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Diphtheria  toxin  has been  well  characterized  in  terms  of  its receptor  binding  and  receptor  mediated
endocytosis.  However,  the  precise  mechanism  of  the cytosolic  release  of diphtheria  toxin  fragment  A from
early  endosomes  is  still unclear.  Various  reports  differ  regarding  the  requirement  for  cytosolic  factors  in
this  process.  Here,  we  present  data  indicating  that  the  distribution  of actin  filaments  due to  cytochalasin
D  action  enhances  the  retention  of  diphtheria  toxin  in early  endosomes.  Treating  cells  with  cytochalasin
D  reduces  the  cytosolic  fragment  A  activity  and  leads  to changes  in the  intracellular  distribution  and  size
of early  endosomes  with  toxin  cargo.  F-actin  and  eukaryotic  elongation  factor  2 can  promote  fragment  A
DP-ribosylation
ytochalasin D
iphtheria toxin
arly endosomes
ukaryotic elongation factor 2

release  from  toxin-loaded  early  endosomes  in  an  in  vitro  translocation  system.  Moreover,  these  proteins
bind  to  toxin-loaded  early  endosomes  in  vitro  and  promote  each  other’s  binding.  They  are  thus  thought
to  be  involved  in the  cytosolic  release  of fragment  A. Finally,  ADP-ribosylation  of  eukaryotic  elongation
factor  2  is shown  to  inhibit  fragment  A  release  and, via  a feed-back  mechanism,  to account  for  the  minute

orma
-actin
ragment A

amounts  of  fragment  A n

. Introduction

Diphtheria toxin (DT) is a well-characterized representative of
acterial protein toxins (Pappenheimer, 1984; Collier, 2001). It is
ynthesized and released by toxicogenic Corynebacterium diphthe-
ia strains as a single polypeptide chain of 58 kDa. After a mild
reatment with trypsin and reduction of its disulfide bonds, this
olypeptide is cleaved into two fragments: fragment A (FA) of
1 kDa and fragment B (FB) of 37 kDa (Oram and Holmes, 2006).
he three-dimensional structure of DT has been elucidated (Choe
t al., 1992; Bennett et al., 1994). It is comprised of three domains:
he N-terminal catalytic (C) domain corresponds to FA, whereas
he transmembrane or translocation (T) domain as well as the C-
erminal receptor-binding (R) domain reside in the FB.

FA is a mono-ADP-ribosyltransferase that catalyses the trans-
er of ADP-ribosyl group of nicotine amide dinucleotide (NAD+)
o a post-translationally modified histidine (diphthamide) residue

n eukaryotic elongation factor 2 (eEF2) (Van Ness et al., 1980),
bolishing its activity in protein synthesis (Collier, 1967).

Abbreviations: CD, cytochalasin D; CTF, cytosolic translocation factor; DT, diph-
heria toxin; EEA1, early endosome antigen 1; eEF2, eukaryotic elongation factor 2;
GF, epidermal growth factor; FA, diphtheria fragment A; F-actin, filamentous actin;
B, diphtheria fragment B; Hsp90, heat shock protein 90; HUVEC, human umbilical
ein  endothelial cells.
∗ Corresponding author. Tel.: +90 212 4142187; fax: +90 212 4142187.

E-mail address: muhbektas@hotmail.com (M.  Bektaş ).

357-2725/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.biocel.2011.05.017
lly  found  in  the  cytosol.
© 2011 Elsevier Ltd. All rights reserved.

FB (R domain) is required for the binding of DT to its receptor
on the target cells. This receptor has been shown to be EGF-like
growth factor precursor (Naglich et al., 1992). The uptake of the
holotoxin is achieved through receptor-mediated endocytosis and
early endosomes (Lemichez et al., 1997; Papini et al., 1988). The
acidic milieu in endosomes causes conformational changes and
denaturation of the toxin. The transmembrane domain becomes
disclosed and mediates the release of FA into the cytoplasm through
interactions with the endosomal membrane (Draper and Simon,
1980; Kaul et al., 1996; D’Silva and Lala, 1998). Other findings, how-
ever, have shown the involvement of the cytosol (Lemichez et al.,
1997) and a cytosolic translocation factor (CTF) complex comprised
of heat shock protein 90 (Hsp90) and thioredoxin reductase in this
step (Ratts et al., 2003).

