine. HEp-2 cells treated with a =
HACDT as described above were postincubated for 6, 12, and 24 h. ™~
[3*H]thymidine (1 pCi/ml) was present during the final 30 min, and its 2] Gl
incorporation in DNA was determined as detailed in Methods. Mean w7
values + SD of three different experiments. BrdU, bromodeoxyuridine. o]
%-l -
] G2M
% 4
GTPases glucosylated by these toxins was not changed. o]
HACDT lacks ADP-ribosyltransferase or glucosyltransferase =]
activities. Because ADP ribosylation is a common effect of w ]
many bacterial toxins, we investigated whether HAICDT g ° 1“00 1 P
would ADP ribosylate some cellular target protein. HEp- S 1 1
2 cell lysates were treated with HICDT in the presence R
of [3?P]NAD according to a protocol described previous- o
ly (24) and using C. botulinum exoenzyme C3 as positive £
control. However, no ADP-ribosylated proteins were ] G2/mM
detectable in such treated cell lysates (data not shown). 3
HACDT was also devoid of glucosyltransferase activity o]
as tested in a principally similar way (25), but using &
UDP-[*“C]glucose as the cofactor and C. difficile TcdB as o] Gl
the positive control (data not shown). Thus, none of =
these two enzymatic activities can be responsible for the
cytotoxic effect induced by HACDT. B 1 >
HACDT inbibits cell proliferation. We determined the " 1 b
DNA content

capacity of HdCDT-treated cells to proliferate by count-

ing them at various stages of intoxication. After the brief Figure 7
Standa?d exposure to HdCDT: the HEp-2 cells appar-  Flow cytometric analysis of HdCDT-treated HEp-2 cells. DNA was stained
ently did not divide at all (Fig. 5a). The same effect was  with propidium iodide. (a) Control cells. (b) Cells exposed to HICDT (15
induced in HaCat, HeLa, and Don cells (data not minonice)and postincubated for 36 h.
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activity was not tyrosine phosphorylated, whereas that in
the toxin-treated cells was (Fig. 8b). Although the p34<d<2
in untreated control cells was also not phosphorylated,
its activity (Fig. 84) was as low as in the HACDT-treated
cells, because most of these cells were in interphase; i.c.,
the p34<d2/cyclin complex was not yet formed.

The phosphorylation of p34°4<2 was already increased
six hours after toxin exposure, as judged both by the
labeling intensity of the protein and the fact that it
migrated somewhat more slowly than that in control cell
lysates (Fig. 94). By contrast, the HICDT-insensitive 3T3
fibroblasts showed no change in tyrosine phosphoryla-
tion of p34<d (Fig. 9b), indicating that the observed
phosphorylation was indeed related to the cytotoxicity.
A two-dimensional separation of the proteins in HEp-2
cell lysates identified two proteins reacting with anti-
p34<d<2 antibodies in control cells (Fig. 10c). In lysates
from HdCDT-treated cells, three new spots appeared in
the more acidic part of the gel (Fig. 10b). Two of these
were significantly tyrosine phosphorylated and migrat-
ed more slowly than the unphosphorylated forms (Fig.
10a). We conclude that HICDT treatment prevents the
exit of cells from the G2 phase, because their p34<dc
remains inactive owing to tyrosine phosphorylation.

Discussion

Our long-term aim is to understand the pathophysiolo-
gy behind the H. ducreyi infection by investigating the
molecular actions of putative virulence factors of this
bacterium (30). Here we show that the CDT purified
from H. ducreyi, like other members of the CDT family
(15,20, 21), irreversibly blocks mammalian cell prolifer-
ation by inducing cell-cycle arrest in G2.

Sensitive cells and receptor. We reported previously (10)
that HICDT was able to intoxicate human epithelioid
cell lines. We now show that the spectrum of toxin-sensi-
tive cells is broader, including a human keratinocyte line
as well as hamster lung fibroblasts. In addition, we have
recently observed that normal human monocytes, T and
B cells, as well as normal human epidermal keratinocytes
and fetal human fibroblasts, are sensitive to HACDT
(Svensson, L., and Lagergard, T., manuscript submitted
for publication). The intoxication of HEp-2 and HeLa
cells was irreversible after a short toxin exposure on ice,
allowing binding but not internalization of the toxin. We
conclude that these cells probably expose a high-affinity
receptor for HACDT. The receptor may exist in lower
numbers or in a low-affinity form in Don fibroblasts ,
which were intoxicated only upon continued toxin expo-
sure at 37°C, suggesting they could not bind HICDT
rapidly at low temperature. Although we do not know
why 3T3 cells resist intoxication by HACDT, we speculate
that the putative toxin-specific receptor might be com-
pletely absent from 3T3 cells. HEp-2 cells will constitute

direct involvement. The ACSK is controlled by Rho, Rac,
and Cdc42 (28), which are targets of TcdB, whereas Ras,
Rap, Ral, and Rac are attacked by TcsL (31, 32). Both TedB
and TcsL were able to fully glucosylate all their GTPase
substrates in lysates from HACDT-treated HEp-2 cells,and
all these GTPases had unchanged electrophoretic mobili-
ties. We previously detected a mobility change of ADP-ribo-
sylated Rho by glucosylation with TcdB (Fig. 8z in ref. 25).
Moreover, Rho in lysates from cells pretreated with TcdB
could not be ADP ribosylated (25, 33). By analogy, our pres-
ent observations suggest that HICDT does not covalently
modify the effector region of any of the GTPases attacked
by TcdB and TesL. In view of the similarities in action
between the known CDTs, these observations may be valid
also for the other toxins in this family.

