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REVIEW of the LITHERATURE




In the mid-nincteenth century post operative
infections were widespread due, in part, to the fact
that dressings were crude and often heavily contaminated.
 Occasionally, a bluish-green colour was imparted to these
dressings. In 1850, 88dillot found that it was possible
té transfer this phenomenon from one patient to another,
probably due to dressings contaminated by infected handlers.
This was probebly one of the first recorded instances oi a
hospital eross infection, Fordos (1860) extracted such
bluish-green dressings and isolgted a blue crystalline
meterial which was named "pyocyanin®. Licke (1852)
investigating the same problem suggested that the small
rod-shaped orgenisms observed in wound discharges could
be'the source of pyocyanin,

These rod-sheped organisms were subsequently

isolated from wound discharges and severzl names were
proposed by independent workers,

Bacterium aeruginosum  (Schroeter 1872);

Bacterium pyocyanea (Gessard 1882);

Pscudomonas pyocysnea (Migula 1895); and

Pseudomonas aeruginoss (Migula 1900).

However Rhodes (1961) proposed that the neme Pseudomonas

~aeruginosa should be given to the type efecies of the

genus Pseudomones.




-.Z—

Gessard (1890, 1891, 1892) showed that the bluish-
green pigment was a mixture of {wo separate pigments:-
1) Pyocyanin a bluish-green non-fluorescent pigment

soluble in both chloroform and water, 2) Fluorescein

a greenish-yellow fluorescent pigment insoluble in

chloroform and soluble in woter.

INCIDENCE of PSEUDOMNONAS INFECTIONS

From the literature, it is apparent that

Pseudononas aeruginosa has been implicated as a primary

or secondary invader in a variety of human infections.
Williams and Cameron (1896) described a generalised

Pssudomonas aeruginosa infection with lesions in the

respiratory tract, the eye, Jjoints and kidneys.

Dudgeon and Sargent (1905) found that Pseudomonas

aeruginosa was present as a secondary invader in cases

of peritonitis. The complete division of

Pseudomonas aeruginosa infectivity into primary or

secondary is not completely wvalid. There appear to
be a number of factors which may influence the

susceptibility of a host to Pseudomonas aeruginosa

and in many cases the primary infection may be
secondary, or vice versa. Howvever, in this review

an attempt has been made to divide pseudomonas infections

into primary and secondery.




A. Primary infections caused by Pseudomonas aeruginosa

Lilley end Bearup (1928) isolated the organism
from local lesions in the ear, eye, skin, Jung, urinary

tract, meninges, and bone Joints; at the same time it

was isolated from infants suffering from diarrhoea,
dysentery or a typhoid-like fever, It was shown by

Pons {1927) that Pscudomonas seruginosa caused typhoid-

like diseases in patients living in tropical countries.

Salvin ond Lewis (1946) isolated Pseudomonas aeruginosa

from forty-five per cent of patients suffering from an
ear infection, although it was not isolated from the
ears of healthy individuals.

‘In all of the investigations mentioned above little
or no indication concerning the mode of action of

Pseudononas aeruginoss was proposed; the reports

nerely stated that the organism was isolated from a
variety of sites in the human body. It has becone
increasingly spparent that infections caussd by

Pseudomonas eeruginosa are more common and more serious

when other predisposing conditions prevail in the humen

body. Children, especially premature babies, appeer
4o be highly susceptidle to this type of infection,

The pathogenicity of Pseudomonas aeruginosa in the

newborn has becn extensively studied. In general




it seemed that the organism entered the body via the
umbilicus, the gastro-intestinal tract or respiratory
tract., (Schaffer and Oppenheimer 1948; Neter and
Weintraub, 1955; Hoffman and Finberg, 1955; Asay and
Koch 1960; Rogers, 1960).