The recent report (Bektaş et al., 2009) that FA can interact with
actin both in vitro and in vivo also deserves some consideration.
Its biological relevance being unknown, this interaction has been
approached with reservation. An explanation seems to be provided
by the role of the actin cytoskeleton in protein trafficking (Durrbach
et al., 1996; Matarrese and Malorni, 2005; Provance et al., 2008).
Thus, the observed interaction with actin may reflect an event that
is necessary for distribution of FA in the cell, which is, for its transfer
to the site of its action. It may  also be required during the process
of converting denatured FA into the appropriate, functional con-

formation. These considerations prompted us to address the issue
by investigating the effect of cytochalasin D (CD)-promoted break-
down of actin filaments (Ohmori et al., 1992) on FA activity and
distribution in the target cell.

dx.doi.org/10.1016/j.biocel.2011.05.017
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:muhbektas@hotmail.com
dx.doi.org/10.1016/j.biocel.2011.05.017


1  Bioch

2

2

L
s
s
e
7
C
G
I
w

2

D
A
c
f
T
1
r
f
D
l
fi
s
d
0
r
(

2

v
c
t
u
s
k
C
s
a
w
9

2

w
s
2
T
l
b
i
N
(
c
t
(
s
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. Materials and methods

.1. Materials

All reagent grade biochemicals were purchased from Sigma (St.
ouis, MO,  USA) unless otherwise indicated. [Adenosine-14C]NAD+,
pecific activity 535 Ci/mol, and l-[U-14C]phenylalanine ([14C]Phe),
pecific activity 469 Ci/mol, were products of PerkinElmer Life Sci-
nces (Waltham, MA,  USA). The FA-specific monoclonal antibody
F2 (mouse) was obtained from Santa Cruz Biotech (Santa Cruz,
A, USA), and the eEF2-specific antibody (rabbit) was obtained from
enWay (San Diego, CA, USA). DT was a gift from the Refik Saydam

nstitute in Ankara. Rat liver eEF2 and rabbit skeletal muscle F-actin
ere prepared as previously described (Bektaş et al., 1994).

.2. ADP-ribosylation assay

Cell extracts or cytosolic fractions were assayed in NAD+-and
T-dependent ADP-ribosylation of eEF2 for determination of either
DP-ribosyltransferase or ADP-ribose acceptor activity. In both
ases, if not otherwise indicated, the reactions were performed
or 10 min  at 20 ◦C in 25 �l reaction mixtures containing 50 mM
ris–HCl, pH 7.4, 7 mM 2-mercaptoethanol, 5 �M [14C]NAD+, and
0 �g cell extract or cytosolic protein (Bektaş et al., 2005). The
eaction mixtures also contained 10 �g (about 100 pmol) eEF2
or the ADP-ribosyltransferase assay and 3 �g (about 46 pmol)
T for the determination of free ADP-ribose acceptor sites. Fol-

owing incubation, 5 �l aliquots were plated onto GF/A glass
ber filters (Whatman, Maidstone, Kent, UK), which were succes-
ively washed in cold CCl3COOH, ether–ethanol and ether. After
rying, the filters were transferred to vials containing 5 ml  of
.4% 2,5-diphenyloxazole in toluene, and CCl3COOH-precipitated
adioactivity was determined with a liquid scintillation counter
Packard TriCarb 2100TR).

.3. Determination of protein synthetic activity

Polyphenylalanine (polyPhe) synthesis was performed as pre-
iously described (Bektaş et al., 2005). The 50 �l reaction mixtures
ontained 20 pmol ribosomes, 20 �g eEF1 protein, 5 �g polyU,
RNA (Escherichia coli) (300 �g/ml) charged during the reaction by
se of DE52 (Whatman) fractionated S130 protein (E. coli) as a
ource of AA-tRNA synthetases, 2 �M [14C]Phe, 6 mg/ml  creatine
inase, 6 mM creatine phosphate, 1.5 mM GTP, and 1.5 mM ATP.
ell extract or cytosolic fractions (S5 and S120) were used as a
ource of eEF2. The incubations were performed for 3 min  at 37 ◦C,
nd CCl3COOH-precipitated radioactivity was determined as above
ith the inclusion of a prior (5%) CCl3COOH treatment for 5 min  at

0 ◦C.

.4. Treatment of cells with DT

Human umbilical vein endothelial cells (HUVEC; ATCC ECV 304)
ere propagated in DMEM F-12 supplemented with 10% fetal calf

erum FCS (Gibco) at 37 ◦C in 5% CO2. They were distributed into a
4-well plate prior to the experiment with 5 × 106 cells per well.
he concentrations of DT were adjusted as specified in the figure
egends. After the indicated periods of time, cells were harvested
y use of a cell scraper (Greiner Bio-One) and washed three times

n PBS. They were homogenized in 1% (v/v) Nonidet P-40, 150 mM
aCl, 50 mM Tris–HCl (pH 7.5) in the presence of protease inhibitors

Complete Tablets, Roche Applied Science). Cell extracts were first

larified by centrifugation for 5 min  at 5000 × g and then subjected
o ultracentrifugation for 2 h at 120,000 × g. The cytosolic fractions
S5 and S120) were then assayed in ADP-ribosylation and polyPhe
ynthesis. Whenever indicated, an initial centrifugation step (7 min
emistry & Cell Biology 43 (2011) 1365– 1372

at 700 × g) was  included in this differential centrifugation proce-
dure. To promote the release of residual FA in early endosomes,
cell extracts were subjected to either acid or Triton X-100 treat-
ment. To that effect, cell extracts were acidified (pH 5.5) by the
addition of a phosphate buffer and incubated for 30 min, followed
by readjustment to pH 7.2. Alternatively, cell extracts were treated
with 1% Triton X-100.

