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Pseudomonas exotoxin (PE) has been shown previously to enter mouse LM
cells by receptor-mediated endocytosis, to block protein synthesis, and to cause
cell death. The requirement for the divalent cation calcium in the binding and
internalization of PE was examined. Biochemical studies showed that depletion of
extracellular calcium with ethylene glycol-bis(B-aminoethyl ether)-N,N'-tetra-
acetic acid protected cells from the action of PE when the chelator was present
during the internalization step. Extracellular calcium was not required for binding.
We observed with immunoelectron microscopy that, in the cold, toxin bound to
cell surfaces equally well in the presence or absence of chelator. In the presence
of chelator, toxin was not cleared from the cell surface when cells were warmed to
37°C. Replenishment of calcium (2 mM CaCl,), however, allowed normal rapid
clearance of PE to occur. We suggest that internalization, but not binding, of PE

by LM cells requires extracellular calcium.

Several protein toxins of both bacterial and
eucaryotic origins exert their cytotoxic effects in
the cytoplasm of susceptible mammalian cells.
The manner by which the active toxin or biolog-
ically active subunits reach their targets remains
unexplained. Pseudomonas exotoxin A (PE) is
an extremely potent toxin, able to inhibit protein
synthesis in sensitive cells when added in nano-
gram amounts; as such, it constitutes a useful
probe to study cellular functions such as protein
entry and processing.

Receptor-mediated endocytosis (RME) is a
process by which cells bind and internalize
important extracellular ligands, including certain
hormones and serum proteins (6). During RME,
there is evidence that ligands bind to receptors
on the cell surface, move laterally into clathrin-
coated regions, and from there are interiorized
in endocytic vesicles. Recently, Davies and co-
workers (4, 11) reported that the first step in
internalization of a-2-macroglobulin, i.e., clus-
tering of ligand-receptor complex into coated pit
areas, requires extracellular calcium and can be
inhibited by primary alkylamines. They also
present evidence (4) that the calcium-dependent
protein cross-linking enzyme transglutaminase
is involved in internalization of ligands by RME.
Inhibitors such as dansylcadaverine, bacitracin,
and tolbutamide block both transglutaminase
activity and clustering and internalization of a-2-
macroglobulin. Thus, they hypothesize that pro-
tein cross-linking is required for RME.

The pathway of PE internalization from cell
surface to cytoplasm has not been elucidated.
We have reported previously (5) that Pseudomo-
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nas toxin enters cells by RME. PE appears to
bind specifically to mouse fibroblasts and is
rapidly cleared from the cell surface by internal-
ization. Little or no toxin remains on the cell
surface 30 min after binding, and uptake of toxin
is coupled to receptor clustering over coated pit
regions of the membrane (5). Alkylamines do not
affect toxin binding but do inhibit toxin internal-
ization and effectively neutralize expression of
toxicity (5). Here we present evidence that
extracellular calcium is required for expression
of PE activity on mouse LM cells and that
depletion of extracellular calcium prevents inter-
nalization of toxin but does not alter toxin
binding to the cell surface.

MATERIALS AND METHODS

Toxin and antitoxin. Pseudomonas toxin was pre-
pared by the method of Leppla (8). The toxin produces
a single major band and one trace band on sodium
dodecyl sulfate-acrylamide gel electrophoresis; the
mean lethal dose for mice is 0.25 g given intraperito-
neally. Antitoxin was raised in rabbits against a puri-
fied toxin preparation, and the immunoglobulin G
(IgG) fraction was obtained.

Cells. Mouse LM cell fibroblasts (ATCC CCL 1.2
LM, a derivative of L-929 cells) were maintained as
monolayers in McCoy 5A medium (GIBCO Labora-
tories, Grand Island, N.Y.) containing 5% fetal calf
serum (Rheheis, Kankakee, Ill.), streptomycin (0.2
mg/ml), and penicillin (200 U/ml). McCoy 5A medium
includes 9 X 10™* M calcium. For experimental pur-
poses, cells were seeded at a concentration of 5 X 10°
cells per ml and grown overnight to 70 to 80% con-
fluency before use.