The ACSK promotion and enlargement of cells
exposed to HACDT or other CDTs resemble the effects
of the cytotoxic necrotizing factor (CNF) from E. coli.
CNF permanently activates Rho by deamidation of its
GIn-63 (34, 35). This effect would not be detectable as a
changed electrophoretic mobility of Rho. However,
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a suitable model system in future identification of the Protein kinase activity ofimmunoprecipitated p34¢<d<2 from HdCDT-treat-

cell-surface receptor for HACDT.

Cell distention and effects on the ACSK. The effect of E. coli
CDT on the ACSK of CHO cells was speculated to result
from a toxin attack on Rho proteins (27). We believe that
the ACSK-promoting effect, by HICDT at least, may be
mediated by some signaling system other than the Rho
proteins, because none of our experiments supported their

ed cells. (a) HEp-2 cells were exposed to toxin (15 min on ice), postincu-
bated for 24 h, and lysed. The p344<2 was immunoprecipitated and its
kinase activity toward histone H1 was determined. Controls: lysates from
nocodazole-treated cells and from nontreated interphase cells. (b) West-
ern blot of the immunoprecipitated p34<<2 with anti-phosphotyrosine
antibodies. The two bands flanking the p34<d<? represent the heavy and
light chains of the antibody used for immunoprecipitation that have
reacted with the secondary antibody.
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Tyrosine phosphorylation of p34¢4<2in HdCDT-treated cells. (a) HEp-2 cells
were exposed to the toxin (15 min on ice) and postincubated at 37°C. After
the times indicated, cells were processed for Western blot with anti-phos-
photyrosine or anti-cdc2 antibodies. The same sample was used for both
immunoblots. (b) Don and 3T3 cells were treated with HdCDT at 37°C for
24 and 48 h and probed with anti-phosphotyrosine antibodies.

CNF-treated HEp-2 cells are resistant to the ACSK col-
lapsing effect of TcdB (36), whereas the HACDT-treated
cells remained fully sensitive to TcdB (data not shown).
Furthermore, multinucleation occurs in a majority of
cells intoxicated by CNF (15) but was rarely seen in cells
treated with HACDT (this paper) or E. coli CDT (15).
Thus, a similar effect on Rho as by CNF appears unlike-
ly for HACDT, as was also concluded for CDT (15). Final-
ly, we considered the possibility that HICDT could acti-
vate small GTPases indirectly by promoting their
recruitment to the plasma membrane (28), but this
hypothesis was also rejected (Fig. 4). Although we cannot
exclude a very subtle HICDT-induced novel type of
small GTPase modification, undetectable by gel elec-
trophoresis, a secondary ACSK-affecting signal from the
nucleus appears more likely (see later here).

Effect on the cell-cycle machinery. HHCDT-treated cells accu-
mulated in the G2 phase, explaining why they could not
proliferate at all, and consistent with the hypothesis that
the cyclin-dependent kinase required for G2-to-M transi-
tion might be a target of the toxin. In cells cycling normal-
ly, this p34<d kinase is activated when a phosphatase
(Cdc25) removes the inhibitory phosphates from Thr-14
and Tyr-15 (22). In HICDT-intoxicated cells, we observed
an increased tyrosine phosphorylation of p34<4<. It was
also shown to have a significantly lower kinase activity
than the p34°4? in nocodazole-treated positive control cells
(Fig. 8). In the study demonstrating that the three CDT
variants of E. coli prevent p34<4< dephosphorylation in
HeLa cells (20), this effect was determined 24 hours after
toxin exposure. The HACDT effect was already detectable
within six hours after toxin exposure (Fig. 9), hours before
any significant signs of cell distention and ACSK promo-
tion. The same phenotypic effects on the cell cycle have
been recently documented in cells infected with HIV or
transfected with vpr, one of its regulatory genes (37-40).