Neter and Weintraudb (1955) found thaﬁ the ma jority
of infections in the newborn were either symptomless or
generalised and fatal. Few cases were recorded where
patients showed symptoms and recovered. Eggers and
Wockel (1.958) described genevalised infections of the

nevborn caused by Pseudomonas aeruginosa with involvement

of the ear. Asay and Koch (1960) and Jacobs (1964)

desoribed outbreaks of Pseudomonas aeruginose infections

in infants, characterised by manifest lesions of the skin,
mouth and throat. It was significant that these
children with severe infections had previously received
broad spectrum antibiotics. These authors postulated
that treatment with these antibiotics altered the patient's
resistance in some wayiand.thus increased their
susceptibility to infection. It was not possible to
prove this hypothesis but it was shown that such
antibiotic treatment could remove compelting bacteria and

thus favour the extensive proliferation of Pseudomonas
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aerugino sa., This was_previously stated by Geppert,

Baker and Copple (1952). Williams, Williams and Hyams

(1960) found that individusls whose resistance was slready

lowered, becauvse of other diseases, tended to develop severe

Bseudomonas aeruginosa infections. Five patients died of

a Pseudomonas aeruginosa infection and it was suggested that

treatment with corticosteroids and broad spectrum
antibiotics increased the patients susceptibility.

Pseudomonas aeruginosa was found in large numbers in the

ward, by sampling the air, end it was thought that the
source of these organisms was from bronchial secretions
of patients. Bassett, Thompson and Page (1965)

described a number of infections caused by Pseudomonas

aeruginosa in a premature baby and special care unit

which occurred over a period of two and a half years.
Illness was more common among infected premature bgbies
than among full term babies; the latter often showed
no c¢linical symptoms. The signs of inf'ection observed
during a fourteen month survey were as shown in Table I.
Of the non-infected premature tabies 89% showed no signs

of ' clinical infection whereas of the infected premature
pabies only 19% showed no signs of infection, This
difference between the two groups led the authors to

postulate a causal relationship between Pseudomonas

aeruginosa and the infections of premature babies.
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Six fatal cases were described, in three of which the

pathogenicity of the organism was clear cut:-

Patient 1. birthweight 41bs bozs.  Pseudomonas

aseruginosa was isolated from the urine on the seventh

day and the child died on the seventeenth day after

birth, At post mortem bilateral renal vein thrombosis

and renal cortical neorosis was observed and Pssudomonas

aeruginosa was isolated from the kidneys.

Patient 2. birthweight 3lbs 7ozs. Pseudomonas

aeruginoss was isolated from the throat 12 hours after

birth and signs of infection became apparcnt on the
f£ifth day. Meningitis was diagnosed on the eighth day

and the child died on the twelfth day. The post mortenm

showed the presence of green pus over the meninges, from

vhich Pseudomonas aeruginosa (pvocine Type P, serological

type 6) was isolated.

Patient 3. birthweight 31bs lbozs. This child died

five weeks after birth,. Pseudomonas aerugingsa

(pyocine Type P, serological type 6) was isolated from

throat and rectal swabs taken ante mortem and from a

tracheal swab taken post mortem,

In premature babies the predisposing facbtor to

Pseudomonas aeruginosa susceptibility appears to be that

they are premature babies. This point is supported by
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the fact that in the survey mentioned above, fatal
infections involved the excretory, respiratory and
nervous systems. This interesting piece of work
indicates the limited knowledge concerning the mode

of action of Pssudomones aeruginoss, indeed, well-

defined criteria of infection are not easily discernible.

On the other hand, predisposing factors to Pseudomonas

infections in adults have been determined, for example,

broad :gpectrum antibiotic end cortico-steroid treatment.

B. Secondary infections caused by Pseudomonas aeruginosa.

An association between Pseudomonas aeruginosa

end other bacterial organisms in some cases of dysentery

or typhoid like fevers was suggested by Tobie (1946) and

in cases of infantile diarrhoea by Hunter and Ensign (1947).
In 1958 twenty-three cases of septicaemia caused by

Pseudomonas aeruginosa were reported by Forkner, Frei,

Edgcomb and Utz of these, thirteen patients with
ecute leuvkaemia were undergoing treatment with anti-
leukaemic drugs and this may have been a predisposing

factor to Pseudomonas aeruginosa infection since these

drugs lowered the patients' resistance and hence \wWecRemaad’
susceptibility to infection. Kwentes (1960) described

Pseudomonas aeruginosa associated with cases of otivis,
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Pseudomonas seruginoga was also found in association

with several cases of severe urinary tract infection.
(Bdgar and Dickinson 1962). It would be interesting to
compare these reports with those described under primary
infection.