2.5. Western blotting

NaDodSO4-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed as previously described (Laemmli, 1970). For visualiza-
tion of the protein bands corresponding to FA and actin, the proteins
separated by SDS-PAGE were transferred to nitrocellulose (Milli-
pore) membranes that had been treated with TBS (Tris-buffered
saline)–Tween (TBST) and 0.5% BSA for 1 h. The membranes were
incubated with an actin-specific antibody (rabbit), an eEF2-specific
antibody (rabbit) or FA-specific monoclonal antibody (mouse) 7F2
and then with horseradish peroxidase conjugates of anti-rabbit Ig
antibody (goat) and anti-mouse IgG (goat), respectively. After three
washes with TBST, the substrate solution containing 3-amino-9-
ethyl carbonate (Bio-Rad Laboratories, CA, USA) was added. After
developing, the membranes were washed with water.

2.6. Immunofluorescence

FA was detected using the murine monoclonal antibody 7F2 and
fluorescein isothiocyanate (FITC)-labeled goat anti-mouse Ig anti-
body. Early endosomal antigen 1 (EEA1) was detected using the
EEA1-specific monoclonal antibody (Abcam, Cambridge, UK).

2.7. Imaging

All images were obtained on an Olympus BX51 Research Micro-
scope equipped with a DP72 camera controlled by Olympus
DP2-TWAIN software. HUVEC maintained on glass coverslips at
semi-confluence were fixed in 3.7% paraformaldehyde for 20 min,
permeabilized in 0.1% Triton X-100 and incubated with 0.1% BSA
in PBS for 2 h prior to the application of immunofluorescence sup-
plements. They were subsequently processed for mounting with
antifade reagents.

2.8. Isolation of early endosomes

A previously described method (Tjelle et al., 1996) was  fol-
lowed. Briefly, HUVEC (107 cells/ml) in suspension were incubated
for 10 min  in the presence of 750 pM DT under constant stirring
and collected by centrifugation for 5 min  at 270 × g. The cell pel-
let was  resuspended in homogenization buffer (250 mM  sucrose,
3 mM imidazole, 0.5 mM K-EDTA, pH 7.3) and lysed with an insulin
syringe. The cell extract was  centrifuged for 7 min  at 750 × g. The
pellet (P07) contained DT-loaded early endosomes and cell nuclei.
Hence, it was used as the starting fraction for isolation of early
endosomes. Resuspended in 17% Percoll in homogenization buffer
(0.5 ml), it was  layered on top of a 0.75 ml  65% sucrose cushion in
a Sorvall ultracentrifuge tube. The contents of the tube were then
brought up to a final volume of 5 ml  with 17% Percoll. The sample
was centrifuged in a Sorvall AH 650 rotor for 1 h at 59,000 × g. After
centrifugation, 0.5 ml  fractions were collected, analyzed for FA con-
tent by western blotting and assayed for ADP-ribosyltransferase
activity.
2.9. Gel filtration analysis

Size distributions were analyzed on a Sephacryl S-100 (Hi-prep
16/60) (GE Healthcare) column equilibrated with homogenization
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uffer and calibrated using ribonuclease (Mr 13.7 kDa), carbonic
nhydrase (Mr 29 kDa), ovalbumin (Mr 43 kDa), conalbumin (Mr

5 kDa), phosphorylase b (Mr 97 kDa) and �-galactosidase (Mr

16 kDa). The fraction volume was 1 ml.  Column fractions were
ssayed for ADP-ribosyl transferase and ADP-ribose acceptor activ-
ty as described above.

.10. Statistical analysis

Results correspond to the means of at least three independent
xperiments ± standard deviations (SD) as indicated in the pre-
ented data. Differences between data groups were tested using the
nivariate analysis of variance. Statistical significance was  accepted
t p values <0.01.