The currently known mechanisms for G2 arrest point
to several possible explanations for a p34<4<2 hyperphos-
phorylation. It could be due to (#) damage of DNA or
inhibition of DNA synthesis, evoking the G2 checkpoint
response (41, 42); (b) hyperactivation of the kinases
responsible for phosphorylation of p34¢42 at Thr-14 and
Tyr-15 (22); (¢) a lack of activation or an inactivation of
the Cdc2S phosphatase, which dephosphorylates at these
positions (43); or even (d) a direct inactivation of p34<d<,
which might result in its hyperphosphorylation (44). As
the hyperphosphorylated p34<4<2 in HICDT-treated cells
appeared (Fig. 9) many hours before detectable failure to
synthesize DNA (Fig. 6), an impaired DNA synthesis does
not appear to be a primary effect of the toxin. Indeed, we
found recently that the p34°< in completely confluent
monolayers of Don fibroblasts was also tyrosine phos-
phorylated upon HACDT exposure, despite the fact that
these cells were not dividing (data not shown). A primary
slight damage to DNA, however, cannot be excluded at
this stage. The mechanism of these effects by other CDTs
and by vpr are also not known, but at least E. coli CDT (27)
had no early effect on the synthesis of DNA, whereas
results on vpr are contradictory (39, 40). The possibility
that HICDT acts directly on p34< or on some of the
kinases/phosphatases in the signaling network control-
ling its activity should be explored.

The connection between the G2 arrest and the cell
enlargement, with promoted ACSK induced by CDTs, is
not presently understood. From the severalfold increase
in cell area, it is clear that toxin-treated cells continue to
grow after the G2 arrest. One (remote) possibility is that
the CDTs could harbor two different cytotoxic activities,
one affecting the cell-cycle machinery and another affect-
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Two-dimensional gel electrophoresis of p34<d<2 in HICDT-treated cells.
HEp-2 cells were exposed to the toxin (15 min on ice), postincubated for
48 h, and lysed. Proteins in the cell lysates were separated in two dimen-

sions (see Methods) and analyzed by Western blot as for Fig. 9.
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ing the ACSK. A similar severalfold enlargement of cells
arrested in G2 occurred upon transfection with the vpr
gene (37, 38). In the light of this finding, it appears more
plausible that the enlargement induced by HACDT and
other CDTs is linked with, but secondary to, the molec-
ular events leading to G2 arrest.

Clinical considerations. CDT encoded in E. coli by the
Shigella cdt genes caused secretory diarrhea and necrosis
of the colonic epithelium in suckling mice (45), as
demonstrated with a CDT- isogenic mutant. However,
the relevance of CDT in human infections is far from
clear and is not a trivial problem to elucidate, because
CDT-producing E. coli strains may elaborate several tox-
ins and may cause both gastrointestinal and extrain-
testinal infections (13, 16, 46). HACDT, on the other
hand, is one of two described toxins produced by H.
ducreyi. The hemolysin (7) is active mainly on foreskin
fibroblasts and does not affect epithelial cells or human
skin (9). In contrast, HICDT kills epithelial cells, and
this potent toxin is produced by a majority of H. ducreyi
isolates (47). Serum antibodies neutralizing the HICDT
were detected at significantly higher levels in patients
with culture-confirmed chancroid than in healthy blood
donors, indicating production of the toxin during the
disease (12). Moreover, different strains of H. ducreyi
cause one and the same disease, characterized by destruc-
tion of epidermis, and to some degree, the dermis.

HdCDT could be involved in genital ulceration by mul-
tiple actions. Given that the toxin blocks cell prolifera-
tion, it is likely to exert the strongest effect on cells of the
basal layer of the epidermis, which need to constantly
proliferate. The early events in the pathogenesis of chan-
croid may then involve minor abrasions of the epidermis,
adherence of infecting bacteria to epidermal cells, and
bacterial multiplication and production of HICDT (48).
A small amount of HACDT can destroy both ker-
atinocytes and other epithelial cells, thus providing a
highly nourishing environment for the continued growth
of this fastidious bacterium, facilitating enlargement of
the ulcer. H. ducreyi is relatively resistant to the serum bac-
tericidal activity (49), a feature that also should con-
tribute to the persistence of bacteria in the lesions. When
the ulcer progresses more deeply, fibroblasts of the der-
mis can be attacked by the toxin. At this stage, the
hemolysin could aggravate the lesion, causing progres-
sion in the dermis. This is consistent with observations
that chancroid ulcers are well vascularized and bleed eas-
ily on manipulation (50). The irreversible inhibition of
cell proliferation by HACDT may also explain the retar-
dation of healing that is characteristic of chancroid. In
fact, before the era of antibiotic treatment, the giant
chancre in some patients could persist for months (50).

In conclusion, we have shown that HICDT, the potent
CDT produced by H. ducreyi, like other CDTs inhibits cell
proliferation by G2 arrest because the p34< kinase
remains tyrosine phosphorylated and therefore inactive.
The enzymatic (?) mode of action of the CDTs is not
known, but for HICDT we have excluded ADP-ribosyl-
transferase and glucosyltransferase activities. The irre-
versible block of cell proliferation is consistent with the
generation of ulcers as well as their slow healing. In all
probability, HICDT is the most important virulence fac-

tor in ulcer formation by H. ducreyi. Moreover, HICDT
and other CDTs may become interesting new tools for
studies of the signal transduction events in the transition
of mammalian cells from the G2 phase into mitosis.
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