Protein synthesis studies. Inhibition of protein syn-
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thesis was used as the index of toxin activity. In brief,
LM cell monolayers in 24-well culture dishes were
incubated with toxin (100 ng/ml) at 4°C for 30 min,
washed with tissue culture medium to remove un-
bound toxin, and reincubated at 37°C for S h to allow
the expression of toxicity. This amount of toxin under
these conditions routinely gives 75 to 85% reduction of
protein synthesis. Protein synthesis was measured by
determining [*H]leucine incorporation into trichloro-
acetic acid-precipitable material during a 30-min pulse
period as described previously (12). Protein was mea-
sured by the method of Lowry et al. (9). The inhibition
of protein synthesis was determined by comparing the
incorporation level of [*H]leucine in toxin-treated cells
with that in control cells. All experiments were carried
out two to four times in triplicate, and results are
expressed as counts per minute per microgram of
protein * one standard deviation.

Immunoelectron microscopy. Precooled cell mono-
layers grown in Leighton tubes were incubated with
toxin (100 ng/ml) at 4°C for 30 min and then reincubat-
ed in toxin-free medium for 30 min at 37°C. The cells
were washed three times with cold phosphate-buffered
saline (PBS) and immediately fixed with 0.5% glutar-
aldehyde in PBS. To visualize toxin, we incubated
fixed cells with rabbit antitoxin (IgG) prepared against
PE, followed by treatment with goat anti-rabbit IgG
and, lastly, with horse spleen ferritin to which rabbit
IgG had been chemically conjugated. All immunohis-
tochemical reagents were adsorbed three times with
LM cells before use. Samples were prepared for
viewing and scored for cell surface distribution of
toxin as described previously (5, 14, 15). Control
samples in which each of the immunohistochemical
steps was omitted were included in each experiment.
An occasional molecule was observed in nonspecific
association with the membrane in these specimens.

RESULTS

We reported previously that PE enters mouse
LM fibroblasts by RME (5). Since extracellular
calcium has been shown to be required for
binding (7) or for receptor-mediated internaliza-
tion (4) of several protein ligands or both, the
requirement for this ion in the binding, internal-
ization, and subsequent expression of PE ac-
tivity was examined. First, the ability of the
divalent cation chelator ethylene glycol-bis(B-
aminoethyl ether)-N,N-tetraacetic acid (EGTA)
to block PE toxicity was examined. LM cell
monolayers were preincubated with EGTA and
then allowed to bind PE in the cold and in the
presence of chelator. After unbound toxin was
removed, monolayers were reincubated for 5 h
at 37°C in medium with chelator, and protein
synthesis was measured. EGTA (2 mM) fully
protected cells from PE; i.e., protein synthesis
was normal in these cells in contrast to an 86%
reduction in monolayers exposed to toxin in the
absence of chelator (data not presented).

Receptor-mediated internalization of ligand
involves binding of ligand to a receptor on the
cell surface, clustering of receptors, and subse-
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quent internalization of the receptor-ligand com-
plex. Several experiments were carried out to
determine at what stage in this process calcium
is required. Monolayers were incubated with PE
for 30 min at 4°C in tissue culture medium in the
absence of chelator. Unbound toxin was re-
moved, and the monolayers were reincubated at
37°C in medium containing EGTA. Data (Table
1) showed that the depletion of calcium after
toxin binding occurred reduced toxicity signifi-
cantly. However, in the absence of preincuba-
tion with chelator, nontoxic levels of EGTA (up
to S mM) did not provide full protection to LM
cells. A further experiment was designed to
evaluate the effect of having chelator present
only during toxin binding. Since the concentra-
tion of toxin used in most experiments (100 ng/
ml) caused a high level of inhibition of protein
synthesis which might have precluded detection
of small amounts of decreased binding, cell
monolayers were incubated with toxin (10 to 100
ng/ml) in the presence or absence of EGTA,
unbound toxin was removed, and monolayers
were reincubated in chelator-free medium. At all
concentrations of toxin tested, similar levels of
toxicity were seen whether binding occurred in
the presence or absence of chelator. (Fig. 1).
Thus, the results of these two sets of experi-
ments suggest that depletion of extracellular
calcium does not affect ligand-receptor binding,
but that calcium is required for a subsequent
step in the intoxication process.