. Results

.1. Intracellular distribution of FA—effect of CD

We used an EEA1-specific antibody to explore the morphology
nd localization of early endosomes in HUVEC incubated with DT
nd CD. We  were able to confirm the recent finding (Antignani
nd Youle, 2008) that DT induces early endosome fusion and the
mergence of enlarged vesicles (Fig. 1A and B). DT also gave rise
o a perinuclear localization of early endosomes. CD treatment
ppeared to further enhance the DT-mediated size changes and
he perinuclear accumulation of early endosomes (Fig. 1C and D).

e explored the effect of CD on the intracellular distribution of
A. Immunofluorescence microscopy using FA-specific monoclonal
ntibody 7F2 in control cells revealed a rather uniform concen-
ration of FA(DT)-loaded, enlarged early endosomes around the
ucleus with diffusion into the cell periphery where a punctu-
te pattern labeling was also observed (Fig. 1E). The treatment
f cells with CD gave rise to a change in the distribution pattern
ith perinuclear localisation of the punctuate staining (Fig. 1F). It

esulted additionally in the disappearance of FA-specific cytoplas-
ic  haze. Immunofluorescence microscopy carried out in parallel

sing EEA1-specific antibody revealed a similar image, indicating
he early endosomal nature of the punctuate pattern.

.2. FA activity in the cytosolic fraction—effect of CD

In initial experiments, treatment with CD did not appear to
ave a great effect on FA-specific ADP-ribosyltransferase activity

n the cytosolic fraction (S120), which is routinely used in assays
or this activity. These findings were obtained with high DT con-
entrations (≥1 nM). However, because only a few molecules of
T are required to bring about a complete inhibition of protein

ynthesis in the cell (Yamaizumi et al., 1978; Falnes and Sandvig,
000). A ‘leakage’ in the endosomal cargo traffic would very likely
ask a possible inhibitory effect of CD treatment on FA activity.

hus, we wanted to determine whether a CD-mediated inhibition
f ADP-ribosyltransferase activity would be apparent in lower con-
entrations, that is, concentrations that would exist in the intra- and
nter-cellular milieu following the administration of lethal doses
f the toxin (Gill, 1982). The experiments were repeated with 106

ells in the presence of 15 and 150 pM DT. As assayed in an ADP-
ibosyltransferase reaction, FA activity appeared to plateau in the
ytosolic fraction from control cells after incubation for approxi-
ately 3 h in the presence of both DT concentrations (Fig. 2A). CD

nhibited FA activity in the cytosolic fraction of cells incubated with

5 pM DT by about 65%. On the other hand, 65% and 75% of the
DP-ribose acceptor sites in the cytosolic fraction appeared to be
locked after incubation for 3 h in the presence of 15 and 150 pM
T, respectively (Fig. 2B). CD reduced the extent of blocked sites to
emistry & Cell Biology 43 (2011) 1365– 1372 1367

about 15% and 35%, respectively. Thus, the CD effect on FA activ-
ity became more apparent at lower toxin concentrations. Similar
results were also obtained in polyPhe synthesis, with the extent of
blocked ADP-ribose acceptor sites being reflected in eEF2 protein
synthetic activity (Fig. 2C).

3.3. DT is retained in early endosomes

The inhibition of FA activity after CD treatment could repre-
sent the release of denatured FA into the cytosol due to a failure
of appropriate folding during translocation through the endosomal
membrane (Sandvig and Olsnes, 1981; Draper and Simon, 1980;
Kaul et al., 1996; Lemichez et al., 1997; D’Silva and Lala, 1998).
Alternatively, as implicated by the findings in immunofluorescence
microscopy, it could be a consequence of FA retention in early
endosomes. This issue was addressed by assaying the subcellu-
lar fractions obtained by differential centrifugation of the extracts
of cells exposed to varying DT concentrations for FA(DT) con-
tent and ADP-ribosyltransferase activity. As shown in Fig. 3A, over
80% of the FA activity was  localized in the P07 fraction following
incubation of cells with DT concentrations of 1 and 10 pM.  Thus,
the nuclear fraction P07 (Roodyn, 1969) appeared to contain the
majority DT-loaded early endosomes. When this experiment was
repeated with the inclusion of CD-treatment, it was found that CD
further increases the FA activity in the P07 fraction in both abso-
lute and relative terms, concomitant with considerable decreases
in the already restricted (cytosolic) FA activity in S07 (Fig. 3B).
In the presence of 1 or 10 pM DT, FA activity in the S07 fraction
accounted for only 6% of the total FA activity. The data indicat-
ing the predominant localization of DT-loaded early endosomes in
the P07 fraction were further supported by the western blot find-
ings, which revealed a strong accumulation of EEA1 and FA in this
fraction of DT-treated cells. CD further enhanced this accumula-
tion at the cost of FA (and EEA1) present in the S07 fraction. The
corresponding bands of EEA1 and FA in the S07 fraction, which
were already rather weak, became almost undetectable following
CD treatment (Fig. 3C). On the other hand, in control samples from
cells without DT and/or CD-treatment, the EEA1 band exhibited a
nearly equal intensity in both the P07 and S07 samples, indicat-
ing a balanced distribution of early endosomes between these two
fractions.

