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SUMMARY 

The main objective of the present investigation was to screen P. 
aeruginosa toxins for in vitro activity and investigate biochemical 
mode of action. Toxins were isolated after concentration of the 
culture filtrate and separation of the filtrate on Sephadex G-100 
column in four fractions. On the basis of primary screening results 
the dialysate and fractions 3 and 4 effectively inhibited incorporation 
of [14C]adenine (DNA, RNA) and [14C]valine (protein) into the 
TCA-insoluble fraction of both Ehrlich ascites carcinoma (EAC) and 
Vero cells. The toxins also interfered with energy-yielding processes 
(endogenous respiration). The dialysate decreased the level of ATP 
in EAC cells after two hours incubation in vitro. 
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INTRODUCTION 

Many bacterial toxins affect the functions of mammalian cells by 
stimulating or inhibiting their growth. Various toxins have different 
molecular actions on their target cells. The sequence of intracellular 
events underlying toxin-mediated killing of eukaryotic cells is only 
partially understood /II. 

Pseudomonas aeruginosa is an increasingly important pathogen, 
producing a large number of products which have the potential to 
contribute to pathogenesis 12, 3/. Exotoxin A has been shown to be 
cytotoxic to a number of cells lines. Pavlovskis and Gordon /4/ have 
shown inhibition of uptake of [14C]uridine and [14C]amino acids by 
exotoxin A in the case of Vero cells. Iglewski and Kabat /5/ have 
reported that Pseudomonas exotoxin A inhibits protein synthesis in 
a rabbit reticulocyte lysate, and Leppla /6/ has shown that it blocks 
amino acid incorporation in a wheat germ cell-free system. Geokas 
et al. Ill have reported that in isolated pancreatic acini, exotoxin A 
inhibits the synthesis and secretion of proteins. 

Similarly to diphtheria toxin, exotoxin A inhibits protein synthesis 
by catalyzing the transfer of the ADP-ribose moiety of oxidized NAD 
to elongation factor 2. This reaction causes the inactivation of this 
factor which participates in the elongation process of polypeptide 
chains 151. Mohamed and co-workers 18/ have shown inhibition of 
protein and DNA synthesis by the exotoxin of P. pseudomcdlei in 
cultured macrophages. The pseudomonal cytotoxin 19,10/, an acidic 
protein of approximately 28,000 mol. wt., acts primarily on plasma 
membranes. The toxin binds to the high affinity binding site on 
Ehrlich ascites tumor cells / l l / and forms pores with a diameter of 
about 2 nm, as shown on endothelial cells, rat erythrocytes and 
Ehrlich cells /12, 13, 14/. Crowell and Lutz /15/ studied binding of 
the 125I-cytotoxin and the resulting increase of cation permeability in 
erythrocytes of various mammalian species. Lau and co-workers /l/ 
have reported that cytotoxin stimulates the release of amylase and 
protease zymogens with a concomitant increase in membrane per-
meability and decrease of cellular mRNA levels. 

So far, however, little is known about the action of P. aeruginosa 
toxins on biosynthetic and energy-yielding processes in EAC and 
Vero cells. In the present study we followed the effects of selected 
toxins on biosynthetic processes, endogenous respiration and level of 
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ATP. Ehrlich ascites tumor cells have been used extensively as an 
experimental model for biochemical investigation /16, 17/. 

MATERIALS AND METHODS 

Ehrlich ascites carcinoma (EAC) cells were maintained and prop-
agated in strain Η Swiss albino mice (Institute of Experimental 
Pharmacology, Slovak Academy of Sciences, Dobra Voda, Czecho-
slovakia), about 10 weeks old and 20 to 25 g body weight, as described 
previously /18, 19/. Ascitic plasma was extracted and the incidental 
layer of erythrocytes was removed /20/. The cells were suspended in 
Krebs-Ringer phosphate buffer, pH 7.4, without calcium but with 
ascitic serum (2.5% v/v) and glucose (final concentration, 3.0 
mmol/1). The number of cells was adjusted to 5 χ 106/ml of medium 
/19/. All operations were performed at 0-4°C. 