The secoandary invasion by Pseudomecnas aeruginosa -as

a complication of extensive burns has been recognised as
& problem for many years. Such infection is usvally

airborne probably due to the long perieds of exposure of
the burn area to the air during treatment (Colebrook and
Francis, 1941); (Bourdillon and Colebrook, 1946). It
was shown by Cason and Lovbury (1960) that infection of

burns with Pseudomonas aeruginosa was controlled by local

application of a cream containing neomycin, chlorhexidine

and polymyxin. Systenmic administration of polymyxin

has been of little use in controlling invasive infection

by this organism, (Tumbuseh, Vogel, Butkiewicz, Graber,

Larson and Mitchell, 1961; Kefalides, Arana, Bazan,

Velarde and Rosenthal, 196L;  Jones, Jackson and Lowbury 1966),
 Jackson, Lowbury and Topley (1951) meintained that

colonization of burns by Pseudomonas aeruginosa and

coliform bacilli resulted in rejection of skin grefts and

prevented the normal healing process of the skin, In



addition, such infections were sometines fatal; five
patients died after colonization of their burns by

Pseudomonas aeruginosa, Lovbury and Fox (1954)

believad that the burn lesions themselves were an
important source of infection, but that airborne
infection of other patients could occasionally occur
(Lowbury 1954). In a controlled trial Lovbury (1954)

found that infection with Pseudomonas aeruginoss was

less frequent for burns that were dressed in air conditioned
rooms than for those that were not. This finding
confirmed the work of Bourdillon and Colebrook (1946)

who by using the slit sampler, found that heavy

bacterial contamination of the air in ward dressing-

rooms and operating-rooms was largely derived from
reservoirs inside the room such as blankets and
contaminated dressings from infected burns. Rabin,

Graber, ﬁbgel, Finkelstein and Tumbusch (1961) isolated

Pseudomonas aeruginosa from the burn lesions of thirty-eight

patients who later died. The same organism was also
isolated from the blood of two patients who had
developed endocarditis. The antibiotic gentamicin
was used successfully in the treatment of serious dburns

infected with Pseudomonas aeruginosa with accompanying

septicaenmia. (Stone, lartin and Kolb, 1964, and Stone,

Martin, Huger end Kolb, 1965).
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In a survey carried out by Barber and Waterworth
(1966) on gentamicin, it was shown that this antibiotic

had consistently high activity against Pseudomonas

agruginosas; this activity exceeded both that of
either strepltomycin or kanamycin.

Jones and Lowbury (1967) showed that parenteral
administration of carbenicillin and gentamicin protected
burned mice against invasive infection with strains of

Pseudomonas aeruginosa. The use of carbenicillin in

the treatment of patients whose burns were infected

with Pseudomonas aeruginosa gave promising resulis.

Groups of mice were infected by inoculation of

small burns with two strains of Pseudomonas aeruginosa;

about 705 died with Pseudomonas septicaemia. Both

carbenicillin and gentanmicin protected the nice if
treatment was started at time of infection or 24 hours
later.

When patients with burns were treated with carbenicilli

and probenecid 10 out of 23 patients had Pseudomonas

aeruginosa eliminated from their burns. This was

significantly higher than the untreated controls

(1 out of 23), Tais result was interesting but a
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much larger investigation would be required before its
significance can be fully appreciated,
Lindberg, Brame and Moncrieff (1968) showed that

invasive infection by Pseudomonas aeruginoss, in severe

bﬁrns vas controlled by topical application of 10%
sulphamylon (p-amino-methyl-benzene sulphonauide,
either as HCL or acetate). This cream substantially
eliminated lethal burn wound sepsis but the high
concentration of active ingredient and its breakdown
product produced undesirable side effects. Sulphadiazene
and sulphamethoxazole were effective in controlling
infections in rats when epplied topically. fhese
compounds in coﬁbination with sulphamylon achieved an
effective but lower blood level of sulphonamide and
breakdown product,