To determine whether extracellular calcium is
required during toxin entry or after toxin inter-
nalization, we determined the ability of chelator
to protect cells when added to monolayers at

TABLE 1. Protection afforded by addition of
chelator after Pseudomonas toxin is bound to LM

cells®
Protein synthesis
EGTA C t. .
Celis concn (mM) (r):j?“ftge ' qg.l.“h"
microgram ition
Toxin treated 0 257+ 9.1 84
1.0 62.6 = 6.5 63
2.0 119.0 = 14.5 36
3.5 127.6 = 8.7 33
5.0 135.4 = 10.1 37
Control 0 160.2 = 31.2
1.0 169.8 = 8.6
2.0 187.4 = 11.0
3.5 189.6 = 9.7
5.0 216.0 = 18.9

2 Toxin (100 ng/ml) was incubated with cell mono-
layers in medium without EGTA for 30 min at 4°C
(binding step); unbound toxin was removed, and
monolayers were reincubated for 5 h at 37°C in toxin-
free medium containing EGTA.
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FIG. 1. Chelator does not block initial association
of PE with LM cells. LM cell monolayers were
incubated with several concentrations of PE for 30 min
at 4°C in the presence (O) or absence (@) of 2 mM
EGTA. The medium was removed, and monolayers
were reincubated for 5 h at 37°C in medium not
containing EGTA before measurement of protein syn-
thesis. The error bars represent one standard deviation
of triplicate samples.

intervals after removal of unbound toxin (Fig.
2). PE was incubated with cells for 30 min at
4°C, and the cells were washed and reincubated
in fresh culture medium at 37°C. At indicated
times, medium containing EGTA was added to
the monolayers, and after 5 h, cellular protein
synthesis was assayed. As seen before, the
addition of EGTA immediately after binding of
toxin provided maximum protection (30% inhibi-
tion of protein synthesis versus 87% if chelator
step was not included). The ability to protect
cells by adding EGTA after removing unbound
toxin was rapidly lost. Chelation of extracellular
calcium at 2.5 min or later provided reduced
protection relative to cells washed with medium
not containing EGTA (approximately 47 and
70% reduction in protein synthesis in presence
and absence of chelator after 2.5, 5, or 10 min).
Therefore, we suggest that extracellular calcium
is required for an early step in the internalization
process. Experiments were performed to con-
firm more precisely the role of calcium in the
expression of toxicity. Data presented in Fig. 3
show that the addition of calcium to medium
depleted with EGTA allowed full expression of
PE toxicity. Cell monolayers were incubated
with toxin for 30 min at 4°C, washed, and
reincubated at 37°C in fresh culture medium
containing EGTA (2 mM) and various concen-
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trations of CaCl, (Fig. 3A). The addition of 2
mM CaCl, totally overcame the protection af-
forded by the chelator, and protein synthesis
was inhibited by 84%. Similarly, cells were
incubated with toxin and EGTA, washed, and
reincubated in PBS containing CaCl, (Fig. 3B).
Again, replenishment of calcium (1.0 mM) al-
lowed full expression of toxicity. The addition of
higher concentrations of calcium did not potenti-
ate the action of the toxin nor was the combina-
tion of 2 mM EGTA and 2 mM CaCl, toxic to the
cells (data not shown).

Similar experiments were performed with
magnesium as the divalent cation. In contrast to
the results obtained with CaCl,, adding MgCl,
after binding did not allow expression of toxin
activity. At all concentrations of the magnesium
salt used (0.1 to 2 mM), only minimal inhibition
of protein synthesis was observed (data not
presented).

Immunoelectron microscopy. Electron micro-
scopic studies were carried out to corroborate
the biochemical studies. PE was allowed to bind
in the cold and cells were washed and reincubat-
ed for 30 min at 37°C. Horse spleen ferritin was
used to visualize surface toxin. Similar ferritin
labeling was observed whether EGTA was pres-
ent throughout the entire experimentation peri-
od (11.2 sites per section), present during bind-
ing and entry (14.6 sites), or present during entry
only (12.3 sites) (data not shown). This level was
comparable to that observed on cells maintained
at 4°C (12.2 sites per section).
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FIG. 2. Depletion of extracellular calcium blocks
early step in toxicity. Mouse LM fibroblast monolay-
ers were incubated with toxin (100 ng/ml) for 30 min at
4°C. Cells were washed thoroughly to remove un-
bound toxin and were reincubated in fresh toxin-free
medium at 37°C. At indicated times, the medium was
aspirated and replaced with medium containing 2 mM
EGTA (cross-hatch) or medium without EGTA (stip-
pling). Protein synthesis was measured S h after the
removal of unbound toxin. The open bar represents
cells incubated in medium with EGTA but without
toxin for the entire experiment. The error bars repre-
sent one standard deviation of triplicate samples.
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FIG. 3. Expression of Pseudomonas toxin activity
in the presence of calcium. (A) PE(100 ng/ml) in
complete tissue culture medium (TCM) was added to
cells for 30 min at 4°C. Unbound toxin was removed,
and cells were reincubated at 37°C in TCM-EGTA (2
mM) plus the indicated concentrations of CaCl, for 5
h. Cells were then assayed for protein synthesis. (B)
PE (100 ng/ml) in TCM-EGTA (2 mM) was added to
cells for 30 min at 4°C. Unbound toxin was removed,
and cells were reincubated at 37°C in PBS plus the
indicated concentrations of CaCl, for 5 h and then
assayed for protein synthesis. The error bars represent
one standard deviation of triplicate samples.