3.4. In vitro FA release from early endosomes

An early endosomal fraction obtained by density gradient cen-
trifugation (Tjelle et al., 1996) with P07 as the starting fraction
for the isolation procedure was then used in an in vitro translo-
cation assay system, similar to the one recently described by Ratts
et al. (2003).  As shown in Table 1, incubation of early endosomes
alone resulted in the release of a slight amount of FA activity in
this system. Under conditions presumed to facilitate FA translo-
cation, i.e., low pH and Triton X-100 treatment, there was an
increase in released FA activity up to 4.5-fold relative to the back-
ground activity (control). Incubation with HUVEC and CD-HUVEC
cytosol fractions gave rise to less than 2- and 1.5-fold increases,
respectively. Incubation with eEF2 caused nearly a 2.5-fold change
alone, and an increase of 3.5-fold when combined with GTP. ADP-
ribosylation reduced this increase to around 1.5-fold. F-actin was
nearly as efficient as eEF2 in promoting FA release, and eEF2, GTP
and F-actin together brought about a 4-fold increase. If eEF2 was
replaced with ADP-ribosylated eEF2, there was almost no addi-
tional increase in the presence of GTP and F-actin. Finally, Hsp90, a

component of CTF (Ratts et al., 2003), also appeared to promote FA
release, but it did not enhance the eEF2/F-actin effect.

These results suggest that eEF2, the substrate of ADP-
ribosyltransferase activity, may  be involved in FA release from
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Fig. 1. Morphology and intracellular distribution of FA(DT)-loaded early endosomes. Effect of CD. EEA1-positive early endosomes in the absence (A) and presence of DT (B),
CD  (C), and DT and CD (D). FA(DT)-positive early endosomes in the absence (E) and presence of CD (F). Experimental conditions are described in Section 2. Whenever present,
750  pM DT and 2 �M CD were used. After incubation, the cells were treated with monoclonal antibodies, followed by staining with FITC-labeled goat anti-mouse antibody.
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hey  were examined by fluorescence microscopy, and the diameters of EEA1- and
iameter values of early endosomes (means of at least 200 measurements): 0.48 ±
E);  0.89 ± 0.35 �m (F).

T-loaded early endosomes. They also provide an explanation for
he finding that an early endosomal fraction with DT content in a
hysically segregated and enzymatically inactive state could still
xhibit high ADP-ribosyltransferase activity in the presence of
EF2 (as illustrated in Fig. 3). The data further suggest that ADP-
ibosylation of eEF2 may  give rise to an inhibition of FA release
rom early endosomes.

In a further set of experiments, we attempted to confirm these
ndings obtained with isolated early endosomes by using the P07

raction as a source of DT-loaded early endosomes. The cells were
ncubated with DT and its non-toxic mutant form, CRM197. The P07
raction obtained from these cells was then incubated either alone
r in the presence of eEF2 in combination with F-actin, GTP and/or
AD+. After incubation, the P07 fraction was removed by centrifu-
ation at 700 × g and the amount of released FA was determined by
estern blot analysis of the supernatant. Beforehand, the P07 and

07 fractions were examined for their eEF2, actin and FA contents

Fig. 4A). In DT-treated cells, consistent with the previous data, the
07 fraction was relatively rich in FA(DT) and eEF2. In CRM197-
reated cells, FA*, enzymatically inactive fragment, appeared to
e rather evenly distributed between the P07 and S07 fractions,
T)-positive endosomes determined by use of DP2-BSW basic software. Calculated
m (A); 0.83 ± 0.39 �m (B); 0.87 ± 0.52 �m (C); 1.17 ± 0.82 �m (D); 0.68 ± 0.29 �m

whereas the eEF2 content in the P07 fraction was lower than that
in the S07 fraction, similar to the control sample. As shown in
Fig. 4B, eEF2 efficiently promoted FA release from the P07 frac-
tion of DT-treated cells. In line with the data presented in Table 1,
this effect was further augmented in the presence of GTP and F-
actin, but inhibited by NAD+. Some FA release was  also observed
upon incubation of the P07 fraction alone, likely due to the pres-
ence of some unmodified eEF2 and/or ADP-ribosylated eEF2, which
seemed still to promote FA release to some extent, in this fraction.
The weak band in the corresponding sample from CRM197-treated
cells could be explained in terms of minor eEF2 amounts present in
the P07 fraction. NAD+, in turn, failed to inhibit the release of FA*
from the P07 fraction in CRM197-treated cells. Finally, FA appeared
to be released from the P07 fraction as a binary complex of eEF2
and FA (Fig. 4C). Gel filtration analysis of the S07¤ fraction, the
supernatant obtained by centrifugation of the P07 fraction after
incubation with eEF2, revealed the presence of ADP-ribosylation

