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I. Introduction and Statement of the Problem

Pseudomonas aeruginosa is an opportunistic pathogen which causes

serious and sometimes fatal infections in the compromised host. The
organism is capable of producing a wide variety of extracellular prod-
ucts which may contribute to its pathogenicity (61, 62). Among these
is an extracellular protein, toxin A, discovered by Liu (59). Toxin
A is cytotoxic and lethal to many cells and animals (3, 59, 70). The
mechanism of action of toxin A is identical to diphtheria toxin frag-
ment A (11, 45-47). Both toxins inhibit eukaryotic protein synthesis
by catalyzing the transfer of the adenosine diphosphate ribose (ADPR)
moiety of nicotinamide adenine dinucleotide (NAD) onto elongation fac-
tor 2 (EF-2), rendering the ADPR-EF-2 inactive in protein synthesis
(11, 46, 47). While the mechanism of action of toxin A is well un-
derstood, its role in disease remains to be clarified. Furthermore,
toxin A is not formed constitutively by A toxinogenic strains of P.
aeruginosa. The factors regulating its production have not been
clarified.

The purpose of this study is to elucidate in vitro and in vivo
production of toxins produced by P. aeruginosa which have ADP-ribosyl
transferase activity. The specific aims of this research are:

i. Establish the incidence of toxin A production among clini-
cal isolates and laboratory strains of P. aeruginosa.

ii. Examine the factors that regulate yields of Pseudomonas
toxins in vitro.

iii., Investigate the possible existence of P. aeruginosa

ADP-ribosyl transferases distinct from toxin A,



iv. Demonstrate the in vivo production of P. aeruginosa exo-
enzyme S in an appropriate animal model.
Increased understanding of the in vitro and in vivo production
aof ADP-ribosyl transferases from P. aeruginosa may provide clues re-
lating to the pathogenesis, prophylaxis, and therapy of P. aeruginosa

infections.



II. Literature Review

A. Morphology, Physiology and Genetics of P. aeruginosa

The cells of Pseudomonas are typically straight rods measur-
ing 0.5-1.0 ym by 1.5-4.0 um. P. aeruginosa is motile due to the
presence of a single polar flagella and the organism also possesses
pili or fimbrae which are found as a polar tuft (79, 94). Pseudomonas
is known for its pigmentation and several types of pigments are pro-
duced. The most common are pyocyanine (a phenazinebpigment), fluore-
scein, and a melanin-like brown pigment termed pyomelanin (61, 62
79). Pseudomonas possesses a diffuse slime polysaccharide coat which
differs from the hard coat (capsule) surrounding many other bacteria
(61, 62). The slime layer is believed to be antiphagocytic (94).

The wall and membrane structure of P. aeruginosa grossly re-
sembles those found on most other gram-negative bacteria; an outer
membrane and an inner membrane sandwich a peptidoglycan layer between
them. The other major component of the cell wall is fhe lipopolysac-
charide (LPS). The LPS from Pseudomonas has many physical and chemi-
cal properties in common with the LPS from members of the Enterobac-
teriaceae. However, important differences do exist as is evident
from the low (endo-) toxicity of P. aeruginosa LPS (16, 41, 42, 56,
69).

P. aeruginosa is most often referred to as an aerobe in re-
lation to oxygen, but it can utilize nitrates as a terminal electron
acceptor in the absence of oxygen (8). It has a ﬁuch wider growth

temperature range than most pathogens being able to grow equally well
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at 20° C and 37° C (62). P. aeruginosa catabolizes glucose and other
hexoses by utilizing the Entner-Douderoff pathway instead of the
Embden-Myerhoff pathway (9) and it has a functional tricarboxylic acid
cycle and electron transport system (8). Pseudomonas has enormpus
metabolic potential. The organism can grow on more than 80 different
organic compounds as the sole source of carbon including carbohydrates,
alcohols, saturated and unsaturated fatty acids, amino acids, amines
and amides (79). 1In addition, it has remained viable and even grown
in distilled water (19) and in dilute solutions of antiseptics and
disinfecﬁants (19).

The genome of P. aeruginosa consists of a chromosome (2-3 x
lO9 daltons) (39) and one or more plasmids of 10-312 X 106 daltons
(33, 39). Both the chromosome and the plasmids are attached to the
bacterial cytoplasmic membrane. The plasmids are of several types
(38, 39) including sex factors (FP; fertility plasmids) that mobilize
the bacterial chromosome during conjugation, antibiotic resistance
plasmids (RP; resistance plasmids), degradative plasmids and cryptic
plasmids. All three types of gene transfer (conjugation, transforma-
tion and transduction) take place in Pseudomonas. Of the three, con-
Jjugation and transduction have been used extensively to study the
genetics and the chromosomal map of P. aeruginosa (38, 39).

Epidemiologically, there are a number of ways in which P.
aeruginosa strains are typed. These include serotyping, pyocin

typing and phage typing. A variety of serotyping schemes have been



developed. Unfortunately, no single scheme has enjoyed widespread
approval and three or four different schemata are commonly used, in-
cluding those developed by Habs (32), Verder and Evans (113) and
Fisher et al. (24). Generally these methods are based on serotyping
by use of antisera directed at the somatic "O" LPS antigens.
Bacteriocins are antibiotic substances produced by many bac=—
teria, and pyocins are the bacteriocins produced by Pseudomonas (20,
21, 40). An organism that produces a pyocin is resistant to that
pyocin. Other PSeuddmOnas strains will either be susceptible or re-
sistant depending on the presence or absence of receptors for that
pyocin on their cell wall; Farmer and Herman (21) have developed a
pyocin typing scheme involving 18 indicator strains of P. aeruginosa.
The organism to be typed is grown in broth and pyocin production is
induced by the addition of mitomycin C. The pyocin extract is then
spotted on a lawn of each of 18 indicator strains, and the plates are
iater scored for the inhibition of growth at the area on the plate
where the pyocin extract was spotted. Most workers in the field
agree that the initial step in Pseudomonas typing should be a sero-
logical test. Often times, however, it is necessary to also do
pyocin typing in order to determine the relatedness of two strains
with identical serotypes. Phage typing of P. aeruginosa is still in
the experimental stages and is not routinely used at this time (19).
P. aeruginoéa is noted for its resistance to
most of the commonly used antibiotics. There are two major mecha-

nisms for this resistance; selective exclusion properties of the



6
outer membrane and resistance plasmids. The outer envelope layers of
P. aeruginosa, in common with other gram-negative bacteria, restrict
the entry of a number of antibiotics (68). Plasmids conferring drug
resistance in P. aeruginosa were first identified by Lowbury and his
collaborators in England during the late 1960's (64). Now a variety
of R-factors have been identified worldwide in Pseudomonas. These
differ in antibiotic resistance patterns and in molecular size (39).
Resistance to the antibiotics streptomycin, carbenicillin, kanamycin,
neomycin, tetracycline, sulphonamide, ampicillin and gentamicin are
most commonly coded for by R-plasmids (39). However, any given
plasmid usually carries genes for resistance to only two or three
antibiotics (39). It has been shown that R-plasmids are mutually
transferrable between P. aeruginosa and a wide variety of other

gram-negative genera (38, 78).

B. Disease Entities Caused by P. aeruginosa

P. aeruginosa is regarded as a saprophyte in that it is a
natural inhabitant of soil and fresh water (79). It is often a
cause of infection in man and other animals, especially in the com-
promised host. P. aeruginosa is a particularly severe problem in
hospitalized patients partly because of its ability to persist in
environments where other common pathogens are killed. Thus, it is
often found in moist environments such as sinks, baths, whirlpools,
and inhalation equipment (19, 37). P. aeruginosa has been found in
high numbers in uncooked vegetables comprising salads that are fed

to hospitalized patients (19, 51) and in ornamental plants and



flowers that are often found in hospital rooms and wards (51). Pseu-
domonas thus differs from the bacteria causing the classical bac-
terial‘diseases (diphtheria, cholera, etc.) in being found in high
numbers in the hospital environment, thus complicating its control.
The situation becomes even more ominous when one is aware that be-
tween 3% and 25% of healthy individuals are gastrointestinal carriers
of P. aeruginosa (19).

Healthy humans are usually not infected by P. aeruginosa,
a notable exception being chronic ear infections (19). On the other
hand, compromised and immunosuppressed patients run a high risk of P.
aeruginosa infections. In particular, cystic fibrosis, burn, and
leukemia patients are most susceptible. One of the hallmarks of P.
aeruginosa is its great propensity to invade vascular walls, often
leading to the characteristic skin lesion known as erythyma gangre-
nosum (114). Pseudomonas septicemia is particularly severe with a
mortality rate of from 60-90% despite the use of tﬂe best available
antibiotics and supportive care (25). This mortality rate far ex-
ceeds the rate seen from bacteremia with other gram—negative or-
ganisms affecting immunosuppressed patients (25), and implies that
P. aeruginosa possesses special virulence factors not shared by

members of the Enterobacteriaceae.

Infections caused by P. aeruginosa are a grave threat to
patients with extensive burns. The organism can readily colonize
the burn wound and often times may be spread hematogenously and
cause systemic sepsis and Pseudomonas pneumonia, conditions with a

poor prognosis (25, 90, 114). Another group of patients that are
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especially susceptible to P. aeruginosa infections are those suffering
from neoplasia, particularly acute leukemias (101, 106, 114, 119).
The critical role of granulocytopenia in these patients is shown by
the increase in Pseudomonas septicemia in patients with white blood
cell counts below 1,000 per ml of blood (106, 114).

Cystic fibrosis (CF) is the most common lethal inherited
(autosomal recessive) disease in Caucasians with an incidence of 1
in 2,000 live births (14, 114)., More than 50% of patients with CF
die before reaching the age of 21 (14). The biochemical or physio-
logical lesions of the disease are not fully understood (14). How-
ever, chronic obstructive pulmonary disease is the most serious
aspect of CF (14, 114). Pulmonary difficulties arise from an inad-
equate removal of mucous from the bronchial tree and also from poor
ciliary movement (14, 114). P. aeruginosa is the organism most
frequently colonizing the respiratory tract of CF patients (115).
An interesting finding is that 50-70% of P. aeruginosa strains isola-
ted from CF patients are mucoid in colonial morphology (15, 31, 114),
possessing a viscous extracellular polysaccharide that surrounds each
bacterial colony. Only rarely are P. aeruginosa strains from other
clinical sources found to be of the mucoid type, While the viscous
nature of the polysaccharide may contribute to the respiratory prob-—
lems seen in chronically infected CF patients, its precise role re-
mains unclear (31, 114), Govan has shown that mucoid P. aeruginosa
strains are more resistant to carbenicillin than non-mucoid strains

(31), and this may partly explain the prevalence of mucoid strains
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in the lungs of CF patients undergoing long term antibiotic therapy.
aeruginosa has become one of the most common causes of

severe corneal infection in man (13). 1In keeping with its role as an
opportunistic pathogen, P. aeruginosa dées not normally infect the in-
tact corneal epithelium (44). The cornea must be previously damaged
(by a scratch, for example) for a Pseudomonas infection to occur. The
keratitis produced by P. aeruginosa is one of the most rapidly spread-
ing bacterial diseases of the cornea and is very destructive, often
leading to permanent blindness (13, 44).

The treatment of patients with P. aeruginosa infections
varies depending on the site of infection and the fitness of the
host. As mentioned earlier, antibiotic therapy of P. aerﬁginosa in-
fections is complicated by the fact that the organism is resistant
(and can acquire resistance) to a variety of the commonly used anti-
biotics. In general, the major antibiotics employed to treat P.
‘aeruginosa infections are gentamicin (or tobramycin) and carbeni-
cillin (or ticarcillin) (114). Cystic fibrosis patients with P.
aeruginosa upper respiratory infections are sometimes administered
aerosolized antibiotics (neomycin, colistin or carbenicillin) in an
attempt to deliver the antibiotic directly to the lungs (114). In
addition, mucolytic agents such as N-acetylcysteine andvbronchodia—
lators have been administered to CF patients in an attempt to clear
the air passages (114). Treatment of superficial Pseudomonas infec-
tions include topical application of dilute acetic acid, mafenide
acetate (sulfamylon), silver nitrate, and gentamicin cream (114).

In burn patients where the initial therapeutic emphasis is on the
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prevention of establishment of Pseudomonas at the burn site, silver
sulfadiazine (114) has been highly effective. A drawback is that
the use of silver sulfadiazine has been associated with the emergence
of other potentially life-threatening organisms such as fungi and

Providencia stuartii (114). Due to the ability of P. aeruginosa to

acquire resistance to antibiotics the treatment of Pseudomonas in-
fections is ever-changing and modifications in the therapeutic regi-
men often occur in a relatively short period of time.