L% sulphamylon in combination with 1% sulphamethoxazole
wes more effective than 10% sulphamylon in controlling
burn wound-sepsis. The development of agents effective
in control of thermal injury was desirable when one

considered that invasive infection by Pseudomonas

aeruginosa with accompanying cellulitis, invasion of the

walls of small blood vessels and occasionally septicaemisa
was often a fatal complication of serious burns, (Fraenkel
1906, Jackson, Lowbury and Topley 1951, Rabin, Graber,

Vogel, Finkelstein and Tumbusch 1961, Teplitz, Davis,



Hason and Moncrielf 196L4a, Teplitz, Davis, Walker, Raulston,
Mason and Moncrief# 196Lb, Sevitt 1964); antibiotic
treatnent waé likely to fail even if-the organisms are

removed since irrepareble damage had often occurred by the

time invasion was recognizmed (Jones, Jackson and Lowbury, 1966).

HOS PITAL CROSS INFECTION with PSEUDOMONAS AERUGIOSA

Cross infeclbion in hospitals with any organism has
always presented serious problems and not the least of these

is cross—-infection with Pseudomonas aeruginosa of patients

who are seriously 11l or who have extensive burns.

However it is only in recent years that Pseudomonas

aeruginosa hes been considered of' any importance as &

cause of hospital fatalities (Finland, Jones and Barnes
1959, Finland 1960, Williams, Williams and Hyams 1960,
Barber 1961), yet many cases of cross infection in
hospitals by this organism have been described.

The distribution of Pseudomenas aeruginosa does

not readily account for its cross infective activity

since it is not normally present on the skin although

it is occasionally found in the faeces of healthy
individuals. In addition it is rarely present in

the air or dust unless infected patients are present,

This sometines accounts for the spread of infection in

& burns ward (LoWbury.and Fox 1953, 1954; Ringen and Drake

1952), Twenty~four cases of infantile diarrhoea




recorded in a nursery were caused by carriers amoung the
mothers and nursing staff. The letter had previously

drunk milk infected with Pseudomonas aeruginosa and

cross infected the young infants (Ensign and Hunter, 1946).
Florman and Schifrin (1950) described a similar
outbreak in gm hospital infants ward where the nursing
staff caused the cross infection, The growth of

Pseudomonas aeruginosa in pharmaceuticals was the

cause of a large proportion of hospital ¢ross infections,

Meningitis caused by Pseudomones aeruginosa was recorded

by Botterell and Magner (1945) after two patients
-received intrathecal injection of penicillin and by
Evans (1945) and Weistein and Perrin (1948) after spinal
anaecsthesia of patients,

Ridley (1958) isolated Pseudomonas aeruginosa from

bodtles of eyedrops, many of which were 'sterile", and
also from eye ointments. Alen (1959) described eye
infections including post~operative ophthalmitis
culninating in blindness which developed after the
use of contaminated eyedrops and lotions,

Aycliffe, Lowbury, Hamilton, Small, Asheshov

and Parker (1965) isolated Pseudomonas aeruginosa from

handcreans and attilbuted cases of meningitis, urinary




and wound infections in a neurosurgical unit to the
pre-operative use of a shaving brush contaainated

with Pscudomonas aeruginosa. Similarly contaminated

éyedrops accounted for pseudomonal infection in 15 out
of 25 patients undergoing ophthalmic operations. In

6 of these patients there was loss of the eye (Aycliffe,
Barry, Liowbury, Roper-Hall and Walker 1966) In 1966,
7 cases of infection of the urinary tract in children
af'ter cytoscopy were traced to contamination of the
chlorhexidine solution used for disinfecting the bladder-
irrigetion reservoir, (Iiitchell and Heyward). . This
infection was traced back to the stock solutions of
chlorhexidine in use in the hospital. Burdon and
Whitby (1967) showed that aqueous'solutions of
"Hibitane" (chlorhexidine) and "Savlon" (cetrimide

and chlorhexidine mixture in the ratio 10:1) were
frequently contaminated with organisms identified as