activity in the fractions corresponding to around Mr 120 kDa, even
without the addition of eEF2 or DT(FA). This finding was supported
by western blot analysis, which indicated that both eEF2 and FA
were present in these fractions. FA released from the P07 frac-
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Fig. 2. Effect of CD-treatment on cytosolic FA activity. HUVEC were incubated for
the  indicated periods of time in the presence of 15 and 150 pM DT. CD concentra-
tion, if present, was  2 �M.  After incubation, the cells were homogenized and cell
extracts were subjected to differential centrifugation, as described in Section 2. The
supernatant fraction (S120) obtained after ultracentrifugation for 2 h at 120,000 × g
was  assayed for (A) FA (ADP-ribosyltransferase) activity, (B) free ADP-ribose accep-
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Fig. 3. (A) Distribution of FA(DT) in cytosolic and early endosomal compartments.
Incubation of HUVEC was performed for 10 min in the presence of the indicated
concentrations of DT. Cells were then homogenized and cell extracts centrifuged for
7  min  at 700 × g. The supernatant fraction (S07) was  centrifuged again for 10 min  at
5000 × g. Both pellets (P07 and P5) were resuspended in PBS and assayed along with
the  supernatant fractions (S07 and S5) for ADP-ribosyltransferase activity for 5 min.
(B) Effect of CD on the distribution of FA(DT) into cytosolic and early endosomal
compartments. Experimental conditions were the same as (A), with the inclusion
of  a CD incubation and an extension of the reaction time to 20 min  as indicated.
For the sake of simplicity, only data pertaining to the P07 and S07 fractions are
included. (C) Distributions of EEA1 and FA between the P07 and S07 fractions. Cells
or  sites (and inversely, the extent of in vivo ADP-ribosylated eEF2) and (C) protein
ynthetic activity (eEF2 activity) in polyPhe synthesis. (×–×), CD (2 �M);  (�–�), DT
150  pM); (�–�), DT* (15 pM); (�–�), CD, DT (150 pM); (�–�), CD, DT* (15 pM).

ion was also found in unbound form corresponding to around Mr

0 kDa.

.5. F-actin and eEF2 binding to early endosomes

The results from our in vitro translocation assay indicated that
EF2 and F-actin can promote FA release from early endosomes to
arying degrees. Accordingly, one might expect that these agents
rst bind to DT-loaded early endosomes in vitro. With this con-
ideration in mind, we  explored whether an interaction between
T-loaded early endosomes and eEF2 and/or F-actin occurs in vitro.
hus, following incubation with these agents, early endosomes
ere isolated by centrifugation and subjected to analysis by SDS-
AGE and western blotting. As shown in Fig. 5A, both eEF2 and
-actin appeared to bind by themselves to DT-loaded early endo-
omes. Moreover, as revealed by an increase in the intensity of the
espective bands, this binding became stronger if these two agents
were incubated for 30 min  in the presence of DT (750 pM), and EEA1 and FA were
visualized by western blotting as described in Section 2. Control (left) panel denotes
EEA1 bands from cells incubated in the absence of DT.

were incubated together with early endosomes. Hence, our data
suggest that an interaction between these two  proteins occurs dur-
ing this binding. On the other hand, eEF2 and F-actin could bind
only slightly to early endosomes with cargo other than DT (Fig. 5B).
This result could explain why weak, but still discernable, eEF2- and
actin-specific immunoreactive bands were present in early endo-
somal samples loaded with transferrin.

4. Discussion

The precise mechanisms of FA translocation across endosomal
membranes and the steps that determine its cytosolic refolding
and distribution are well documented (Collier, 2001). Unfolding
of the toxin is known to occur in the acidic milieu of early endo-
somes (Blewitt et al., 1985; Wiedlocha et al., 1992; Falnes et al.,