Other therapeutic measures such as granulocyte transfusions
and passive immunization with immune gamma globulin have looked
promising in experimental animal models (12, 17, 34, 35, 49) but
have done little to decrease the morbidity or mortality in human in-

fections (114).

C. Virulence Factors of P. aeruginosa
P. aeruginosa produces a wide variety of extracellular pro-
ducts that may contribute to its pathogenicity (61, 62). However,
the exact role that they play in disease is only beginning to be un-
derstood. Even though P. aeruginosa is a gram-negative bacterium
(that by definition must possess LPS [endotoxin]) the LPS isolated
from the cell wall of P. aeruginosa is not nearly as toxic as the

LPS isolated from the Enterobacteriaceae (16, 41, 42, 56, 61, 69).

A number of extracellular products produced by P. aeruginosa also
have inherent low toxicities or are produced at such low levels
that they are not important in diseases. These include a phytotoxic

factor (61), pigments (61), and hydrocyanic acid (61, 62).



11

Based on studies using animal models and isolated cells and
fissues, a number of extracellular substances produced by P, aerugi-
nosa appear to have the potential to contribute to its pathogenicity.
Among these are surface slime, phospholipase, hemolysins, leukocidin,
enterotoxin, Z toxin, proteases (elastase), and exotoxin A. These
will be discussed in the following pages. The roles of other poten-
tial virulence factors such as pili and flagella are presently poorly
studied and will not be discussed in this review.

1. Surface slime. Instead of the hard polysaccharide cap-
sule that coats many other gram-negative bacteria, P. aeruginosa has
a loosely defined slime polysaccharide layer (61, 62). The data are
conflicting on the toxicity of purified slime. Alms and Bass (1, 2)
reported that doses as high as 90 ug were not toxic to mice. In con-
trast, Sensakovic and Bartell (102) reported that the response of
mice to intraperitoneal (i.p.) injection of purified slime was leuko-
penia and death. It should be noted that the dose administered in
this later study (102) was 200 ug and that contamination of the
slime preparation with other virulence factors of P. aeruginosa was
not excluded. Although definite evidence does not exist, Sadoff
(94) speculates that the surface slime may contribute to the patho-
genicity of P. aeruginosa by being anti-phagocytic.

2. Hemolysins. P. aeruginosa produces at least two sub-
stances with hemolytic activity; a heat-stable glycolipid and a
heat-labile phospholipase C (lecithinase). The chemical structure

of the glycolipid was elucidated by Jarvis and Johnson (48) as
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consisting of two moles of L-rhamnose and two moles of R-hydroxy-
decanoic acid. The purified glycolipid was relatively non—toxic_ tak-
ing 5 mg to kill a mouse (48). Although Johnson and Jarvis did not
examine the hemolytic properties of the glycolipid, the identity of
the glycolipid with hemolytic activity was shown by Sierra (103).

Phospholipase C is a lecithinase which liberates phos-
phorylcholine from lecithin (18, 61, 62). To date there is no evi-
dence that the phospholipase C plays a role in the virulence of P.
aeruginosa (61, 62). Liu speculates that the presence of a lecithi-
nase in the lungs of P. aeruginosa pneumonia patients has the poten-
tial to be a virulence factor, since the normal surfactant lining
the lungs and preventing atelectasis is lecithin (62).

3. Leukocidin. Scharmann has characterized a substance
produced by several strains of P. aeruginosa that is cytotoxic to
leukocytes from various animal species (96-100). The substance is
not cytocidal to erythrocytes or thrombocytes. This leukocidin is
a cell-bound protein of molecular weight 27,000 daltons (99, 100).
The cytotoxic action of leukocidin on bovine leukocytes is charac-
terized by an increased permeability of the plasma membrane for low
molecular weight markers (96). There is no evidence at the present
time that leukocidin plays a role in disease, although a purified
preparation of leukocidin has a minimal lethal dose (LDSO) of 1 ug
in mice (99).

4, Z toxin. Ludovici (65) reported the presence of a toxic

material produced by P. aeruginosa growing in HEp-2 tissue culture
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cells. This material, Z toxin, caused the formation of virus-like
plaques in the tissue culture monolayer (65, 66). The toxin has a
molecular weight of about 70,000 daltons. Unfortunately, cross-neu-
tralization studies with specific toxin A antiserum or anti-
sera directed at other virulence factors of P. aeruginosa have not
been reported in the literature. However, Ludovici reported that
Z toxin was more heat~stable than exotoxin A (66). The toxicity of
purified toxin Z for whole animals has not been determined and the
role, if any, of this substance in the pathogenesis of P. aeruginosa
infections has not been elucidated.

5. Enterotoxin., P. aeruginosa is associated with diar-
rheal conditions (61). Often known ag five-day fever or Shanghai.
fever, these diarrheas present with dysentery-like symptoms (62).
Kubota and Liu (53) demonstated the presence of an enterotoxin from
P. aeruginosa cultural supernatants that caused fluid accumulation
in ligated loops of rabbit ileums. This test is routinely used to
detect the presence of other bacterial enterotoxins (22). The crude
substance appeared to be protein in nature because it was heat-labile
and readily destroyed by proteolytic enzymes. It should be noted
that rabbits similarly injected with purified proteases from P.
aeruginosa also showed fluid accumulation in their ileal loops (22).
Thus the enterotoxin described by Kubota and Liu may be Pseudomonas
proteases. In addition, a vascular permeability factor produced by
some strains of P. aeruginosa has been described (54). Its relation-

ship to the enterotoxin or proteases is not known.



14
6. Proteases. Of all the known potential virulence factors
of P. aeruginosa, exotoxin A and the proteases are the most toxic
(61, 62). Kreger et al. (52), Wretlind et al. (115, 117), and Mori-
hara and Tsuzuki (72) have shown that supernatants of P. aeruginosa
contain at least three distinct proteases. Wretlind refers to these
as protease I, II, and III with isoelectric points of 8.5, 6.6 and
4.5 respectively (115, 117). He reports that all three proteases
have molecular weights in the 19,000 to 25,000 dalton range, although
Morihara reports higher molecular weights (72) which may represent
dimers of the molecules reported by Wretlind., Protease II accounts
for greater than 75% of the total proteolytic activity of crude
supernatants (115, 117). In addition, protease II has elastolytic
activity and is referred to as an elastase (52, 72, 115, 117). Mull
and Callahan (77) have shown that 867 of P. aeruginosa strains iso-
lated from human infections produced elastolytic activity, and
Morihara and Tsuzuki (72) and Wretlind et al. (116) have shown that
a similar percentage of P. aeruginosa clinical isolates produced
elastolytic and proteolytic activity. Thus, the majority of P. aer-
uginosa strains isolated from human infection have the ability to
produce proteases and an elastase. The determination of the ability
of P. aeruginosa strains to produce proteases in vivo is complicated
by the presence of endogenous proteases in the cells, tissues and
fluids of animals.
Most evidence leads one to believe that proteases con-

tribute significantly to the pathogenesis of P. geruginosa corneal
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infections (4, 23, 52), However, the role of proteases in the patho-
genesis of other types of Pseudomonas infections is not well under-
stood. On a weight basis, proteases are much less toxic to mice and
other experimental animals than exotoxin A (61). The minimum lethal
dose (LDSO) for a mouse is 75-100 pug of purified Pseudomonas pro-
teases (61) compared to 60-200 ng of purified toxin A (6, 46, 57).

Recently, Snell and co-workers (104) have presented
evidence suggesting that both proteases and exotoxin A produced by
P. aeruginosa multiplying in situ in a burned mouse are virulence
factors. However, a very small number of strains were tested (104)
and the strains were not isogenic. Wretlind (115, 118) attempted to
produce isogenic protease negative (prot ) mutants from a prot
parent using P. aeruginosa strain PAK. He was unsuccessful in iso-
lating true prot— mutants, although he did isolate hypoproteolytic
‘mutants that produced 1-25% of the parent protease levels (115, 118).
The hypoproteolytic mutants were not completely isogenic to the
parent as the production of other extracellular products were also
altered. Wretlind tested the virulence of his mutants in three
separate mouse models and found no detectable difference in virﬁ-
lence between the hypoproteolytic mutants and their parent. Further
studies using true prot isogenic mutants and other animal models
‘are necessary before the precise roles that proteases play in dis-
ease are known. It will also be necessary to elucidate the relative
contributions of the three individual proteases in P. aeruginosa

infections.
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7. Exotoxin A, On a weight basis, toxin A is by far the
most toxic substance produced by P. aeruginosa (61, 62). The struc-
ture-function relationships, enzymatic properties and the in vitro
and in vivo toxicities of toxin Avwill be discussed in detail in the

next section.

D. Mechanism of Action of Toxin A

Purified A toxin is a heat labile protein with a molecular
weight of approximately 70,000 daltons (45, 46, 57, 107, 111). As
little as 60 ng of toxin A is lethal for mice (6). Correspondingly
small amounts of toxin A are lethal for rabbits, dogs, and rhesus
monkeys (3, 83), produces a shock syndrome in dogs and monkeys dis-
‘tinct from that produced by endotoxin (3), and results in death of
epithelial, endothelial and stromal cells followed by necrosis when
injected into rabbit corneas (44).

Ekotoxin A has been purified in a number of laboratories
using a variety of classical biochemical-techniques (6, 46, 59, 63,
112) and more recently by affinity chromatography using insolubi-
lized anti~A immunoglobulin (107). Toxin A inhibits protein syn-
thesis in livers, kidneys, and spleens of intoxicated mice (87), in
cultured mammalian cells (83, 84) and in cell-free systems derived
from eukaryotic cells (45-47). The inhibition of protein synthesis
by toxin A requires nicotinamide adenine dinucleotide (NAD) and re-
sults in inactivation of eukaryotic elongation factor 2 (EF-2) in

a manner identical to diphtheria toxin fragment A (11, 45-47, 80).
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Unmodified EF-2 is required for the translocation of the nascent

polypeptide chain from the A site to the P site on the eukaryotic
ribosome (11, 80). The ADPR-EF-2 complex is inactive in its translo-
case function (11, 45-47, 80). The reaction catalyzed by toxin A can
be reversed by fragment A of diphtheria toxin producing active EF-2
and vice versa (47). 1In addition, Chung and Collier (10) recently
showed that enzymatically active peptides of Pseudomonas toxin A
M.W. 27,000 daltons) and diphtheria toxin (M.W. 23,000 daltons)
“have virtually identical specific activities in both the ADPR-trans-
ferase and NAD glycohydrolase reactions, comparable Michaelis con-
stants for NAD and EF-2 and similar inhibition constants (Ki's) for
adenine and nicotinémide containing analogues of NAD. These results
indicate that these two toxins have identical enzymatic activities
and it is probable that the catalytic centers contain the same or
similar amino acids.

Toxin A is synthesized as a single polypeptide chain (10, 58,
111) with an isoelectric point of 5.1 and it contains 4 disulfide
bridges (57). Toxin A is produced by P. aeruginosa as a toxic pro-
enzyme (10, 58, 111) and is virtually if not entirely devoid of en-
zymatic activity (10, 57, 58, 111). The ADPR-transferase activity
is expressed when the molecule is denatured and reduced (57, 58, 111)
or when it is cleaved by Pseudomonas proteases to yield an enzymati-
cally active 27,000 dalton fragment (10,111). Thus fragmentation
such as is absolutely required for expression of diphtheria toxin
enzymatic activity (11, 80) is not absolutely required but can occur

with Pseudomonas toxin A (10, 57, 58, 111). The enzymatically
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enzymatically active 27,000 dalton fragment are diminished or lack-
ing in toxicity for mouse L-cells and mice (10, 111). Thus, enzyma-
tic activity alone is mot sufficient for the expression of toxicity
by toxin A (58, 111). 1In this regard toxin A is similar to diphtheria

toxin, Vibrio cholerae and Escherichia coli (labile toxin) entero-

toxins as well as the plant toxins abrin and ricin. Each of these
toxins has been shown to consist of two separable components both of
which are necessary for the expression of toxicity (11, 27, 28, 80,
91). There is an effector portion or structural form of these toxins
usually designated A (A for active) which catalyzes a specific intra-
cellular reaction and a carrier component termed B (B for binding)
which is responsible for making initial contact with the surface of
susceptible cells. While the active (A) fragment of toxin A has been
isolated and characterized (10, 111) the binding fragment (B) has
only tentatively been identified (10, 111). Furthermore, it is clear
that fragmentation such as is absolutely required for expression of
diphtheria toxin enzymatic activity (11, 80) is not absolutely re-

quired but can occur with Pseudomonas toxin A (10, 57, 58, 111).