Vero cells (IJSOL, Prague, Czechoslovakia) were obtained from 
a continuous line of 6-7 days old culture (1200 ml Roux bottles were 
used). Growth medium was MEM (IJSOL) with addition of 1% 
NaHCOs, glutamine (250/^g/ml), gentamycin (40/^g/ml), streptomy-
cin sulfate (100/^g/ml) and penicillin (lOO/zg/ml), enriched with 10% 
bovine serum (Bioveta, CSFR). The cells were suspended in saline 
phosphate medium (PBS) with 5 mmol glucose, pH 7.4. The number 
of cells was adjusted to 2xl06/ml of buffer /21/. 

Materials 

P. aeruginosa strain No. 162 was isolated from a patient with 
clinical diagnosis of diarrhea. The cultivation of this strain was 
carried out in proteose peptone medium with intensive aeration 
during 24 h. The culture filtrate was separated on a Sephadex G-100 
column /21/. The culture filtrate yielded four toxic fractions (Fig. 1). 
The substances were dissolved in PBS in the presence of 5 mmol 
glucose shortly before use. [8-14C]Adenine sulfate (specific activity, 
44 mCi/mmol) and [U-14C] valine (specific activity, 175 mCi/mmol) 
were received from the Institute for Research, Production and Ap-
plications of Radioisotopes, Prague, Czechovslovakia. Other chem-
icals and enzymes necessary for the determination of ATP were 
purchased from Boehringer (Mannheim, Germany). All other re-
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agents were obtained from Sigma Chemical Co. (St. Louis, MO), 
USA). 

Fig. 1: The separation course of the concentrated culture filtrate (dialysate) of 
P. aeruginosa on a Sephadex G-100 column. Mr fractions: F1 > 
100,000; F2 = 40,000; F3 = 25,000; F4 <10,000. 

Primary biochemical screening (cytotoxicity assays) 

The procedure used in evaluating the cytotoxic effect of the 
pseudomonal toxins was similar to that used when testing other 
metabolic inhibitors /22, 23/. EAC and Vero cells were incubated 1 
h in the presence of five selected concentrations of the substance, 
under defined conditions in vitro, and the active synthesis of nucleic 
acids and proteins was followed. After 1 h of drug exposure, the 
test-tubes were transferred into an ice bath. [8-14C]Adenine was 
added to the first series to a final concentration of 0 .187μ0 per 1.02 
μ% and L-[U-14C]valine was added to the second series to a final 
concentration of 0.165 μΟ\ per 2.64 μg (EAC). In the case of Vero 
cells, [8-14C]adenine was added to a final concentration of 0.005 μ α 
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per 4μξ and L-[U-14C]valine to a final concentration of 0.125μα per 
100 μξ. Both series were again incubated for 1 h at 37°C. In control 
experiments only Krebs-Ringer phosphate medium (EAC) or PBS 
(Vero) were used. Incorporation was terminated by adding 1 ml of 
5% trichloroacetic acid to each test-tube in an ice bath. The samples 
were centrifuged at 2000g, the precipitate washed with 2x5 ml of cold 
2.5% TCA After adding 6 ml Brayuv scintillation solution (Spolana, 
Czechoslovakia) to the precipitate, the radioactivity was measured 
using the liquid scintillation system LS-100C (Beckjnan, USA). 

Endogenous respiration 

Cellular respiration was measured with a Clark-type oxygen elec-
trode (Gilson Medical Electronics, Yellow Springs, USA). Endoge-
nous respiration of Ehrlich ascites carcinoma cells was determined 
as described previously /24/. Vero cells were harvested from a 4-6 
days old culture, washed in a saline phosphate medium, suspended 
in the same medium, and the number of cells was adjusted to 
12xl06/ml of medium. The toxins were dissolved in saline phosphate 
medium shortly before use. Rates of oxygen uptake by Vero cells 
were measured in a thermostatically controlled (37°C) reaction ves-
sel equipped with a stirring device. Oxygen consumption was moni-
tored for approximately 10 min and the linear portion of the oxygen 
consumption curve was utilized to calculate oxygen consumption 
rates. The respiratory rate was expressed as nanomoles of oxygen 
consumed per min and corresponding dry weight of the cells. 