Pgeudomonas species. Noble and Savin (1966) reporited

the isolation of Pseudomonas aerugzinosa from a steroid

cream containing 0.1% chlorocresol, although Pseudowonas

aeruginosa is sensitive to 0.1% chlorocresol in aqueous

solution. On investigation it was found that

chlorocresol was divided between the oil and water
phases of the cream in such & way that the aqueous
portion had insufiicient chlorooresél to exert an

inhibitory effect; the pseudononas grew in the
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aqueous phase, This cream was widely used in the
treatment of a variety of skin disorders and subsequently
minor infections were recognizzd over a period of

several months, Stricter precauticns in the
preparation and sterilization of the cream in the
dispensary eliminated this source of infection.

Sussman and Stevens (1960) isolated Pseudomonas

seruginose from the cellulose wadding used in splints

and plasters and believed that this organism was
responsible for an outbreak of infection in an
orthopaedic ward.

In 1942, Nelson found that coiiform bacilli grew
and survived in bottles of distilled water with cork
stoppers. Lowbury (1951) has described the isolation

of Pseudomones aeruginosa from 2% soap solution and

various antiseptics (for example Dettol, 1% cetrimide,
and calamine lotion) contained in cork stoppered bottles.

Since Pgeudononas eseruginosa can survive such conditions,

living cultures can be directly transferred to open wounds
and quickly set up an infection,

Plotkin and Austrian (1958) and Anderson and

Keymnes (1958) also found Pseudomonas aeruginosa in
cork stoppered bottles of soap solutions and various
antiseptics, particularly quaternary ammonium compounds

and chloroxylenol. They showed that organisms survived
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in fissures in the cork stoppers and on removal of the
cork thus contaminated solutions in the bottle.

Linton and George (1966) showed that a substance, possibly
a tannin, present in cork inactivated the disinfectant

chlorhexidine. An outbreak of Pseudomonas septicaemia

was traced by Plotkin and Austrian (1958) to the use of
swabs for disinfection of the skin. These were left
soalking in "Zephiran" solution prior to insertion of
intravenous cannulas. The solution contained the
organism and failed to inhibit its growth since the
cellulose fibres of the swabs absorbed the disinfec%ant
and inactivated it.

Colonization of sinks and water taps by this
organism was also suggested as a possible source of
cross infection (Wilson, Nelson, Phillips and Boak 1961).

Blood and infusion f;uids were often heavily

contaminated with Pseudomonas aeruginosa and caused severe,

fatal infection following transfusion (Pittman 1953,
Stevens, Legg, Henry, Dille, Kirby and Finch 1953,
McEntegart 1956, Gilat, Hertz and Altmann 1958, Bourgain,
Bonnel and Raby, 1958). In addition to growth

in liquids Hoffman end Finberg (1955) believed that
conditioné of high huamidity encouraged growth

of Pseudomonas asruginosa. This was confirmed




by Emmenouilidou~Arseni and Koumentakou (196L.),
Contaminated instruments (for example, catheters and
cytoscopes) and urinals were also a source of cross
infection if improperly sterilised. Vhen strict
sterilisation procedures were implemented and a closed
drainage system of the bladder in prostatectomy was

introduced, following an outbreak of Pseudomonas

aeruginosa infections in a urological ward, there was

a significant reduction in the outbreak (Pyrah, Goldie,
Parsons and Raper 1955).

Air is not usually contaminated with Pseudomnonas

aeruginosa but Lowbury (1954) showed that airborne cross

infection of burns often occurred., Contamination by

Pseudomonas aeruginosa of ventilation plants in operating

theatres was the cause of post-operative cross infections,
(Agay and Koch 1960). ° Anderson (1959) had already

isolated Pseudomonas seruginosa from the humidifying water

in a ventilation plant from which it wes sprayed into the
air and was the subsequent cause of post~operative cross

infections.

Pseudomonas aeruginosa was isolated from electrical

aspirators by Rogers (1960) when investigating an outbreak
of respiratory infections in Infants following surgery.