E. Cell Specificity and Immunological Cross-reactivity of Toxin
A and Diphtheria Toxin
Despite their identical enzymatic activities, P. aeruginosa
toxin A and diphtheria toxin affect different lines of cultured cells
in a distinctive manner (70, 71, 110). Thus Hela cells are more sen-
sitive to diphtheria toxin than to toxin A, whereas mouse L cells are

very sensitive to toxin A but highly resistant to diphtheria toxin



18

active peptide of toxin A contains no sulfhydryl groups (10) and its
appearance does not require treatment with reducing agents (10, 111).
The reduced and denatured but enzymatically active toxin or the en-
zymatically active 27,000 dalton fragment are diminished or lacking
in toxicity for mouse L-cells and mice (10, 111). Potentiation of
enzymatic activity is accompanied by a loss in toxicity (58, 111).
Thus, enzymatic activity alone is not sufficient for the expression

of toxicity by toxin A (58, 111). 1In this regard toxin A is similar

to diphtheria toxin, Vibrio cholerae and Escherichia coli (labile

toxin) enterotoxins as well as the plant toxins abrin and ricin.
Each of these toxins has been shown to consist of two seperable
components both of which are necessary for the expression of toxi-
city (11, 27, 28, 80, 91). There is an effector portion or struct-
ural from of these toxins usually designated A (A for active) which
catalyzes a specific intracellular reaction and a carrier component
termed B (B for binding) which is responsible for making initial
contact with the surface of susceptible cells. While the active
(A) fragment of toxin A has been isolated and characterized (10,
111) the binding fragment (B) has only tentatively been identified
(10, 111).
E. Cell Specificity and Immunological Cross-reactivity of Toxin

A and Diphtheria Toxin

Despite their identical enzymatic activities, P. aeruginosa
toxin A and diphtheria toxin affect different lines of cultured cells
in a distinctive manner (70, 71, 110). Thus Hela cells are more sen-—
sitive to diphtheria toxin than to toxin A, whereas mouse L cells are

very sensitive to toxin A but highly resistant to diphtheria toxin
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(70, 110). Secondary cultures of chick embryo fibroblasts appear to
be equally sensitive to both tokins (70, 110). Thus it appears that
toxin A and diphtheria toxin differ with respect to their initial
interactions with cells; either the cell receptors with which these
toxins interact are different and/or entry and activation of these
two toxins are different.

It is known that fragment B of diphtheria toxin will com-
pete with and in sufficient quantity prevent subsequent intoxication
of susceptible cells by diphtheria toxin (120). Vasil and Iglewski
(110) have recently found that the addition of diphtheria toxin
fragment B (at 100X the concentration of diphtheria toxin) will pre-
vent intoxication of chick embryo fibroblasts with diphtheria toxin;
however, diphtheria toxin fragment B will not prevent intoxication
of chick embryo fibroblasts with P. aeruginosa toxin A even when added
at 300X the concentration of A toxin (110). While not ruling out
that other differences exist, these observations suggest that these
two toxins interact with different cell receptors. Furthermore, an-
tiserum égainst P. aeruginosa toxin A does not neutralize diphtheria
toxin fragment A (46) and antibody against diphtheria toxoid (57) or
diphtheria toxin fragment A (46) fail to neutralize A toxin. Since
most of the neutralizing antibodies produced in respomse to diphtheria
toxoid are directed against its B fragment (82, 92), these observa-
tions further suggest that the binding portions (B fragments) of
these two toxins are distinct. Published work from Dr. Iglewski's

laboratory (46) and others (10, 57, 70) have failed to detect any
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immunological cross-reactivity between diphtheria toxin and its A
fragment and P. aeruginosa toxin A as measured by neutralization of
enzymatic activity, immunodiffusion analysis, or neutralization of
tissue culture toxicity. However, in light of the similarities be-
tween the catalytic centers of diphtheria toxin and toxin A it would
not be surprising if more sensitive techniques would detect immuno-

logical cross-reactivity between the two toxins.

F. Toxin A in wvivo

Although it is evident that exotoxin A causes the NAD de-
pendent inactivation of EF-2 in vitro (45-47), it was necessary to
demonstrate that the same relationship was occurring in vivo.
Iglewski et al. (47) have shown that mice injected with ug quantities
of exotoxin A have a decrease in functional EF-2 levels in several
organs, including the liver, heart, kidney, spleen, and lungs. In-
hibition was greatest in the liver, where over 90% of the EF-2 was
inactive (47). Further studies by Pavlovskis et al. (85, 86) have
utilized the burned mouse model developed by Stieritz and Holder
(1ﬁ5). In these experiments, infection with an exotoxin A producing
strain (PA-103) and a non-producing strain (WR-5) were compared.
Organs from mice infected with the toxinogenic PA-103 contained con—
siﬂerably less EF-2 activity than did organs from uninfected controls.
In contrast, tissue active EF-2 levels from burned mice infected with
the non-toxinogenic WR-5 were not markedly reduced below those de-
rived from uninfected controls (85). Passive immunization of the

mice with antitoxin (A) prior to infection with the PA-103 strain
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prevented the subsequent inactivation of EF-2 (85, 86) and was also
found to enhance the suryival of burned mice that had been infected
with,tﬁe toxin A producing strain (PA-103) of P. aeruginosa (86).
The same passive immunization of burned mice infected with the non-
tokinogenic strain (WR-5) did not enhance the survival (86). Theée
results suggest that P. aeruginosa toxin A is produced in vivo and
that it inactivates EF-2 in vivo. 1In addition, these results and
others (95, 104) show that exotoxin A contributes to the mortality

of experimental animals infected with toxinogenic strains of P. aeru-

ginosa.

Recently, Snell and coworkers have presented evidence which
suggests that both proteases and exotokin A produced by P. aeruginosa
multiplying in situ in a burned mouse model are virulence factors
(104). When challenge with PA-103 was supplemented by injection with
10 ug of purified Pseudomonas protease, the LD50 was reduced by a
factor of 1,000 and the mean time to death was significantly shor-
tened (104). Their data suggest that both exotoxin A and éroteases
are required for the full expression of virulence in P. aeruginosa
infections,

There is as yet no direct evidence that exotoxin A is pro-
duced in vivo in humans infected with toxinogenic P. aeruginosa
isolates. However, Pollack et al. (89) detected the presence of an-
tibody to exotoxin A in human sera from patients infected with P.
aeruginosa using a cytotoxicity-neutralization assay. Saelinger et

al. (95) have presented evidence for exotoxin A production during
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experimental Pseudomonas infections of burned mice. ADPR-transferase
activity was found in saline extracts of burned infected skin but not
in similar extracts of burned uninfected control mice (95). In ad-
dition, evidence was presented that toxin A was detectable in the
sera of some mice infected with a toxinogenic strain (M-2) of P.
aeruginosa. This report (95) presented the first direct evidence
that toxin A is produced in vivo by toxinogenic strains of P. aeru-
ginosa. Although similar evidence is lacking for the in vivo pro-
duction of toxin A in humans infected with P. aeruginosa, this might
bé expected in light of the evidence of Saelinger et al. (95) and

Pollack et al. (89) discussed above.

G. Physiology of Toxin A Production
Liu reported that a number of factors influenced the pro-

duction of toxin A by P. aeruginosa strain PA-103 (60). Thus aera-
tion of the culture, an incubation temperature of approximately
32° C, and the presence of glycerol as a carbon source appeared to
maximize the production of high yields of toxin A. 1In addition, a
non-dialysable component of trypticase soy broth was found that en-
hanced the growth of the organism but inhibited toxin A production
(60). The non-dialysable inhibitor was identified as nucleic acid
(probably RNA) (60). Thus toxin A is not produced constitutively by
toxinogenic strains of P. aeruginosa and it is likely that specific
regulatory systems control the synthesis and secretion of toxin A in
a manner that is distinct from the regulation of bulk protein syn-—

thesis. Liu has formulated a medium that is suitable for the
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production of high yields of toxin A by strain PA-103 (60). It con-
sists of the dialysate from trypticase soy broth, 0,05 M monosodium
glutamate and 1% glycerol (60).

It has long been known that the production of diphtheria
toxin is regulated by the concentration of iron in the culture medium
(11, 80, 81). Reports also indicate that the production of Shigella
dysenteriae toxin is regulated by iron (109). 1In both cases, the
final yield of toxin is inversely proportional to the amount of iron
present in the culture medium (this relationship holds only at low
iron concentrations). The effect of iron on yields of toxin A pro-
duced by toxinogenic strains of P. aeruginosa has not been reported
in the literature, but will be investigated in this thesis research.
It is interesting that the yields of the P. aeruginosa pigments
pyocyanine and fluorescein (5, 26, 50, 108) are under the control of
iron, being produced in maximum yields in medié containing low amounts
of iron. The effect of iron on the yields of other extracellular

products of P. aeruginosa has not been reported in the literature.

H. Other ADPR-transferases
To date seven prokaryotic proteins have been identified as
ADPR-transferases. These are diphtheria toxin, P. aeruginosa exo-
toxin A, cholera toxin (73, 75), a NA phage enzyme (88), two T4 phage
enzymes (30, 36, 67) and E. coli labile-toxin (74). All of the pro-
karyotic ADPR-transferases are mono-ADPR-transferases, transferring
only monomers of ADPR to the acceptor proteins (36). The acceptor

protein for diphtheria toxin and exotoxin A is EF-2 as has been
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described in detail in previous pages. Cholera toxin exerts its ef-
fects on the small intestine (and a variety of other cells and tis-
sues) through the activation of adenylate cyclase (22, 27). Cholera
toxin is thought to cause the ADP-ribosylation of the regulatory
GTPase (MW 42,000) of the adenylate cyclase system (7, 29). Since
the conversion of the adenylate cyclase from an active to an inactive
state requires the removal of GTP from the regulatory site of the
adenylate cyclase (7, 29), it is easy to imagine the manner in which
cholera toxin, by ADP-ribosylating the regulatory GTPase, activates
adenjlate cyclase. It is interesting that diphtheria toxin, Pseudo-
monas toxin A and cholera toxin are analogous enzymes in that they
ADP-ribosylate GTP binding proteins (EF-2 and GTPase).

E. coli labile toxin is responsible for symptoms that mimic
clinical cholera (22, 28). The toxin has been shown to activate
adenylate cyclase (27, 28). Recently, E. coli labile-toxin has also
been shown to possess both NAD glycohydrolase activity and ADPR—traﬁs-
ferase activity (74). Although the substrate for the ADP-ribosyla-
tion has not been identified, it seem likely that it will also be the
regulatory GTPase of the adenylate cyclase system.

Infection of E. coli with phage T4 leads to a series of
structural modifications of the DNA-dependent RNA polymerase of the
host bacterium (36). A very fast (after infection) ADP-ribosylation
of one of the two a-subunits of the RNA polymerase has been termed
alteration (36). The enzyme involved in alteration is relatively
non-specific and it ADP-ribosylates a variety of proteins including

itself (36). Later during the infectious cycle, another T4 enzyme
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(termed the modification enzyme), ADP-ribosylates RNA polymerase at
both g-subunits (30, 36). The modification enzyme is more specific
than the alteration enzyme. The modified E. coli RNA polymerase
cannot transcribe several E. coli genes, which suggests that modifi-
cation via the ADP-ribosylation of RNA polymerase is involved in the
shut-off of host transcription (36, 37). Finally, the virioms of
another coliphage, N4, contain an ADPR-transferase (88). This en-
zyme is relatively non-specific; however, it does not modify RNA
polymerase (36, 88). The biological role of the N4 phage ADPR-trans-
ferase is not known at this time (36, 88).

In general, the ADPR-transferases found in eukaryotic cells
are poly-ADPR-transferases (36, 43). For the most part, they appear
to be primarily located in the nucleus (36) and may function in the
regulation of DNA synthesis (31). However, ADPR-transferases have
been found in the mitochondria (55) and in the cytoplasm (76, 93).
The biological roles of ADPR-transferases found in these two loca-
tions are speculative at this time (36, 43). Moss and Vaughn (76)
have recently discovered the presence of an ADPR-transferase in the
cytosol of avian erythrocytes. This enzyme differs from all other
eukaryotic ADPR-transferase in being a mono-ADPR-transferase. in
this way, the enzyme resembles the prokaryotic transferases. Early
evidence suggests that this eukaryotic enzyme may function naturally
in the cell to regulate adenylate cyclase in a manner similar to
cholera toxin (76).

Relatively straightforward methods have been developed to

distinguish between mono- and poly-ADPR-transferases (36, 43). The
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reaction products of the enzymes are analysed after digestion with
snake venom phosphodiesterase. Digestion of poly-ADPR-proteins
[CADPR)n—proteins] yields three different products: one molecule of
5"-AMP from the distal terminus, a number of isoADP-ribose molecules
and one molecule of ribose-5-phosphate attached to the acceptor pro-
tein (36). In contrast, phosphodiesterase treatment of the reaction
products . catalyzed by the mono-ADPR-transferases (ADPR-protein)
yields only one molecule of 5'-AMP and one molecule of ribose~5-phos-
phate attached to the acceptor protein (36). No isoADP-ribose is

produced.