ATP determination 

ATP level determination was carried out according to the method 
described in detail in a previous paper /25/. 

Protein determination 

Protein concentration in the cell suspension was estimated ac-
cording to the method of Lowry et al. 1261. 
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RESULTS 

Cytotoxic activity was assessed as the degree of incorporation 
inhibition of [14C]adenine and [14C]valine into the TCA-insoluble 
fraction of both EAC and Vero cells under defined in vitro conditions. 
These conditions ensured an active synthesis of nucleic acid and 
proteins for at least 2 h /19/. The cells were preincubated for 1 h in 
the presence of at least four concentrations of the toxins. Labeled 
precursors were added to the suspension and after incubation for 
another 1 h the incorporation was stopped by adding TCA. 

The results given in Table 1 show that the dialysate and the 
fractions F3 and F4 (Fig. 1) affected incorporation of [14C]adenine, 
[14C]valine or both into the TCA-insoluble fraction of EAC cells. The 
degree of inhibition of the two precursors was different. The dialy-
sate and fraction F3 were the most effective toxins. This is shown not 
only by the percentage inhibition but also by the ICso values. The 
dialysate significantly affected processes connected with incorpora-
tion of [14C]adenine (compare IC50 for adenine = 80/ig/ml), whereas 
valine incorporation was affected to a lesser extent (ICso valine > 200 
jWg/ml). Fractions F l and F2 were less effective. Fraction F3 inhib-
ited in particular the synthesis of nucleic acids, indicated by the 
incorporation of [14C]adenine; the ICso value of adenine was 140 
/ig/ml. Incorporation of valine was less affected, which is evident 
from the ICso value of valine (173 /^g/ml). Fraction F4 is interesting 
because it markedly inhibited incorporation of valine without mark-
edly inhibiting adenine incorporation. 

On the basis of our previous results /27,28/, it is convenient to use 
the ICso adenine:ICso valine ratio (R); this enables the differentiation 
of inhibitors into three groups, according to their primary mode of 
action. The R values are quite different in the three groups, and it is 
possible to deduce from the R value of a substance whether it affects 
more markedly either energy metabolism or the synthesis of proteins 
or nucleic acids. The ratio R for fraction F3 in Ehrilich ascites cells 
is 0.809. On the basis of our previous results, we conclude that such 
a ratio is typical for compounds which interfere with the energy-gen-
erating system of cells, which have R values in the range 0.55-2.25; 
the R values for the other two groups are quite different /27, 28/. 

Analogous experiments with Vero cells are presented in Table 2. 
From these findings, it follows that the dialysate and fractions Fl , F3 
and F4 are the most effective toxins. This is in agreement with the 
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results presented in Table 1. The dialysate affected incorporation of 
[14C]adenine and [14C]valine approximately to the same extent as is 
shown by the ICso values for these precursors. It is interesting that in 
the case of Vero cells, the synthesis of proteins (Table 2) is the "more 
sensitive", while in EAC cells it is the synthesis of nucleic acids. 
Fraction Fl affected incorporation of both precursors into EAC cells 
to only a small extent. In the case of Vero cells, however, fraction Fl 
significantly influenced the incorporation of [14C]adenine, and at the 
highest concentration (200Jwg/ml) it also inhibited the incorporation 
of valine. Fraction F2 did not cause a pronounced inhibition of 
incorporation of either precursor in both EAC and Vero cells. Frac-
tion F4 showed a similar effect on EAC (Table 1) and Vero cells 
(Table 2) in the case of inhibition of [14C]adenine. This is clear from 
the IC50 values which are very similar (ICsoadenine for EAC = 91 and 
for Vero cells = 85 /ig/ml). Choleragen had more effect on protein 
synthesis than on biosynthesis of nucleic acids in Vero cells (Table 
2). Vero cells are in general "more sensitive" than EAC cells. 