1994), leading to the exposure of the hydrophobic T-domain with
an increased tendency to bind to membrane lipids (Sandvig and
Olsnes, 1981; Montecucco et al., 1985). The membrane insertion of
the T-domain gives rise to the formation of a cation-selective chan-
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Fig. 4. eEF2-promoted FA release from early endosomes in the P07 fraction. (A)
Determination of eEF2, actin, and FA or its mutant counterpart (FA*) from CRM197
in  the P07 and S07 fractions by western blot analysis. (B) eEF2-promoted FA and
FA* release from early endosomes in the P07 fraction: stimulation by F-actin and
GTP, and a differential effect of NAD+ on FA versus FA* release. Cells were incu-
bated for 30 min  with 750 pM DT or CRM197, and the P07 and S07 fractions were
obtained by homogenization followed by centrifugation at 700 × g. The P07 frac-
tion  was then washed by repeated cycles of resuspension in PBS and centrifugation
at  the same speed. The P07 and S07 fractions were then subjected to western blot
analysis (A). Additionally, P07 was incubated either alone or in the presence of eEF2
(2  �M)  in combination with the other agents, as indicated (B). After incubation, the
P07  fraction was  removed by centrifugation and the supernatant (denoted as S07¤ ,
to  distinguish it from the original S07 obtained after the initial centrifugation of
cell extract) was  analyzed for FA or FA*. (C) FA is released from early endosomes as
a  binary complex with eEF2. Following incubation with eEF2, the P07 fraction was
removed by centrifugation and the S07¤ was subjected to gel filtration on a Sephacryl
S-100 column. Column fractions were assayed in ADP-ribosylation alone (�–�) or
in  the presence of either eEF2 (2 �M)  (�–�) or DT (2 �M)  (�–�). The inset shows
the  results from western blot analysis: lanes 1–4 correspond to the peak fractions
38,  42, 52 and 65, respectively.

Fig. 5. In vitro binding of eEF2 and F-actin to early endosomes. The early endo-
some fraction obtained by density gradient centrifugation was  centrifuged for 1 h at
15,000 × g. The pellet was resuspended in PBS and centrifuged again in the same way.
This  step was  repeated once more, and the final early endosomal pellet resuspended
in  PBS was  used in the in vitro binding assays. Early endosomes were incubated for
20 min in the presence of 50 pmol eEF2 and/or 50 pmol F-actin and then collected
by centrifugation for 20 min  at 15,000 × g. The pellets were once again resuspended
in  sample buffer for gel electrophoresis, and aliquots from the suspension (2 mg
protein) were subjected to SDS-PAGE and analyzed for eEF2 and actin by western
blot. (A) Binding to early endosomes from cells treated with DT (750 pM)  for 30 min.
(B)  Binding to early endosomes from cells incubated with transferrin (Tr, 2 �M) for
60  min. (C) Control samples with no additions.

Table 1
In vitro FA release from early endosomes: effects of different agents. Early endosomal
fraction was  obtained by density gradient centrifugation of the P07 fraction from
HUVEC incubated for 20 min in the presence of 750 pM DT. It was preincubated
for 10 min  at 37 ◦C alone or in the presence of the components, as indicated. Early
endosomes were then removed by centrifugation for 20 min at 15,000 × g. After
the addition of a saturating amount of eEF2 (20 pmol) and [14C]NAD+, the samples
were assayed for 10 min  for FA activity. The samples preincubated in the presence
of  20 pmol eEF2 received no additional eEF2, but those incubated in the presence
of ADP-ribosylated eEF2 did, such that in all reaction mixtures the final amount of
the unmodified factor was 20 pmol. The concentrations of F-actin and Hsp90 were
each 2 �M,  and those of ATP (added together with F-actin) and GTP were 0.5 mM.
Whenever added, ADP-ribosylated eEF2 was used following gel filtration. The eEF2
content of HUVEC cytosol was 1 pmol. Values of the samples with ATP and GTP  alone
were close to the control level.

Components added/treatments ADP-ribosylation (pmol/20 pmol eEF2)

Early endosomes alone (control) 2.8 ± 0.6

+Triton X-100 12.7 ± 0.7
+Low pH 10.4 ± 0.4

+HUVEC cytosol (S15) 4.7 ± 0.3
+HUVEC-CD (cytosol) (S15) 3.6 ± 0.3

+F-actin 5.9 ± 0.2
+G-actin 4.6 ± 0.4

+eEF2 6.8 ± 0.5
+eEF2, +GTP 9.4 ± 0.5
+eEF2, +F-actin 9.9 ± 0.6
+eEF2, +GTP, +F-actin 10.6 ± 0.5
+eEF2, +G-actin 6.7 ± 0.4

+ADPR-eEF2 4.8 ± 0.3
+ADPR-eEF2, +G-actin 5.4 ± 0.4
+ADP-eEF2, +GTP, +F-actin 5.8 ± 0.4
+ADPR-eEF2, +GTP, +F-actin 5.9 ± 0.5

+Hsp90 5.4 ± 0.4

+Hsp90, +eEF2, +F-actin 9.2 ± 0.6

nel involving the TH8 and TH9 helices (Papini et al., 1988; Sandvig
and Olsnes, 1988). The relationship of this channel to the translo-
cation of FA requires further elucidation. Along with the findings
indicating that channel formation may  not be strictly essential
(Lanzrein et al., 1996), other studies suggest that the T-domain may
provide necessary machinery for and play a direct role as a chaper-
one in the translocation process (Ren et al., 1999; Oh et al., 1999).
Another study shows that, in addition to the T-domain, transloca-
tion requires cytosolic factors and ATP (Lemichez et al., 1997). In
line with this last finding, Hsp90 has been shown to act as a chap-
eron in translocation and refolding, and thioredoxin reductase is a
necessary component in the reduction of the DT interchain disulfide
bond (Ratts et al., 2003).