I. Summary

P. aeruginosa is a complex microorganism with many charac—
teristics consistent with its role as an opportunistic pathogen,
The organism is able to persist in environments in which most other
pathogens are killed. P. aeruginosa is resistant to many of the an-
tibiotics commonly used to treat other bacterial infections. The
organism produces a wide variety of extracellular products that ﬁay
contribute to its pathogenicity. The product that is most toxic on
a weight basis to experimental animals is exotoxin A. Toxin A, like
diphtheria toxin, is an ADPR-transferase with EF-2 as the acceptor,
In experimental animal models, toxin A produced by P. aeruginosa
causes a decrease in the functional EF-2 levels in a variety of or-
gans (most particularly the liver) and contributes significantly to
the morbidity and mortality of animals in experiment infection. Its

precise role in human infection is not known at this time. In light
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of the number of prokaryotic ADPR~transferases, it would not be sur-
prising to find other ADPR-transferases (distinct from toxin A) pro-

duced by some strains of P. aeruginosa.
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Abstract

Pseudomonas aeruginosa exotoxin A has been shown to catalyze the

transfer of the ADP-ribose moiety of NAD+ onto elongation factor-2,
resulting in the inhibition of mammalian protein synthesis. This en-
zymatic activity (ADPR-transferase) is thought to account for the
toxicity of exotoxin A. The distribution of the expression of exotoxin
A within Pseudomonas species was examined, Laboratory strains as well

as clinical isolates of Pseudomonas aeruginosa were tested. The pro-

duction of exotoxin A was determined by assaying for ADPR-transferase
activity in dialyzed frozen (-20) and thawed cell free supernatants

from 22 h cultures or in 10-fold concentrated supernatants. In addi-
tion, toxin production was detected immunologically utilizing a modi-
fied Elek test. Exotoxin A production was detected in approximately
90% of the 111 isolates of P. aeruginosa. 1In contrast, none of the

other species of Pseudomonas examined produced exotoxin A detectable

by either ADPR-transferase activity or immunological reactivity.

Introduction

Pseudomonas aeruginosa is an opportunistic pathogen which can

cause serious and lethal infections in debilitated or immunosuppressed
hosts such as cancer, burn, cystic fibrosis patients and others (17).
P. aeruginosa produces a variety of extracellular products which may
contribute to its pathogenicity, including hemélysins, proteases, an
enterotoxin, and a heat-labile exotoxin originally designated exotoxin

A by Liu (15, 18). Exotoxin A has been shown to be more toxic on a
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weight basis than the other extracellular products and P. aeruginosa

endotoxin (16). Ekotoxin A is lethal for mice and dogs (1, 14, 20)
and is cytotoxic to tissue culture cells (20) .

Exotoxin A has been shown to inhibit protein synthesis when in-
troduced into animals and tissue culture cells (21). Iglewéki and
Kabat (13) reported that exotoxin A inhibits mammalian protein syn-
thesis by catalyzing the transfer of the adenosine 5'—~diphosphate
ribosyl (ADPR) moiety of NAD+ onto elongation factor 2 (EF-2). The
resultant ADPR-EF-2 is inactive in protein synthesis (12, 13). This
mechanism of action is the same as that found with diphtherial toxin
fragment A (5).

The purpose of this study was to develop methods for the in vitro
detection of exotoxin A and to employ these methods to determine the
distribution of toxin expression in P. aeruginosa and other Pseudomonas
species. Two'methods were found suitable for this purpose, a modified
Elek test (7, 23) and the direct detection of ADPR-transferase acti-
vity in cultural supernatants. The results presented in this study
indicate that exotoxin A is produced by most strains of P. aeruginosa

but rarely if ever by other Pseudomonas species.

Materials and Methods

Pseudomonas strains. Clinical isolates of P. aeruginosa were ob-

tained from patients at Walter Reed Army Medical Center over a 5 year
period. Identification of all organisms as P. aeruginosa was by the

method of Gilérdi (11) as modified by Baltimore et al. (3). The
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strains were serotyped using the procedure of Fisher et al. (10) and
pyocin typed by the method of Farmer and Herman (8) as modified by
Baltimore et al. (3). These strains were tested for toxin production
by the fifth subculture. P. aeruginosa designated as laboratory
strains included the 18 Farmer ALA pyocin typing strains (kindly pro-
vided by B. Minshew, Univ. of Washington), PA-103, PA-464 and W783
(kind gift of P. V. Liu, Univ. of Louisville), PA~01 and PAT-2 (kind
gifts of B. Holloway, Monash Univ.), PS-7, 112 and PS-1C (kind gifts
of E. Fisher, Portland State Univ.) and NIH 2915 (kind gift of S.
Leppla, Frederick, Md.). While many of these strains were originally
isolated from patients, they have been maintained in laboratories for
up to 20 years and have been subcultured many times. Species of the
genus Pseéudomonas, other than P. aeruginosa, were isolated, identi-
fied, and kindly provided by V. M. Young and M. Moody of the National
Cancer Institute (Baltimore, Md.) and by R, A. Finkelstein (Univ. of
Texas, Dallas, Texas). Most of these strains were clinical
isolates.

Immunological detection of exotoxin A. P. aeruginosa (PA-103)

(15) was used to produce exotoxin A which was purified as described
previously (18, 24). The purified toxin had a mouse 50% lethal dose
(LDSO) of 0.25 ug and migrated as a single homogenous protein in
SDS—polyacrylamide gels with a molecular weight of 71,500. This toxin
was further purified by electrophoresis on conventional polyacrylamide
disc gels as previously described (24). The gels were fractionated,

the proteins were eluted as previously described (25) and the fraction
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eluates were assayed for ADPR-transferase activity as described below.
Only those fractions showing peak enzymic activity were pooled and
used for immunization of rabbits. Specific antitoxin was obtained by
immunization of each rabbit with a total of 50 ug of the purified exo-
toxin A in complete Freund's adjuvant divided into 3 equal aliquots
and injected by the subcutaneous, intramuscular and intraperitoneal
routes. The rabbits were boosted in the same manner 2-3 weeks after
the primary immunization. The rabbits were exsanguinated 2-3 weeks
after the second immunization.

The specificity of the antitoxin was determined by Ouéhterlony
immunodiffusion analysis against purified exotoxin A and a crude 10X
concentrated cultural supernatant from PA-103. The Ouchterlony im-
munodiffusion assay was a modification of a method by Ouchterlony
(19) previously described (9).

The specific antitoxin was used to detect exotoxin A by a modi-
fied Elek technique (23). Strips of filter paper (75 x 8 mm) were
soaked in the antitoxin and embedded into a petri plate containing
trypticase soy broth dialysate, 5% monosodium glutamate, 1% glycerol
(15) and 2% noble agar (freshly poured). After the agar had solidi-
fied, the test organisms were streaked perpendicular to the filter
paper strip as is shown in Fig. 1. Three to five organisms were
usually tested per plate, with P, aeruginosa strain PA-103 serving as
a positive control. The plates were incubated at 32° C for 48 h at
which time they were read for the presence or absence of precipitin

lines (Fig. 1). The plates were held ét 5° C for 2 to 3 days and
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re-read before being discarded. All negative and questionable strains
were repeated in duplicate.

ADPR-transferase activity. Pseudomonas strains were grown in a

liquid medium consisting of the dialysate from trypticase soy broth,
5% monosodium glutamate and 1% glycerol, described by Liu (15). Ten
ml of this inoculated medium in a 500 ml Eflenmeyer flask were incuba-
ted at 32° C on a reciprocating shaker (200 linear excursions/min) for
22 h. The cultural supernatant was obtained by centrifugation at
10,000 x g for 45 min. The supernatant was dialyzed against several
changes of 0.01 M Tris:HCl1 buffer, pH 8.0, at 5° C for 24 h. The
ADPR-transferase activity of the dialyzed supernatant was potentiated
by freezing (-20° C) and thawing the supernatant.

Aminoacyl transferaée containing enzymes were prepared from crude
extracts of rabbit reticulocytes as described by Allen and Schweet (1)
and modified by Collier and Kandell (6). ADPR-transferase activity in
cultural supernatants was measured according to the procedure of Col-
lier and Kandell (6) as previously described (13, 25). The assay mix-
ture in a total volume of 65 nl contained 50 mM Tris-HC1 pH 8.2, 0.1
mM EDTA, 40 mM dithiotheitol, 25 ul of reticulocyte enzymes, 5 pl
(0.367 uM) [adenine—l4C] NAD (136 Ci/mol, Amersham/Searle) and 10 nl
of cultural supernatant. After 5 min of incubatipn at 25° C, 65 ul of
10% trichloroacetic acid wés added and the precipitates‘were'collected;
waéhed and counted as deséribed previously (13).

All strains that were negative for ADPR-transferase activity by

the above method were retested after concentrating the cultural



50
supernatant ten-fold by ultrafiltration using a PM-10 membrane (Amicon),
dialyzing against Tris buffer, and freezing (-20° C) and thawing the
concentrated supernatant before assaying for ADPR-transferase activity

as described above.

Results

It was necessary to insure the specificity of the antitoxin before
using it in our modified Elek technique. Only a single line of pre-
cipitation occurred between the pure toxin and antiserum or between
the 10X crude supernatant of PA-103 and the antiserum (Fig. 2). Fur-
thermore, a line of complete identity was seen between both the puri-
fied and 10X concentrated crude preparations of exotoxin A. Therefore,
this antiserum did not detect antigens other than exotoxin A by the
Ouchterlony technique and was therefore suitable for detection of this
toxin by the Elek test.

The results of the Elek tests are shown in Table 1. Of the 111 P.
aeruginosa strains examined for exotoxin A production by the Elek tests,
92 gave a positive result. No marked difference was observed between
the percentage of positive laboratory strains and the clinical isolates.
Iﬁ contrast, none of the 28 non-aeruginosa Pseudomonas strains tested
prodqced exotoxin A as determined by the Elek technique. These strains

tested belonged to the following species: P. fluorescens, P. malto-

philia, P. pseudomallei, P, putida, P. cepacia, P. saccharophila, and

P. indoloxidans (Table 1).
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Toxin production was also determined by detecting ADPR-transfer-
ase activity in supernatants from cultures grown in liquid media (see
methods). The process of freezing the supernatants at -20° ¢ and
thawing increased the enzymatic activity of the supernatants. A super-—
natant of PA-103 stored at -70° C typically gave 250 cpm when assayed
by ADPR-transferase activity whereas a frozen (-20° C) and thawed
aliquot - of the same supernmatant gave 1,500 cpm., vThese data, along
with additional observations in our laboratory suggest that toxin A
is a proenzyme and treatment of a toxin preparation under various con-
ditions activates the ADPR-transferase activity (24). TFor these
reasons, all ADPR-transferase assays were done with frozen (-20° C)
and thawed supernatants.

The results of the ADPR-transferase assays are shown in Table 1.
Of the 87 P. aeruginosa strains tested, 75 (86%) produced exotoxin A
as measured by ADPR-transferase activity. Again, there was no signi-
ficant difference in the percentage of strains that gave positive
ADPR-transferase assays, whether they were clinical isolates or labora-
tory strains (847 and 927, respectively). None of the 28 non-aerugi-
nosa Pseudoménas strains tested produced toxin as determined by
ADPR-transferase activity.

Out of the first 68 strains that were positive for exotoxin A
production by the Elek test, 67 (98%) of these were also positiveifor
toxin as determined by ADPR-transferase activity. Because of this
correlation, only Elek negative strains were further tested by the

ADPR-transferase assay. A total of 111 isolates of P. aeruginosa were
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examined for exotoxin A production by the Elek assay, 19 of which
were negative. Eight of these 19 Elek negative strains were toxin
positive as determined by ADPR—transferase activity. It is possible
that these eight strains produced low amounts of toxin which are not
detected by the Elek technique or an alternative explanation is that
these strains produce a different serological type of the toxin.

These results are not mutually exclusive and are currently being
tested in our laboratory. If a toxin positive strain is defined as
giving a positive Elek or as positive in the ADPR-transferase assay,
‘then 90% of the P. aeruginosa isolates tested were toxin positive
(Table 1).

No correlation was seen between exotoxin A production and the
serotype or pyocin type of the strains. However, the 11 strains of
P. aeruginosa which were toxin negative (Elek negative and ADPR-trans-
ferase activity negative) were of different pyocin types indicating
they were indeed 11 different strains of P. aeruginosa and not dif-
ferent isolates of the same strain. All of the nine clinical isolates
that were toxin negative were considered primary pathogens in patients
that had serious underlying diseases including severe trauma, leukemia
with lymphopenia and renal transplants on immunosuppressive therapy.
Furthermore, all nine of these patients had unexpectedly benign

clinical courses with regards to their P. aeruginosa infections.
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Discussion

The role of exotoxin A in the pathogenesis of P. aeruginosa in-
fections remains to be clarified. Although evidence is accumulating
that this toxin is a major virulence factor of P, aeéruginosa (2, 4,

13, 22), prior to this report there was a limited amount of informa-
tion regarding the incidence of toxigenicity among Pseudomonas
species.