The values of the ratios ICsoadenine :ICsovaline for Vero cells are 
in the range of 0.68-1.13. This ratio is comparable with that obtained 
for EAC cells with fraction F3 (Table 1). It indicates that the mech-
anism affecting biosynthetic processes is very similar in both types of 
cells. 

Biosynthesis of macromolecules, indicated by incorporation of 
[14C]adenine and [14C]valine to the corresponding macromolecules 
of EAC and Vero cells is an energy requiring process. In the next 
experiment, we followed the effects of P. aeruginosa toxins on endog-
enous respiration of both tumor and normal cells. As shown in Table 
3, the dialysate inhibited endogenous respiration of EAC cells in a 
concentration dependent manner. On the other hand, fraction F l at 
the lowest concentrations does not affect oxygen consumption and at 
the highest concentrations causes a relatively low inhibition of en-
dogenous respiration. The other fractions did not show a marked 
effect on oxygen consumption of EAC cells. 

Similar results were also obtained in Vero cells (Table 4). The 
most effective inhibitor was the dialysate, which significantly inhib-
ited oxygen consumption, at lower concentrations than in the case of 
EAC cells (Table 3). This observation is in agreement with previous 
findings (Tables 1 and 2). Fraction Fl is effective only at higher 
concentrations than in EAC cells. The other fractions did not affect 
oxygen consumption of Vero cells. 
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TABLE3 
Effect of P. aeruginosa toxins on endogenous respiration of EAC cells 

M.IM 
Substances 0 50 100 150 200 250 Substances 

nmoles02/min/16 me dry weight 
Dialysate 48.9 48.9 31.9 15.0 n.d. n.d. 
F l 48.9 48.9 48.9 48.9 42.3 42.3 
F2 48.9 48.9 48.9 48.9 48.9 46.0 
F3 48.9 48.9 48.9 45.1 n.d. n.d. 
F4 48.9 48.9 48.9 48.9 48.9 47.9 

Toxins were dissolved in Krebs-Ringer phosphate medium shortly before experi-
ments. 
F1-F4 = fractions; n.d. = not determined 

TABLE 4 
Effect of P.aeruginosa toxins on endogenous respiration of Vero cells 

Substances 0 12.5 25 37.5 50 62.5 125 250 Substances 
nmoles 02/min/10 mg dry weight 

Dialysate 29.1 25.4 12.4 5.4 n.d. n.d. n.d. n.d. 
F l 30.9 n.d. n.d. n.d. n.d. 27.3 21.8 10.9 
F2 27.3 n.d. n.d. n.d. n.d. 27.3 27.3 27.3 
F3 20.C n.d. n.d. n.d. n.d. 20.0 20.0 20.0 
F4 25.4 n.d. n.d. n.d. n.d. 20.0 20.0 20.0 

Toxins were dissolved in phosphate buffer saline medium shortly before experi-
ments. 
F1-F4 = fractions, n.d. = not determined 

TABLES 
Effect of P. aeruginosa toxins on ATP level in EAC cells 

after 2 h incubation in vitro 

μιηοΙ/Ι 
Substance 0 25 50 100 

nmol ATP/mg 
Dialysate 
Fraction (Fl) 

5.47(0) 
5.47(0) 

4.86(11.1) 4.26(22.1) 
5.68( + 3.8) n.d. 

3.85(29.6) 
5.27(3.7) 

The numbers in parentheses represent percentage of inhibition or stimulation ( +). 
Toxins were dissolved in Krebs-Ringer phosphate medium shortly before experi-
ments. 
n.d. = not determined 
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To obtain direct evidence of interference of P. aeruginosa toxins 
with energy metabolism, the ATP level in EAC cells was followed 
after 2 h incubation. Only two toxins were tested, i.e., the dialysate 
and fraction Fl. As shown in Table 5, the dialysate decreased the 
ATP level in EAC cells in proportion to its concentration. Fraction 
Fl did not influence the ATP level to any marked degree at the 
concentrations tested. This is not surprising because fraction F l was 
not very effective in EAC cells (Tables 1 and 3). 