As previously mentioned, this investigation was initiated to
explore whether the recently reported interaction between FA and
actin (Bektaş et al., 2009) had any biological relevance. With this
objective in mind, we studied the effect of actin filament break-
down on FA activity and distribution in CD-treated cells. CD was
shown to alter the intracellular distribution of FA, enhance the
already enlarged size of DT-loaded early endosomes (Antignani
and Youle, 2008), and inhibit FA activity in the cytosol. Endosomal
segregation of FA caused by blocking its cytosolic entry appeared
to account for this inhibition in CD-treated cells. These findings
suggest that actin filaments are somewhat involved in the cytoso-
lic release of FA from early endosomes. The results indicate that
considerable amounts of internalized DT remain in the endocytic
compartment and are in line with previous reports that the release

of FA into the cytosol is a limiting step (Lemichez et al., 1997;
Hudson and Neville, 1985).

The CD effect was particularly evident in the presence of
low DT concentrations, which are sufficient for lethality. The FA
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elease, which was considerably reduced at these DT concentra-
ions, appeared to be an F-actin-facilitated process. Actin filaments
re well known for their involvement in vesicular trafficking
Durrbach et al., 1996; Lanzetti, 2007; Smythe and Ayscough, 2006).
s the findings presented under Supplementary data shows, pri-
aquine, a compound that blocks recycling of several receptors
ithout affecting the endosomal pH (Van Weert et al., 2000; Woods

t al., 2004) inhibits also FA release. Thus, CD-promoted breakdown
f actin cytoskeleton may  account for the inhibition of FA release
y blocking of vesicular trafficking. A recent report has addition-
lly shown that secretory vesicles are tethered to actin filaments
Abu-Hamdah et al., 2006). This bond is thought to be important
or the appropriate transport and localization of secretory vesicles.
reakdown of actin filaments brings about the disruption of this
ond (Abu-Hamdah et al., 2006), which, according to the data pro-
ided in this report, may  be primarily involved in FA translocation
cross endosomal membranes and subsequent refolding. An expla-
ation that assumes the involvement of actin filaments not only

n vesicular trafficking but also in the translocation process finds
upport from the results presented here and from other reports
Durrbach et al., 1996; Su et al., 2007; Ji et al., 2007), which attest
o a role of actin and Hsp90 interactions in the regulation of certain
ellular reactions. Thus, actin filaments may  provide a structural
ramework for the cellular components involved in interactions
ith early endosomes. Hsp90 and thioredoxin reductase appear

o be such components (Ratts et al., 2003), and eEF2, the substrate
f ADP-ribosyltransferase reaction, may  be another candidate in
he context of FA release. In the light of the reported interactions
etween eEF2, FA, and F-actin (Bektaş et al., 2009; Bektaş et al.,
994), such a hypothesis does not seem to be too unlikely, and
he results of this report, indicating eEF2- and F-actin-promoted
A release, provide strong support for this view.

The scarcity of FA molecules present in the cytosolic compart-
ent at (low) DT concentrations deserves some consideration. It

ppears to be the result of a highly efficient negative feedback that
llows for the release of only a few FA molecules into the cytosol.
hese FA molecules are known to be sufficient for producing
he cytotoxic effect (Yamaizumi et al., 1978; Falnes and Sandvig,
000). On the other hand, shortly after the release of the very first
A molecules, a component is thought to emerge in the cytosol
hat has a universal effect on all DT-loaded early endosomes,
locking further entry of FA molecules. ADP-ribosylated eEF2, as
he product of the enzymatic action of FA, may  be a candidate for
xerting this effect. Indeed, ADP-ribosylation seems to reduce the
xtent of in vitro FA release. The inhibitory effect observed here
s partial, but it suggests that unmodified diphthamide residue

ay  still be one of the requirements for FA release. The fact that
elatively larger amounts of the enzymatically inactive fragment

 (FA*) of CRM197 are found in the cytosolic compartment also
eems to support this possibility.

A rather unexpected finding of this investigation has been the
timulatory effect of GTP on eEF2- and F-actin-mediated release of
A. Endosomes are rich in G-protein content, with several members
f Rab family, such as Rab5, being involved in (early) endosome-
ssociated activities (Stein et al., 2003). On the other hand, eEF2
tself is a well-known motor and G-protein. The relationship of
hese G-protein/GTPase features to FA release is unclear. The impli-
ations of these findings will be as next investigated in our labora-
ory by using dominant negative mutants of Rab4, Rab5, and Rab11.
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