In order to determine the distribution of the ekpression of toxin
in Pseudomonas species, it was necessary to develop methods for the in
Vvitro detection of exotoxin A, Two different methods to detect exo—
toxin A by Pseudomonas strains were developed. There was a significant
positive correlation between these two methods. Of the first 68
strains of P. aeruginosa that were positive for exotokin A production
by the Elek test, 67 (98%) of these were also positive for exotoxin A
as determined by ADPR-transferase activity. The one isolate that was
Elek positive but negative by the ADPR-transferase assay is a possible
spontaneous mutant which may produce a cross-reacting non—enzymatically
active protein (CRM).

If all strains that give a positive Elek or a positive ADPR-trans—.
ferase reaction are considered toxinogenic, then 90% of those P. ggigf
~ ginosa strains tested produce exotoxin A. In contrast there were no
strains of other Pseudomonas species found to producé toxih by these
methods.

These data (Table 1) suggest that the ability to produce exotoxin

A is widely distributed among P. deruginosa strains and is infrequently
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if ever found in other Pseudomonas species. It should be noted that
the P, aeruginosa strains were isolated from wounds, urinary tract in-
fections and septicemias. Isolates from burn infections and cystic
fibrosis patients have not yet been tested and were not included in
this study. It is interesting that there was no correlation observed
between the positive or negative strains and any particular source,
serotype or pyocin type of P. aeruginosa.

It is possible that the Pseudomonas strains that did not produce
exotoxin A as detected by our methods do not represent true negatives.
Pseudomonas is kﬁown to produce several extracellular proteases; thus,
it is possible that these proteases are destroying the toxin before it
can be detected by the methods described. Another possible explana-
tion for the failure to detect toxin in all Pseudomonas strains is
that the media used for toxin production are not suitable for in vitro
toxin production by all strains. 1In addition, some strains may only
produce exotoxin A in vivo or in small quantities that escape detec-
tion by the present methods. Alternatively, the negative Pseudomonas
strains may be true negatives which are unable to produce exotoxin A.

Studies are in progress in this laboratory to further characterize
these "nontoxinogenic" strains and to ultimately determine the role of
exotoxin A production in Pseudomonas infections.

While the.numbers are small, the unexpectedly benign clinical
course seen in the nine patients from whom exotoxin A negative strains
of P. aeruginosa were isolated suggests that this toxin may indeed be

an important virulence factor in P. aeruginosa infections in man.
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Figure 1. Elek plate for the detection of toxinogenicity of Pseudomo=
nas strains. The top and bottom streaks are of tox+ orga-

nisms, while the middle streaks represent a tox organism.
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Figure 2.

Immunodiffusion analysis of toxin A antiserum. The
center well contains the antiserum. Well A contains
a 10X concentrated supernatant of strain PA-103. Well

B contains purified toxin A.






Paper 2.

The effect of iron on yields of exotoxin A in cultures of

Pseudomonas aeruginosa.
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Abstract

The yields of exotoxin A in Pseudomonas aeruginosa cultures were

influenced by the concentration of iron in the culture medium. When
the iron concentration of the culture medium was increased from 0.05
pg/ml to 1.5 ug/ml there was at least a 90% decrease in exotoxin A
(as measured both by enzymatic activity and by mouse lethality) and a
slight increase in the growth of the bacteria. The addition of iron
as late as 13 h after initiation of growth represses further measurable
increases of exotoxin A within 3 h. Intracellular toxin levels were
also reduced by increasing the iron concentrations of the culture
medium. The addition of 3.0 ug iron/ml did not significantly alter
either the enzyme activity of preformed crude or purified exotoxin A
or the mouse toxicity of the pure toxin. Thus it appears that either
the rate of production or the rate of intracellular degradation of
exotoxin A is regulated by the concentration of iron in the culture

medium.

Introduction

Pseudomonas aeruginosa exotoxin A is a potentially important viru~

lence factor (14, 16, 17, 24). Exotoxin A has been purified (4, 12,
18) and its effects characterized (8, 16, 17, 23, 24). Similar if not
identical toxins have been found to be produced by approximately 90%
of the strains of P. aeruginosa tested (3, 25). Exotoxin A, like
diphtheria toxin, inhibits mammalian protein synthesis by catalyzing

the transfer of the adenosine 5'-diphosphate-ribose (ADPR) moiety of
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NAD+ (nicotinamide adenine dinucleotide) onto mammalian elongation
factor 2 (EF-2) (9-11).

Detectable quantities of exotoxin A were found in some but not
in all supernatants from media in which toxinogenic strains of P.
aeruginosa were grown (14, 15, 17). Furthermore, individual strains
of P. aeruginosa reportedly differ in their requirements for optimal
toxin production (17). Since exotoxin A is not formed constitutively
by toxinogenic strains of P. aeruginosa it is likely that specific
regulatory systems or factors control the synthesis and secretion of
exotoxin A in a manner that is distinct from the regulation of bulk
protein synthesis.

The present communication describes the effect of iron on the

ylelds of exotoxin A and on the activity of preformed exotoxin A.

Materials and Methods

Reagents. NAD ([140] adenine) at 280 mCi/mmol was purchased from
Amersham/Searle Corp. Dithiotreitol was purchased from Sigma Chemical
Co. and lysozyme was purchased from Worthington Biochemical

Corporation.

Microorganisms. P. aeruginosa strain PA-103, kindly provided by

P. V. Liu (15), was used as a standard toxin producing strain because
1Lt produceé very little toxin destroying protease (15, 31). Strain
PA-103 was stored at -70° C in 12% glycerol.

Exotoxin A. Strain PA-103 was used to produce exotoxin A (15)

which was purified as described previously (30). The purified toxin
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had é mouse LD50 of 0.25 png/22 g mouse when injected intraperitoneally,
and migrated as a single homogenous protein in sodium dodecyl sulfate
(SDS) polyacrylamide gels with a molecular weight of 71,500 daltons.
Exotoxin A was stored in small aliquots at -70° C.

The specific A antitoxin was prepared against highly purified
toxin in rabbits as previously described (3).

Culture medium. The culture medium used was that previously de-

veloped by Liu (15). This consisted of the dialysate from trypticase
soy broth, .05 M monosodium glutamate and 1% glycerol. The medium
was deferrated to obtain an iron concentration of 0.05 pg/ml by

adding 2 ml/liter of 50% CaClz-ZHZO, boiling for 5 min in a water bath
and filtering through Whatman number 1 filter paper to remove preci-
pitate (21). Residual iron in the medium was determined as described
by Mueller and Miller (21). To obtain know concentrations of iron in
the deferrated medium, standard sterile solutions of FeSOz-7H20 were
added.

Culture flasks were acid cleaned and rinsed with 20 changes of
deionized water. Uniess otherwise stated, 50 ml of medium was added
to a 1 liter Erlenmeyer flask (flask to volume ratio of 20:1) and
inoculated with 0.1 ml of a 15 h culture of PA-103. The flasks were
incubated at 32° C on a reciprocating shaker (150 linear excursions/
min) (Lab-line Instruments, Melrose, I11.). Optical densities were

obtained by aseptically removing an aliquot of the culture and read-

ing the OD540 in a Beckman spectrophotometer 20.
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The culture supernatants were obtained by centrifugation at
10,000 x g for 20 min. The supernatants were filter sterilized, im-
mediately frozen and stored at -70° C. Both the animal toxicity and
the enzymatic activity of toxin A was stable for at least 4 mo. when
the toxin was stored at -70° C.

Adenosine 5'~diphosphate-ribose transferase (ADPR-transferase)

activity. Aminoacyl transferase containing enzymes were prepared from
crude extracts of rabbit reticulocytes as described by Allen and
Schweet (1) and modified by Collier and Kandel (6). The ADPR-trans-
ferase activity of cultural supernatants and purified exotoxin A were
measured according to the procedure of Collief and Kandel (6) modified
exactly as described previously (3). Exotoxin A is found in culture
supernatants as a proenzyme and treatment with a denaturing agent and
a reducing agent activates the ADPR-transferase activity of exotoxin A
(12, 30). 1In the current study the ADPR—-transferase activity was
measured on culture sSupernatants both before and immediately after
treatment with 4 M urea and 1% dithiotreitol (DTT) as previously de-
scribed (30).

Mouse lethality. Female Swiss-Webster mice (14-17 g) were used

for determining the mean lethal dose (LDSO) of toxin preparations (27).
These toxin preparations were diluted in sterile physiological saline,,
PH 7.8 and one ml aliquots were injected intraperitoneally into each’
of at least 4 mice.

Solid Phase Radioimmune Inhibition Assay. Exotoxin A was quanti-

fied by a modification of a solid phase radioimmune inhibition assay
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originally described by Zollinger and Mandrell (33). The wells of
polyvinyl flexible "U" microtiter plates (Cooke Laboratory Products
Inc., Alexandria, Va.) were coated with purified exotoxin A diluted
in Dulbecco's phosphate buffered saline (PBS) (Grand Island Biological
Co., Grand Island, N.Y.) to a concentration of 50 ug/ml by placing
25 pl of diluted antigen in the wells and allowing the antigen to bind
for 1 h at 37° C. Following aspiration of unbound antigen the wells
were rinsed with 50 ul of filler (10% fetal calf serum, 0.27 sodium
azide and 0.02% phenol red in PBS pH 7.4) followed by addition of
100 ul of filler and incubation at 37° C for 1 h. The solution was
then dumped out and the wells washed twice with PBS. Inhibition‘mix—
tures consisting of 50 pl of exotoxin A antisera diluted 1:8000 in
filler and 50 ul of various dilutions in filler of unknown or standard
exotoxin A samples were placed in the well of a separate microtiter
plate and incubated at 37° C for 1 h. The final concentration of exo-
toxin A antisera corresponded to approximately 50 ng antitoxin/well as
previously determined by a direct solid phase binding assay (32).
Controls consisted of filler only and filler Plus antitoxin. After
incubation, duplicate 20 ul samples of the mixtures were placed in the
antigen coated wells of the flexible microtiter plate. Binding was
allowed to proceed overnight at room temperature, the liquid was as-
pirated and the wells washed once with filler and five times wiﬁh PBS.
Goat anti-rabbit immunoglobulin (Antibodies Inc., Davis, Ca.) was

51 (125

I-GARG (25 ul) was placed in each well and

further purified and labeled with 12 I-GARG) as described by

Zollinger et al. (32). 123
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allowed to bind overnight at room temperature. The liquid was aspira-
ted and the wells washed once with filler and four times with.PBS.

The wells were then cut off into tubes and counted as previously de-
scribed (32). The concentration of exotoxin A in each sample was de-
termined from a standard curve obtained using known amounts of pure
exotoxin A. The percent inhibition was calculated by the formula:

ibition=100~ Bean cpm bound with inhibitor-background x 100
Percent Inhibition=100 mean cpm bound without inhibitor-background

Antigen coated wells that received filler only were used as the back-
ground controls. The uninhibited controls received an inhibition mix-
ture which contained filler instead of toxin samples. As shown in
Fig. 1 the standard curve was linear when from 0.04 to 0.2 ug exotoxin
A/ml is used in the competition mixtures.

Extraction of intracellular toxin. Two methods, sonication and

lysis of spheroplasts, were used to extract intracellular toxin from
strain PA-103. In both procedures the cells from 22 h cultures were
extensively washed with 0.01 M Tris buffer, pH 8.0 (Sigma). Washed
cells were resuspended in 10 ml of Tris buffer, and disrupted by soni-
cation with ten 30 sec bursts (50% maximal output) using a Biosonik IV
(Bronwill) sonicator. Each burst was followed by a 2 min incubatioﬁ
iﬁ an ice bath. The above treatment resulted in the destruction of
greater than 907 of the cells as determined by light microscopy. The
cellular debris was removed by centrifugation at 10,000 x g for 45 min
and the resulting intracellular extract was filter sterilized and

stored at -70° C.
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Ethylenediaminetetraacetate-lysozyme spheroplasts of PA-103 were
obtained using the procedure of Birdsell and Cota-Robles (2) with the
following modifications: 1lysozyme was added to a concentration of
40 ug/ml and the cells were incubated at room temperature for 15 min.
The osmotically fragile spheroplasts were lysed by the addition of
cold distilled-deionized water. The resulting intracellular extract
was clarified by centrifuging at 10,000 x g for 45 min to remove cel-
lular debris, filter sterilized and stored at ~70° C.