When cells were incubated with toxin in tissue
culture medium containing EGTA and reincu-
bated in toxin-free medium containing EGTA
and increasing concentrations of calcium, toxin
was cleared from the cell surface (Table 2). As in
the biochemical studies, the addition of 2 mM
calcium totally overcame the EGTA block, and
normal levels of internalization were seen. In the
presence of the low calcium concentration (0.1
mM), a reduction of approximately 30% in the
quantity of surface-localized ferritin was noted.
Magnesium did not substitute for calcium in
the entry process, since toxin was not internal-
ized in the presence of MgCl,. These observa-
tions suggest that the depletion of extracellular
calcium does not alter the binding of toxin to LM
cells but does block internalization of bound
toxin, and they are in agreement with our obser-
vations utilizing the inhibition of protein synthe-
sis to measure biological expression of PE.

A representative LM cell is shown in Fig. 4.
Note that the ferritin grains clustered exclusive-
ly within the coated pit region of the cell mem-
brane.
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DISCUSSION

We have shown previously (5) that the inter-
nalization of PE by mouse fibroblasts exhibits
the essential characteristics of RME. A com-
bined biochemical-electron microscopic ap-
proach has been exploited to analyze the role of
extracellular calcium in the initial interactions of
PE with LM cells. The entry of toxin was
monitored both by assaying the inhibition of
protein synthesis and by visualizing the clear-
ance of toxin from the cell surface. The data
generated by these two approaches support the
hypothesis that the expression of toxicity re-
quires free extracellular calcium. A similar re-
quirement for calcium for the activity of Clos-
tridium perfringens enterotoxin on Vero and
HeLa cells was reported by Matsuda and Sugi-
moto (10).

Several limitations are inherent in the immu-
noelectron microscopic (IEM) technique used
here. This technique is qualitative, not quantita-
tive. The number of ferritin cores varied from
one to >5 per conjugate, and therefore, scoring
of toxin sites was dependent upon visualization
of clusters of ferritin molecules. Thus, it can be
difficult to determine whether a single or multi-
ple antigenic site is being viewed.

Also, the immunohistochemical method al-
lows detection only of surface-associated toxin.
It does not allow detection of toxin which disso-
ciates from the cell surface and is shed into the
medium. PE which has been internalized cannot
be detected by this method. To detect intracellu-
lar toxin, it is necessary either to use PE labeled
directly with an electron-dense marker (e.g.,
horse spleen ferritin or colloidal gold) or to

TABLE 2. Calcium dependence of Pseudomonas
toxin internalization by LM cells®

Internalization conditions Ferritin labeling®

TCM (no EGTA) + 0 mM CaCl,.... 22+1.0
TCM*+0mMCaCl,.............. 9.2 £ 2.6
TCM + 0.1 mMCaCl, ............ 6.7*1.7
TCM® +2.0mMCaCl, ............ 3513
TCM® + 2.0 mM MgCl,............ 109 = 1.2
PBS + 0.1 mMCaCl,.............. 5.5+x1.7
PBS + 1.0 mMCaCl,.............. 3.6 = 0.6
PBS + 1.0 mMMgCl, ............. 111 £1.5

“ Toxin (100 ng/ml) was incubated with LM cell
monolayers for 30 min at 4°C in EGTA-containing
tissue culture medium; monolayers were washed and
reincubated at 37°C for 30 min in complete medium or
in PBS + CaCl, or MgCl,.

® Sites per section; minimum of 10 sections scored
as described in text. Cells which were maintained at
4°C for 30 min in the presence of toxin and fixed with
glutaraldehyde immediately had 12.2 + 3.2 sites per
section.