DISCUSSION 

The values from biochemical screening represent the first funda-
mental information about the cytotoxic activity of pseudomonal tox-
ins. The data obtained in a relatively short time indicate whether the 
tested substance has any cytostatic activity at all, and perhaps also 
indicate a possible mode of action (R). We have previously reported 
a rapid radiometric in vitro technique of primary screening for anti-
cancer substances 121, 28/. This method, which measures the drug-
induced inhibition of [14C]adenine and [14C]valine incorporation, is 
relatively simple, reliable and sensitive. 

From the results of Tables 1 and 2, it can be seen that the dialysate 
and fractions F3 and F4 have the most toxic effect in both EAC and 
Vero cells, and also fraction Fl in Vero cells. Though the degree of 
inhibition of incorporation of the two precursors is different, the 
mode of action is likely to be similar, indicated not only by the IC50 
values but mainly by the ratio ICsoadenineJCsovaline (R). As has 
been noted, these ratios are in the range of 0.68 to 1.13, which are 
typical for substances interfering with energy metabolism 1211. 

In order to elucidate at least partly the mechanism of inhibition 
of incorporation of the [14C]precursors, the effect of some P. aer-
uginosa toxins on endogenous respiration of both cell types (Tables 
3 and 4) and ATP level (Table 5) was followed. From the results 
presented above (Tables 3-5), it follows that the inhibition of the 
[14C]precursors' incorporation could be the result of interference 
with the formation or utilization of ATP. 

In each case the ratio values R as well as the results in Tables 3 
and 4 and ATP level (Table 5) confirm our suggestion that the 
observed inhibition of incorporation of both precursors could be the 
result of the dialysate's interference with energy-producing pro-
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cesses. This is also the case to a certain extent for Fl and F2 in Vero 
cells. Differences in the effects on EAC and Vero cells can be 
explained by the nature of these cells (cancerous and normal) and 
also by the structure of their cytoplasmic membranes. Fractions Fl 
and F2 were relatively weakly effective in the case of EAC cells, 
shown by the results in Tables 1 and 3. While the fraction F3 inhibited 
both [14C]adenine and [14C]valine incorporation, in EAC cells it had 
very little effect on endogenous respiration. This means that the 
inhibition cannot be explained by interference with the formation or 
utilization of energy; fraction F3 interferes with processes more 
directly connected with the incorporation of [14C]precursors. The F4 
fraction (EAC cells) is similar. 

In the Vero cells fraction F4 significantly interferes with incorpo-
ration of both [14C]adenine and [ 4C]valine. The IC50 values are the 
same, i.e., 85 /ig/ml. This fraction is the most effective on Vero cells. 
F4 at the highest concentrations also decreases oxygen consumption 
in Vero cells (Table 4). The dialysate also significantly decreases 
oxygen consumption in Vero cells but at lower concentrations. It is 
not possible to explain the differences between the dialysate and the 
F4 fraction from these findings. The F4 fraction has the lowest 
molecular weight among the tested fractions (Fig. 1). We can sup-
pose that the F4 fraction has a membrane effect which is more active 
in the case of Vero cells. This cytolytic effect would be responsible 
not only for inhibition of oxygen consumption in the cells, but also 
for inhibition of biosynthetic processes. Moyer et cd. /29/ observed 
that Shiga toxin purified from Shigella dysenteriae was directly 
cytotoxic to human intestinal cells. It inhibited protein and DNA 
synthesis, changed permeability of membranes and caused death of 
cells. Recently, Prior et cd. /30/ studied pseudomonal exotoxin which 
kills eukaryotic cells possessing specific toxin receptors. The toxin 
enters the cell via receptor-mediated endocytosis and is translocated 
into the cytosol where it catalyzes the ADP ribosylation of elongation 
factor 2 which leads to cell death. 

Although in the case of many anti-neoplastic agents, attention has 
been focused upon their effects on DNA RNA and protein synthesis, 
work by Farber /31/ and others indicates that the inability to synthe-
size ATP in a cell leads to multiple secondary derangements in 
cellular metabolism. 

Further work is necessary to investigate the exact mechanism(s) 
of action of P. aeruginosa toxins. 
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