Protein determinations. Protein was determined by a modification

of the Lowry method (13). Bovine serum albumin was used as the stand-

dard.

Results

Effect of iron on yields of extoxin A. Strain PA-103 was grown

for 22 h in medium containing various iron (ferrous sulfate) concentra-
tions. The yield of exotoxin A as measured by its enzymatic activity
was maximal in cultures containing 0.05 pug iron/ml., Concentrations of
iron below 0.05 pg/ml were not generally obtained using the CaCl2 defer-
ration procedure. Toxin A yields might have increased further in medium
containing less than 0.05 pg iron/ml. Increasing the concentration of
iron from 0.05 pug/ml to 0.1 ug/ml decreased the exotoxin A yield (Fig. 2).
The toxin yield in a culture containing 1.5 pg/ml was less than 10% of
that ina culture containing 0.05 yg iron/ml. The inhibitory effect of
iron on exotoxin A yields began to level off at concentrations of iron
greater than 1.0 pg/ml and small amounts of toxin activity could still be

detected in supermatants of cultures which contained 10 ug iron/ml.
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Increasing the iron concentration of the growth medium also de-
creased the mouse lethality of the supernatants of such cultures. The
mouse LD50 of a culture supernatant containing 0.05 pg iron/ml was
contained in 1 ml of a 1:75 dilution, whereas the LD50 of a culture
containing 3.0 pg iron/ml was contained in 1 ml of a 1:15 dilution
(Table 1). That the toxicity of the culture supernatants was due to
exotoxin A was shown by the ability of specific antitoxin to neutralize
this toxicity (Table 1). The small amount of residual toxicity of
the antitoxin treated crude supernatant was probably due to other ex-
tracellular products known to be produced by P. aeruginosa (16).

Effect of iron on the rate of growth and exotoxin A release.

Strain PA-103 was grown in medium under two different iron (ferrous
sulfate) concentrations, .05 ug/ml and 1.5 pug/ml (Fig. 3). Increasing
the iron concentration of the medium had no significant effect on the
growth rate of PA-103 through the first 19 h of culture. The culture
grown in medium containing 0.05 pg iron/ml entered maximum stationary
phase at 19 h whereas the culture grown in medium containing 1.5vug
iron/ml continued to increase through 24 h resulting in a slightly
larger final yield of bacteria.

The earliest time at which exotoxin A could be detected in the
culture grown in medium containing 0.05 pg iron/ml was 9 h (Fig. 3).
The concentration of exotoxin A continued to increase in this culture
through 19 h. Exotoxin A was not detectable until 11 h in the culture
~grown in medium containing 1.5 ug iron/ml and both the rate of re-—
lease as Weil as the final yield of exotoxin A was markedly decreased

as compared to the culture grown in medium cbntaining 0.05 pg/ml (Fig. 3).



Rate of toxin release following the addition of iron to low iron

growth media. Strain PA-103 was grown in low iron (0.05 ug/ml) growth

medium. After 13 h of growth, the culture was split into two separate

flasks. To one flask enough.ferrous sulfate was added to result in a
final concentration of 1.5 pg iron/ml. No additional iron was added
to the second flask. The cultures were returned to the shaker and
aliquots were removed at hourly intervals and assayed for exotoxin A
enzyme activity. There was a lag period of 3 h before a significant
difference in the enzyme activity of the two cultures was observed
(Fig. 4). At this point the concentration of exotoxin A leveled off
in the 1.5 pg iron/ml culture but continued to increase in the 0.05
ugm iron/ml culture. It should be noted that the enzyme activity of

the culture grown in medium containing 1.5 ug iron/ml while not in-

creasing after 15 h does remain constant through 24 h and does not de-

crease as might occur if protease activity was increasing in the pres-

ence of added iron.
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Effect of iron on the biological activity of preformed exotoxin A.

While the stability of the enzyme activity of exotoxin A released into

the medium containing 1.5 pgm iron/ml (Figs. 3 and 4) suggested that

iron was not affecting the biological activity of preformed exotoxin A,

this possibility was tested further by adding iron to preformed exo-
toxin A. The addition of 3 pg/ml iron had no significant effect on
the enzymatic activity of either crude or purified toxin (Table 2).

The enzymatic activity of exotoxin A has been shown to be potentiated

by treatment with a combination of denaturing and reducing agents (12,
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30). 1Iron had no effect on the ability of urea and DTT to potentiate
the enzymatic activity of exotoxin A, nor did the addition of irom
effect the mouse lethality of preformed exotoxin A (Table 2).

Effect of increasing iron concentrations in the culture medium on

the intracellular toxin concentration. It is possible that the ef-

fects of iron are due to changes in the transport of toxin out of the
cell. 1In this case, it might be expected that the intracellular con-
centration of toxin would either remain essentially constant or in-
crease as the iron concentration in the growth medium was increased.
To test this, we sonicated washed cells of PA-103 that were grown in
medium supplemented with various concentrations of iron and measured
the enzyme activity of the cell lysate. Increasing the concentration
of iron in the growth medium resulted in a decrease in the intracellu-
lar exotoxin A activity (Table 3).

An unexpected result of this experiment was that the intracellular
toxin appeared to be in an altered enzymatic form. Thus the actiVity
of the intracellular toxin was not increased by treatment with urea
and DIT (Table 3). As previously reported (30), the enzyme activity
of culture supernatants of PA-103 was increased by treatment with a
denaturant (4 M urea) and a teducing agent (1% DTT). In contrast, the
enzyme activity of the intracellular toxin obtained by sonication was
actually decreased by treatment with these agents. Furthermore, when
the intraéellular toxin was obtained by a completely different method
(lysis of spheroplasts) it again was in the active form (data not

shown). The enzymatic activity of the intracellular toxin, like that
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of extracellular toxin, was completely neutralized by preincubation
with specific anti A toxin éntibody (data not shown). In order to
quantitate intracellular toxin A independent of its enzymatic activity
a solid phase radioimmune inhibition assay as described in methods was
ﬁtilized. Increasing the iron concentration of the culture medium
from 0.05 to 0.5ug/ml decreased the intracellular toxin from 0.16 ug/ml
to 0.8 pg/ml, and when the iron concentration was 5.0 ug/ml, exotoxin

A protein could not be detected in the cell sonicates (Table 3).

Discussion

Liu (15) reported that a number of factors, such as aeration, 32° C
and the presence of glycerol, were required for maximal yields of exo-
toxin A. He also reported that nucleic acids inhibited production of
exotoxin A but enhanced the growth of P. aeruginosa strain PA-103 (15).
Furthermore, individual strains of P. aeruginosa differed in their re-
quirements for optimal toxin production (17). Thus exotoxin A is not
formed constitutively by toxinogenic strains of P. aeruginosa.

This report describes another factor which influences the yield of
exotoxin A in cultures of P. aeruginosa PA-103. We have shown that the
yileld of exotoxin A is influenced by the concentration of iron in the
culture medium. The toxin yield was greatest under conditions of low
iron (approximately 0.05 ug/ml) in the culture medium (Fig. 2). Strain
PA-103 grown inmediumsupplemented with inéreasing concentrations of
iron yielded proportionally less toxin (Figs. 2, 3 and Table 1). The

rate of release of exotoxin A into the culture medium was also greater
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in cultures grown in low iron medium as compared to those grown in
medium containing added iron (Fig. 3). Furthermore, adding iron to a
culture of PA-103 already producing toxin inhibited further increases
in extracellular toxin levels within 3 h (Fig. 4).

Intracellular levels of exotoxin A as measured in a solid phase
radioimmune competition assay were also reduced by growing strain
PA-103 in culture medium containing increasing concentrations of iron
(Table 3). This assay was particularly useful since it detected small
amounts of toxin (0.04 pg/ml) and the standard curve obtained with
pure toxin was the same regardless of the enzymatic form of the toxin.
Thus the standard curve was unaltered when pure exotoxin A was or was
not treated with urea and DTT to convert it to its enzymatically active
form (J. Sadoff, Walter Reed Army Institute of Research; unpublished
observations). This proved important in the current study since the
biological activity of the intracellular toxin was different from that
of the extracellular toxin. Thus the intracellular toxin was enzymati-
cally active (Table 3), whereas the extracellular toxin (as previously
reported [12, 30]) required treatment with urea and DTT to convert it
from its proenzyme form to its enzymatically active form. Since the
intracellular extract was obtained using sonication, it was possible
that the sonication in some way "activated" the intracellular toxin.
While this possibility cannot be totally ruled out, two lines of evi-
dence tend to discount it. First, the enzyme activity of supernatants
that were sonicated in the same manner as the cells could still be

increased by treatment with urea and DTT and second, the intracellular
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toxin obtained by a completely different method (lysis of sphero-
plasts) was in the active form (data not shown). The possibility that
the bulk of intracellular toxin A is in the enzymatically active,
non-lethal form (12, 3) suggests that the structure of toxin A may
somehow be altered during or after secretion from the bacterial cell.
The addition of iron to preformed exotoxin A did not alter its
mouse toxicity, reduce its enzymatic activity or convert the toxin
from its proenzyme form to its active enzyme form (Table 2). Thus it
appears likely that increasing the iron content of the culture medium
reduced the yield of exotoxin A by either decreasing the rate of pro-
duction or increasing the rate of intracellular degradation of toxin.
The final yield of bacteria was slightly increased in high ironm
cultures compared to low iron cultures (Figs. 2 and 3). However, no
significant effect of iron could be seen on the rate of bacterial
growth through 19 h of culture (Fig. 3). Furthermore, although the
iron effect on exotoxin A yields was quite reproducible the effect on
bacterial growth varied somewhat from day to day. Although the studies
reported here were carried out using the ferrous iron (in the form of
FeSOA~7H20), we have obtained similar results using the ferric ion.
Diphtheria toxin and exotoxin A from P. aeruginosa have a similar
if not identical mode of action. Both toxins catalyze the transfer of
the adenosine 5'-diphosphate-ribosyl moiety of NAD+ onto EF-2 (5, 9-11).
This covalent modification of EF-2 renders it unable to cause translof
cation of ribosomes along messenger RNA (mRNA) during protein synthesis

(5). It has long been known that the production of diphtheria toxin



(7, 19, 20, 22, 26, 28) is regulated by the concentration of iron in
the growth media. It has also been reported that the production of

Shigella dysenteriae toxin is regulated by the concentration of iron

in the culture medium (29)., This study extends the effect of iron on

toxin yields to P. aeruginosa exotoxin A.
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Table 1. LD50 values of supernatants from cultures grown in

medium containing 0.05 and 1.5 ug of iron per ml

Conc of iromn

in medium LD50 (dilution
(ng/ml) Treatment” : of supernatant)
0.05 None (saline) 1:75
NRS® >1:100
Antitoxin 1:4
155 None 1:15

%0ne part of supernatant was mixed with one part of saline, normal
rabbit serum, or antitoxin and incubated for 5 min at 37° C before

being injected into mice.

bNormal rabbit serum. We have consistently found that the addition
of normal serum or bovine serum albumin enhances the toxicity of

toxin A (probably by stabilizing the toxin molecule).
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Table 2. Effect of iron on the activity of preformed toxin

Mouse
Enzyme LD50
activitzb (ug)
Crude supernétant prepna
Untreated 1.0
Supernatant + Fe 1.05
Supernatant + urea, DTT 8.6
Supernatant + Fe, urea, 8.3
DTT
Pure toxin prepna
Untreated 1.0 0.25
Toxin + Fe 0.9 0.25
Toxin + urea, DIT 4.0
Toxin + Fe, urea, DTT Iad

Iron was added to give a final concentration of 3.0 ug/ml,

Enzyme activities are based on the acid-insoluble radioactivity
counts per min from the ADPR~transferase assay, where counts per
min from the assay of the untreated toxin or supernatant prepa-

ration are equivalent to 1.0 activity units.
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Table 3. Effect of increasing concentrations of iron in the cul-

. i 3 g a
ture medium on the intracellular toxin A concentration

Conc of iron

in medium ADPR-transferase activity (CPM) Exotoxin A
(ug/ml) Untreated® Treatedd gug/ml)b
0.05 236 41 0.16
05 89 0 0.08

2.5 87 0
5.0 ND®
10.0 0 0

%The lysates were adjusted to a protein concentration of 260 ug/ml.

bObtained by using the solid-phase radioimmune inhibition assay de-

scribed in the text.
“Counts per minute of untreated portion.
dCounts per minute of poftion treated with urea and DTT,

eND, Not detectable.
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Figure 1. Solid phase radioimmune competition assay: standard curve
obtained with exotoxin A. (@) Percent inhibition of bind-
125

ing of I-GARG in the presence of increasing concentra-

tions of pure exotoxin A.
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Figure 2. Effect of increasing concentrations of iron on the yield
of exotoxin A in cultures of P. aeruginosa PA-103. CPM x
10-_2 is the acid insoluble radioactivity counts per min
from the ADPR-transferase assay on activated (urea + DTT
treated) samples. Symbols: (@) ADPR-transferase acti-
vity (CPM x 10_2). (O ) Bacterial growth as measured by

OBs40°



v—u QwhmeQQ\QhQV
g ® .
| _ _ |
[}
9 "
] d
i 51
b
1
'
_._ 40
| [4Y]
| /.
._. (3
__ Yy E
___ ks §
_,_ Ea
4 |, 2
AY K3
4/
\
/
4
J @
1
]
!
<

-0l X HdD e—e

10



86

Figure 3.