¢ TCM, Tissue culture medium; contains 2 mM
EGTA.
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FIG. 4. Binding of Pseudomonas toxin to LM cell monolayers. Precooled LM cell monolayers were
incubated with PE (100 ng/ml) for 30 min at 4°C. The monolayers were washed three times with warm, toxin-free
medium and reincubated for 30 min at 37°C. Samples were stained with bismuth subnitrate to increase the
electron density of ferritin (1). Bar, 100 nm. Note that the ferritin cores (toxin-binding sites) localized within a
coated region of the cell membrane (small arrows). The coated region is identified by the bristle-like structures
(large arrows), giving this region a thickened appearance.

render cells permeable to the immunohisto-
chemical reagents (17). Using the latter method,
we obtained preliminary evidence that toxin is in
membrane-bound vesicles after 30 min of incu-
bation at 37°C.

One problem in determining the fate of PE (or
any other internalized protein toxin) is that only
a very few molecules of toxin or enzyme-active
fragments are required to inactivate cytoplasmic
elongation factor 2 and thus kill the cell (16, 18).
The question can always be raised as to whether
one is dealing with the productive toxin mole-
cules or with toxin that is ultimately degraded
and does not participate in the lethal event.
However, it is felt that a combined approach to
this problem provides the best possibility for
determining the fate of toxin.

Several mechanisms were considered to ex-
plain protection afforded by EGTA. It was con-
sidered that calcium might be required for toxin
binding. Classical binding experiments with 12°I-
labeled PE have not been included in this study

for two reasons: to date we have not been able to
obtain PE which retains full biological activity
when labeled with greater then 1 to 2 molecules
of I per 10 toxin molecules, and binding
studies carried out with available iodinated toxin
preparations have shown only low levels of
specific binding at 37°C and have not shown
saturability at 4°C (unpublished data). This may
be because the number of receptors for PE and
LM cells are near the lower limits of detection,
using classical binding assays with radiolabeled
toxin. When measuring the number of receptors
for diphtheria toxin, Middlebrook et al. (13)
reported that the lower limit for detection is
5,000 receptors per cell (binding affinity of 10°
liters of diphtheria toxin per mol). From IEM
observations, we calculated that there are ap-
proximately 7,000 PE binding sites per LM cell.
IEM studies showed similar numbers of PE
molecules on the cell surface when the binding
step was carried out in the presence or absence
of chelator. In addition, there was equal expres-



720 FITZGERALD, MORRIS, AND SAELINGER

sion of toxicity whether PE was allowed to bind
in the presence or absence of calcium. Taken
together, the data suggest that calcium is not
required for toxin binding.

Our results suggest that internalization or at
least the initiation of internalization occurs rap-
idly after binding. We have reported previously
that the addition of specific antitoxin to LM cell
monolayers 2.5 min after the addition of PE only
partially blocks expression of toxicity (12). Simi-
larly, the level of toxin on the cell surface as
detected by IEM is reduced within 5 min with
incubation at 37°C (5). We have shown here that
within 2.5 min (Fig. 2) a calcium-dependent step
in the intoxication process has begun. All data
suggest that the initial steps in the internalization
of PE by LM cells occur very rapidly. Similar
findings have been reported for other ligands.
Goldstein et al., (6) reported internalization and
delivery of low-density lipoprotein to lysosomes
within 10 min. Carpenter and Cohen (2) found
that at 37°C, the half-life of bound epidermal
growth factor on the cell surface of human
fibroblasts is approximately 2 min. Because of
the rapidity of the process, it is technically
difficult to identify events involved in ligand
internalization. Considerable work has been car-
ried out by Pastan and colleagues to determine
how the formation of ligand-receptor complexes
is coupled to the process of internalization. They
have proposed an obligatory role for a transglu-
taminase enzyme in mediating the internaliza-
tion of several ligands (4). Transglutaminase is
calcium dependent and is inhibited by primary
amines (4). Although we cannot directly impli-
cate transglutaminase as the mediator of PE
internalization, we have provided circumstantial
evidence that this enzyme or another calcium-
dependent enzyme may play a significant role in
the expression of toxicity. Expression of PE
toxicity is inhibited by various primary amines
(5, 12) and, as this report shows, is also calcium
dependent.

In an effort to reconstruct the molecular
events for successful toxin entry, we have
shown the necessity for extracellular calcium.
We have also shown that calcium is required
early in the process of toxin internalization.
Therefore, we propose that calcium is needed as
a cofactor for a component of the internalization
system. It is possible that a membrane-bound or
cytoplasmic transglutaminase is the essential
component. However, without further confirma-
tory evidence, the role of this enzyme remains
conjectural. Since calcium ions are known to
play an essential role in a wide range of cellular
functions, including endocytosis (3), it would be
premature to suggest the exact mechanism of
protection in the situation described here.
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