Effect of iron on the rate of growth and exotoxin A re~
lease. Symbolsz (®) ADPR-transferase activity (CPM x
10—2) of PA-103 supernatants in low (0.05 ug/ml) iron
medium. (Q) ADPR-transferase activity in high (1.5
pg/ml) iron medium. Bacterial growth as measured by OD540

in low (&) and high (A) iron medium.
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Figure 4.

The rate of exotoxin A release after the addition of iron
to low (0.05 pg/ml) iron medium, The culture was split
into two separate cultures at 13 h and iron was added to
one flask to give a concentration of 1.5 ug/ml. Symbols:
ADPR-transferase activity (CPM x 10_2) in cultures grown
in (@) low iron (0.05 pug/ml) and (©) high iron (1.5

pg/ml) medium.
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Paper 3.

Influence of iron on yields of extracellular products in cultures

of Pseudomonas aeruginosa.
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Abstract

The effect of the iron content of the medium on the yields of
extracellular products by seven distinct strains of P. aeruginosa was
examined. All strains showed at least an 85% decrease in toxin A
yields when grown in medium containing 5.0 ug iron/ml (high iron) as
compared to 0.05 pg/ml (low iromn), while bacterial growth increased
approximately two-fold. During the course of examining extracellular
products produced by P. aeruginosa we found many strains that produced
an extracellular factor which agglutinated red blood cells. This
hemagglutinin (HA) was non-dialysable, heat stable and resistant to
pronase and trypsin. The effect of iron on extracellular yields of HA
was strain dependent; four of seven strains showed decreases in HA
yields in high iron medium. Similarly, the effect of increasing the
iron concentration of the growth medium on yields of total extracel-
lular proteases or on elastase was strain dependent. The amount of
total extracellular protein was decreased by at least 31% in the high
iron medium for all strains of P. aeruginosa examined. Detailed
studies on one strain (WR-9) showed that in the presence of increasing
amounts of iron in the medium, the extracellular yields of toxin A,
protease and HA were decreased in a similar manner. In addition, the
rates of release of these extracellular products were similar at a
given iron concentration. Thus it appears that the yields of other
extracellular products of P. aeruginosa besides toxin A are influenced

by the concentration of iron in the growth medium.
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Introduction

The presence of excess iron in the culture medium has been shown

to inhibit yields of diphtheria toxin (19, 23, 26), Shigella dysen-

teriae type 1 toxin (5, 29) and Pseudomonas aeruginosa toxin A (1).

These toxins are produced at maximal levels late in the bacterial
growth cycle when iron is growth limiting (1, 6, 27).

Although the structural gene for diphtheria toxin is located on
the DNA of toxin+ corynebacteriophage the physiological state of the
host bacterium has been shown to influence toxin production (13, 22,
24), Thus Kanei et al. (13) isolated bacterial mutants that produced
diphtheria toxin at the normal rate in medium containing excess iron.
It is generally believed that in C. diphtheriae the iron effect is
specifically restricted to the toxin gene product because phage pro-
duction continues in the presence of excess iron (11).

The location of the structural gene for Pseudomonas toxin A is
presently unknown. However, the deleterious effect of iron on yields
of extracellular products of P. aeruginosa is not restricted to toxin
A. Yields of the non-proteinaceous pigments fluorescein and pyocya-
nine reportedly decreased with increasing concentrations of iron in
" the growth medium (3, 10, 14, 28).

Although the relationship between iron and the yields of bacterial
toxins has been the subject of numerous studies (1, 5, 19, 23, 26, 29)
the molecular mechanism(s) underlying iron regulation remains unknoﬁn.
The current study was undertaken to extend our previous results om

toxin A yields by strain PA-103 (1) to different strains of P,
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aeruginosa and to determine if the iron concentration of the growth
medium influences the extracellular yields of other P. aeruginosa

products such as proteases and hemagglutinin.

Materials and Methods

Microorganisms. P. aeruginosa strain PA-103, originally isolated

by Liu (16), has been extensively characterized (25). The other P.
aeruginosa strains utilized in thisstudy (WR 4, 9, 27, 28, 35, 56)
were kind gifts of J. Sadoff, Walter Reed Army Institute of Research,
Washington, D.C. The organisms were serotyped (8) using anfisera pre-
pared and kindly provided by Dr. M. Fisher, Parke Davis Co., Detroit,
Mich. Pyocin typing was performed using the indicator strains and
method of Farmer and Herman (7).

Reagents. NAD ([14C] adenine) at 280 mCi/mmole was purchased
from Amersham-Searle Corp. Dithiotreitol, elastin-congo red, crystal-
line bovine serum albumin and casein (technical grade) were purchased
from Sigma Chemical Co. and bovine gamma globulin from Bio-rad Laboraf
tories.

Medium and culture conditions. The culture medium consisted of

trypticase soy broth dialysate, 1% glycerol, and 0.05M monosodium glu-
tamate previously described by Liu (17). The medium was deferrated
(21) and the residual iron concentration was determined by the proce-
dure of Mueller and Miller (21) as previously described (1). To obtain
known concentrations of iron in the deferrated medium, standard sterile

solutions of FeSO -7H20 were added.

4
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Culture flasks were acid cleaned and rinsed with 20 changes of de-

ionized water. Unless otherwise stated, 10 ml of medium was added to a
125 ml Erlenmeyer flask and inoculated with 0.1 ml of a 15 h shaking cul-
ture of the appropriate P. aeruginosa strain. The flasks were incubated
at 32° C in a reciprocating shaker (150 linear excursions/min) (Lab-line
Instruments, Melrose, I1l.) for 22 h. Bacterial growth was measured by
aseptically removing a portion of the culture and reading the optical
density at 540 nm in a Beckman Spectrophotometer 20. The cultural super=-
natants were obtained by centrifugation at 10,000 x g for 20 min. The
supernatants were dialysed against 0.01 M Tris (hydroxymethyl)aminometh-
ane-hydrochloride (Tris) buffer, pH 8.0, at 5° C for approximately 18 h,
then stored at -70° C.

ADPR-transferase activity. Aminoacyl transferase containing enzymes

were prepared from extracts of wheat germ as described by Chung and Col-
lier (4). The ADPR-transferase activity of activated (urea + DIT treated)
supernatants was measured as previously described (30). To quantify tox-—
in A based on its enzymatic activity, standard curves were obtained daily
with pure toxin and the amount of toxin A present in a crude supernatant
calculated from the standard curves (12). Triplicate samples in the
ADPR-transferase assay did not vary by more than 10%.

Protease assays. Total proteolytic activity in the crude superna-

tants of cultures of P. aeruginosa was determined by the method of Kunitz
(15) as modified by Wretlind and Wadstrom (31) using casein as the sub-

strate., In order to minimize variation a single batch of casein was pur-
chased and used throughout this study. Triplicate samples in the protease

assay did not vary by more than 15%.
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Elastase activity was quantified using elastin-congo red as a sub-
strate. The reaction mixture consisted of Tris-maleate buffer (0.1 M,
pH 7.0) supplemented with CaCl2 (1 mM) (buffer A). One ml of culture
supernatant was added to 2 ml of buffer A containing 10 mg elastin-congo
red. The reaction was carried out in stoppered 15 ml centrifuge tubes
incubated 2 h in a 37° C water bath with rapid shaking. The reaction
was terminated by the addition of 2 ml sodium phosphate buffer (0.7 M,
pH 6.0). The precipitate was removed by centrifugation. The blank
consisted of 3 ml buffer A containing 10 mg elastin-congo red. Elastase
activity was determined by reading absorbance of the supernatants at
495 nm in a Beckman Spectrophotometer 20. Tripiicate samples in the
elastase assay did not vary by more than 15%.

Hemagglutinin (HA) assaX,' Fresh sheep erythrocytes stored in

Alsevers solution for 3-5 days were washed 3 times with at least 20
cell volumes of the following buffer (buffer B): 0.082 M NaCl,
0.043 M NazHPOA'ZHZO, 0.0107 M KH2P04,

formalinized using the method of Galazka and Abgarowicz (9). Equal

pPH 7.4, The washed cells were

volumes of 10% washed sheep cells (in buffer B) and 3% formalin were
mixed and stirred at 37° C for 18 h. The cells were centrifuged,
washed 5 times in 2.5.volumes of buffer B, resuspended to a 10% con~-
centration in buffer B containing merthiolate (1:10,000) and stored
for up to 2 mo. at 4° C. . Just prior to use the cells were washed and
resuspended in buffer B confaining merthiolate (13;10,000) to a final
concentration of 0.27%. HA assays were performed in plastic microtiter
plates with V-bottom wells (Linbro Chemical Co., Inc., New Haven,

Conn.). Serial two-fold dilutions (in buffer B containing 17 bovine
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serum albumin and 1:10,000 merthiolate) of P. aeruginosa supernatants
were made and 50 ul of each dilution added to the wells of a microtiter
plate. Next, 50 pl of a 0.2% suspension of formalinized sheep cells were
added to each well. The plates were incubated at 25° C for 24 h and
examined for HA activity. The reciprocal of the highest dilution that
showed complete hemagglutination was considered the HA titer. Formali-
nized SRBC were utilized to assay for the HA because they were much
more stable than non-formalinized SRBC and they were resistant to the
action of P. aeruginosa hemolysins (19) which may have otherwise made
interpretations of the results difficult.

Protein determination. Protein was determined by the method of

Bradford (2) modified by using a commercial reagent, Bio-Rad Protein
Assay Dye Reagent Concentrate, purchased from Bio-Rad Laboratories,

Richmond, Ca. Bovine gamma globulin was used as the standard.

Results

Characterization of P. aeruginosa strains. The P. aeruginosa

strains used in this study were originally isolated from human infec-
tions and differed from one another in serotype or pyocin type (Table
1). These isolates were chosen for this study because they represen-
ted seven distinct strains of P. aeruginosa which produced detectable
quantities of toxin A in vitro. The decision to utilize these strains
was made independently of their ability to produce proteases, elastase

or hemagglutinin (HA) activity. However, all seven of the strains
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produced proteases and HA and six of seven strains produced elastase
(Table 1).

Growth in high and low iron medium. The P. aeruginosa strains

were grown in deferrated medium containing 0.05 ug iron/ml (low iron)
and in deferrated medium to which iron was added to give a final con-
centration of 5.0 ug/ml (high iron). All seven of the strains grew
to a higher cell density (approximately 2-fold) in the high iron
medium as compared to the low iron medium (Table 2).

Toxin A yields in high and low iron medium. The yields of toxin

A in supernatants from cultures of the seven strains of P. geruginosa
grown in high and low iron medium were examined. The quantity of
toxin A in the supernatant fluids was calculated from standard curves
obtained by assaying known ng amounts of pure toxin A (Fig. 1). Using
our previously reported assay system which included a 5 min incubation
period (30) we were able to detect 4 ng of toxin A (400 ng/ml) (Fig.
1A). The sensitivity of the assay system was increased to 0.5 ng
toxin A (50 ng/ml) by extending the incubation period from 5 to 30 min
(Fig. 1B). Because the quantity of toxin A varied from strain to
strain and with the concentration of iron in the medium it was neces—
sary to assay aliquots of each sample under both incubation conditions.
The yields of toxin A in the high iron medium were decreased as
compared to yields in the low iron medium for all 7 of the P. aerugi-
- nosa strains examined (Table 2)., Strain PA-103 produced the highest
yield of toxin A, which is not surprising since this strain was origi-

nally selected by Liu for this property (16). The other 6 strains
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tested produced less toxin A than PA-103 even when grown in the low
iron medium (Table 2). Thus strain WR-9 produced 1/5 and WR-56 1/60
as much toxin A as did strain PA-103 (Table 2). However, like PA-103
the yields of toxin A by these 6 strains were decreased when the iron
concentration of the growth medium was increased (Table 2). The ex-
tent of inhibition of A yields in the high iron medium appeared to be
at least 85% for all seven of the P. aeruginosa strains tested. Re-
sults similar to these (Table 2) have been obtained using a reversed
passive hemagglutination assay for toxin A which measured toxin A in-
dependent of its enzymatic activity (data not shown).

Effect of iron on protease yields. To determine if the concen-

tration of iron in the growth medium affects the yields of other ex-
tracellular products of P. aeruginosa, we examined the effect of iron
on total protease yields. The amount of extracellular protease pro-
duced in low iron medium varied from strain to strain and was as high
as 13.3 proteolytic units/ml for strain WR-4 and as low as 0.3 pro-
teolytic units/ml for strain PA-103 (Table 3A).

In contrast to the uniform decrease in toxin A yields (Table 2)
thé effect of increasing the iron content of the medium on protease
yvields wvaried from strain to strain (Table 3A). Six of the seven
strains examined showed a detectable decrease in protease yields when
grown in high iron medium as compared to low iron medium (Table 3A).
These decreases varied over a range of 24% to 96%. The other strain,
WR-27, showed an increase in the yield of‘extracellular protease when

grown in medium containing the higher concentration of iron (Table 3A).
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Thus, P. aeruginosa strains differed in their response to iron with
regard to yields of extracellular proteases.

P. aeruginosa produces at least 3 separate proteases: protease
I, II (elastase) and TII (20, 31). The results obtained when total
extracellular protease yields were quantified (Table 3A) might be due
to different levels of sensitivity of the individual proteases to the
iron concentration of the growth medium. Therefore, we examined the
effect of the iron concentration of the growth medium on the yields of
one of the individual proteases, elastase. We studied strains WR-9
and WR-28 because they represented 2 strains of P. aeruginosa whose
total extracellular protease yields were markedly decreased when grown
in high iron medium and strain WR-27 because it was the only strain
tested whose yield of total extracellular protease increased when
grown in high iron medium (Table 3A). While not identical to the ef-
fect seen on total protease yields, the yields of elastaée by strains
WR-9 and WR-28 were markedly decreaéed in cultures groﬁn in high iron
medium. On the other hand, the yield of elastase by strain WR-27 was
increased in the high iron medium as was the yield of total protease
(Tables 3A and 3B).

Hemapglutinin yields in high and low iron medium. During the

course of developing a reversed passive hemagglutinin assay for toxin
A we noticed that many strains of P. aeruginosa produced an extracel-
lular factor that caused the agglutination of formalinized sheep red
blood cells (SRBC). We termed this factor a hemagglutinin (HA). To

our knowledge, the identification of anvextracellularlg. aeruginosa
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product that has hemagglutinin activity has not previously been repor-
ted. The HA as it was found in crude supernatant fluid was non-dia-
lysable, heat stable (100° C for 15 min), trypsin and pronase resis-
tant,

The effect of increasing the concentration of iron in the growth
medium on the yields of the HA was investigated. Five of the seven
strains showed a dramatic decrease in HA yields in medium supplemented
with 5 pg iron/ml (Table 4). With these five strains the relationship
between iron and HA yields resembled those seen with toxin A (Table 2).
However, strain PA-103 produced very small amounts of HA and the yields
were not altered by increasing the iron concentration of the growth
medium. With strain WR-28, HA was not detectable in the low iron
medium but was detectable when the organism was grown in the high iron
medium (Table 4). Thus, as was found with total extracellular pro-
teases the effect of iron on HA yields was strain dependent.

We have used extensively dialysed supernatants in these studies
to remove any effects that iron might have on the activities of pre-
formed toiin A, proteases or HA. Furthermore, we have previously
shown that iron at concentrations used in this study had no effect on
crude or pure toiin A activity (1). We have also found that 5 ug
iron/ml had no effect on the activity of preformed P. aeruginosa pro-
teases or HA (data not shown). Thus the data (Tables 2, 3, 4) on the
effect of iron on the yields of toxin A, protease or HA cannot be ac-
counted for by the effect of iron on the activities‘of these extra-

cellular products.
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The effect of iron on yields of total extracellular protein.

Each of the seven strains showed decreased yvields of one or more ex-~
tracellular products besides toxin A when the concentration of iron in
the growth medium was increased. Therefore, we examined the effect of
the iron content of the medium on the yield of total extracellular
protein. The amount of protein was expressed as a function of bac-
terial growth (ug extracellular protein/ml/OD540 unit) to compensate
for the differences in growth between the cultures grown in high and
low iron medium (Table 2). The amount of extracellular protein/ml/
OD540 unitvwas dramatically decreased in the high iron medium for all
strains of P. aeruginosa examined (Table 5). The magnitude of the de-—
crease was most apparent with strain PA-103., With PA-103 the yield of
total extracellular protein decreased 87% when the iron content of the
medium was increased from 0.05 pug/ml to 5.0 pg/ml. Yields of extra-
cellular protein decreased from 31 to 67% with the other strains
(Table 5). Results similar to those shown have been found using
viable bacterial counts (colony forming units) as a measure of bacte-
rial growth instead of optical demnsity at 540 nm (data not shown).
Similar to results shown earlier (Table 2) the yields of toxin A were
markedly decreased when the iron content of the medium was increased
(Table 5). Comparisons between low iron and high iron growth medium
showed the percent decrease in yields of toxin A was greater for each
strain tested than was the percent decrease in extracellular protein.
However, the decrease in the total extracellular protein was greater

than could be accounted for by the decrease in toxin A yields (Tables 2
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and 5). When PA-103 was grown in high iron medium the total protein was
reduced by 87% as compared to total protein in the low iron medium. How-
ever, the maximum amount of toxin A, produced under ideal conditions
(low iron) represented only 5% of the total extracellular protein (Table
5). This data is consistent with our finding that the yields of other
extracellular products besides toxin A are decreased as the iron con-
centration of the growth medium increases.

Effect of varying concentrations of iron in the medium on growth

and yields of extracellular products by P. aeruginosa WR-9. The

yields of toxin A, total proteases and HA were all markedly decreased
in culture supernatants of strain WR-9 when the iron concentration of
growth medium was increased from 0.05 to 5 pg/ml (Tables 2, 3, 4, 5).
To further evaluate the relationship between the iron concentration
and yields of these products we examined their yields in growth medium
containing various concentrations of iron (Fig. 2). The final yield
of bacteria increased as the concentration of iron in the medium in-
creased until at concentrations greater than 0.5 ug/ml iron was no
longer limiting bacteria growth (Fig. 2). The yields of all three ex-
tracellular products tested (toxin A, total proteases and HA) were
draﬁatically decreased as the iron concentration of the medium was in-
creased from 0.05 to 0.2 pg/ml (Fig. 2). The inhibitory effect of
iron began to level off at concentrations greater than 0.5 pg/ml but

small amounts of these extracellular products could still be detected
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in cultures containing 5 pg iron/ml (Fig. 2). The three curves show-
ing the effect of iron on the yields of these products were gimilar
(Fig. 2).

The effect of iron on the rates of release of extracellular prod-

ucts by P. aeruginosa strain WR-9. We determined the rates at which

toxin A, total proteases and HA were released into the supernatant
fluid and the effect of iron on these rates. The yield of bacteria
was greater in the high iron medium than in the low iron medium and
began to level off at about 20 h (Fig. 3A). Toxin A in the low iron
medium was first detectable at about 10 h and continued to increase
through 22 h. In contrast, the yield of toxin A was dramatically de-
creased in the high iron medium (Fig. 3A). Toxin A in the high iron
medium was first detectable at 16 h and even at 22 h the levels of
toxin A were barely detectable in our transferase assay (Fig. 3A).
Proteolytic activity in the low iron medium was first detectable at
10 h and continued to increase through 20 h (Fig. 3B). 1In the high
iron medium the yield of protease was markedly depressed and was first
detectable at 12 h (Fig. 3B). 'The rate of HA release followed the
same basic pattern as toxin A and protease release. HA (8 HA units/50
ul) was first detectable at 12 h in the low iron medium and increased
through 18 h. By 18 h the HA reached a titer of 640 HA units/ml and
did not increase any further. The maximum yields of HA in the high
iron medium was 16 HA units/50 pl (Fig. 3B).

We also examined the rate of release of total extracellular pro-

tein using strain WR~9. In agreement with our preceding data (Table 5)
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the amount of extracellular protein/ml/OD540 unit was decreased when
the organism was grown in the high iron medium. This decrease in ex-
tracellular protein yields in high iron medium was evident at all
times tested (13, 15 and 22 h). Most of the extracellular protein
was released into the supernatant fluid between 12 and 22 h regard-
less of whether the cultures were grown in high or low iron medium

(data not shown).

Discussion

Previously, we reported that increasing the iron concentration of
the growth medium decreased the yields of toxin A using P. aeruginosa
strain PA-103 (1). That study was limited to only one strain
(PA-103) of P. aeruginosa and only one extracellular product (toxin A)
was examined. The present study utilized seven different strains of
P. aeruginosa. We examined the effect of the iron concentration of
the medium on bacterial growth, yields of four extracellular products
(toxin A, total proteases, elastase and HA) and total extracellular
protein. To our knowledge the identification of a P. aeruginosa factor
with hemagglutinating activity has not'previously been described. The
biological significance of the HA is not known at this time.

The final yield of bacteria (22'h cultures) in the high iron
-medium was about twice thaf found in the low iron medium for all seven
strains of P. aeruginosa tested (Table 2). In contrast, yields of the
individual extracellular products generally decreased with increasing

concentrations of iron in the growth medium (Table 2, 3, 4). The
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effect of increasing the concentration of iron in the medium on toxin
A yields was strain independent, The magnitude of inhibition on toxin
A yields in the presence of increasing concentration of iron was simi-
lar in all seven strains (Table 2), and consistent with our previous
report (1). On the other hand, the effect of increasing the iron con-
centration of the growth medium on yields of total proteases, elastase
and HA was strain dependent (Tables 3 and 4). Increasing the iron
concentration of the growth medium resulted in decreased extracellular
yields of tot#l proteases in 6 of 7 strains, elastase in 2 of 3
strains and HA in 5 of 7 strains. Yields of total proteases and elas-
tase were increased slightly in cultures of strain WR-27 and yields of
HA increased in cultures of strain WR-28 and remained unaltered (but
very low) with strain PA-103 when the iron concentration of the medium
was increased from 0.05 to 5 pg/ml (Table 4). These results suggest
that in some strains of P. aeruginosa (i.e. WR-27 and WR-28) proteases
and/or HA yields are regulated by iron independently from its regula-
tion of toxin A.

The amount of total extracellular protein, when normalized for _
bacterial growth, was markedly decreased in all strains tested by in-
creasing the concentration of iron in the growth medium (Table 5).

The yields of total extracellular protein could not be accounted for
simply by the decreased toxin A yields (Table 5). This is consistent
with our finding that the yields of other P. aeruginosa extracellular
proteins (total protease and elastase) were generally decreased as the
concentration of iron in the growth medium was increased. Furthermore,

this effect was not restricted to extracellular proteins but includes
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other extracellular products. Several investigators have shown that
iron inhibits the yields of the fluorescein and pyocyanine pilgments
produced by P. aerugincsa (3, 10, 14, 28). In the current study, we
observed that yields of HA were generally reduced by increased con-
centrations of iron in the growth medium (Table 4). Based on our ob-
servations with toxin A, total extracellular proteases, elastase, HA
and total extracellular protein (Tables 2, 3, 4 and 5) and those re-
ported earlier for P. aeruginosa pigments, we expect that the yields
of still other extracellular products will be similarly influenced by
the iron concentration of the medium.

When grown in high iron medium, four of the seven P. aeruginosa
strains that we examined (WR 4, 9, 35, 56) showed significant de-
creases in the yields of three extracellular products examined (toxin
A, total proteases and HA). A more extensive examination employing
strain WR-9 indicated that in the presence of increasing amounts of
iron in the medium, the yields of these three products were decreased
in a similar manner (Fig. 2). As little as 0.5 ﬁg iron/ml decreased
the yields of toxin A, proteases and HA by at least 80% as compared.to
the yields of these products in medium containing only 0.05 pg iron/ml.
The rates of release of these extracellular products were also similar
at a given iron concentration (Fig. 3). Toxin A, proteases and HA
were first detectable at about 10 h in the low iron medium and fol-
lowed approximately the same rates of release through 18 h. 1In
contrast,when WR-9 was grown in the high iron medium, the rates of

release of these products weremarkedly decreased (Fig., 3). These
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results suggest that in strain WR-9 iron regulates the release of
toxin A, proteases and HA either by some common mechanism or through
equally sensitive independent mechanisms.,

Yields of diphtheria, Shigella dysenteriae type I and Pseudomonas

A toxins have been shown to decrease as the iron concentration of the
growth medium increases (1, 5, 19, 23, 26, 29). This study extends
this effect of iron to include additional extracellular products of
P. aeruginosa. The mechanism(s) by which iron exerts this control is

unknown.
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