In 1965, Bassett, Thompson and Page described 6 fatal
and numerous leés serious neonstal infections caused by the

presence of Pscudomonas aeruginosa in resuscitation
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equipnment., The aspirators were difficult to disinfect
or even clean and were found to be contaminated with

the same type of Pseudomonas seruginoss isolated from

the majority of infected babies including those which died,
Tinne, Gordon, Bain and Hackey (1967) reported an
outbreak of respiratory infection in a cardiac surgery

unit in which three patients died. Pseudomonas

aeruginosa, pyocine type 10 was isolated from the

ansesthetic equipment, The three fatal cases had
undergone open heart surgery followed by post operative
tracheotomies and prolonged mechanical ventilatlon,
They had also received corticosteroids and broad
spectrum antibiotics. As mentioned previously these
have been cited as possible predisposing Tactors in

Pseudomonas aeruginosa infections.
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THE PRINCIPLES CF PSEUDOMONAS AWRUGINOSA PATIOGENICITY

The problems of cross infection in hospitals and
the difficulties encountered in the treatnent of such
infections indicates that the isolation of a toxic

factor or factors for the pathogenicity of Pseudononas

aeruginosa is of prime importence, Many attempts
have been made to isolate chemical constituents from
the cells of this organism and the characteristics of
some products have been determined. However, the role

of these cellular constituents in Pseudomonas aeruginosa

pathogenicity still remains inconclusive.
In 1888, Bouchard described substances produced by

Pseudomonas aeruginosa which were antibacterial.

Emmerich and Loew (1899) and Emmerich, Loew and Korschun

(1902) noted that old Pseudomonas seruginosa culture

supernatant fluids were bactericidal to m&ny miecro-
organisms; and that ten~fold concentration caused
rapid and complete lysis of thick suspensions of

Vibrio cholerae and Bacillus anthracis. It was

suggested that the organism produced an enzyme,
responsible for the 1lytic action, this was termed Pyocyanase.
Pyocyanase is now known to lyse many bacteria, including

Escherichia coli, Salmonella typhi, Corynebacterium diphtheriae




Vibrio comma, Streptococcal and Staphylococcal species.

in addition it also inactivated the toxins of Clostridium
tetani and other bacteria very rapidly (Anderson 1948).
Although the antibacterial properities of pyocyanase

were accepted, its enzymic properties were challenged by
Klimoff (1L901) and Dietrich (1901), since it was heat~-
stable and soluble in ether, chloroform and benzene.
This suggested that pchyanaée vas not an enzyme and, in
fact, this was found to Be so by Anderson (1948) who
showed that it was lipoidal in nature, its activity
dapénding largely on the presence of unsaturated fatty

aci.ds. Raubitschek and Russ (1908) extracted cultures

of Pseudomonas aeruginosa and obtained alcohol-soluble

substances which possessed bactericidal activity against

Bacillus anthracis; however the alcohol-insoluble fraction

also possessed some bactericidal activity. It was
believed that this action was due to "lipoids" present
in the alcohol extract. Fukuhara (1909) and Ohkubo
(1910) confirmed that alcoholic and acetonic extracts of

Pseudomonas seruginosa cultures were bactericidal, haemolytic

and.. antitoxic. Hosoya (1929) succeeded in crystallising
the "lipoid" and Hettche (1933, 193L4) isolated pyocyenic

acid, a free acid with some antibacterial activity, from




the cells of Pseudomonas aeruginosa.

The chloroform-soluble blue pigment of Pseudomonas

aeruginosa, Pyocyanin, was shown to be antibacterial by

both Hettche (1932) and Rramer (1935). This pigment

was thermostable and strongly bacteriostatic towards

both Gram- positive and Gram- negative bacteria but

had little effect against moulds or yeasits. A
degradation product of pyocyanin, a-hydroxy-phenazine

was less active against bacteria but possessed considerably
more gctivity egeinst yeasts and fungi. Priedheim (1934)
showed that pyocyanin was an oxygen carrier; incrgased
oxygen consuwzption was obtained when pyocyanin was added

to washed suspensions of either living bacteria (such as

Pseudomonas seruginosa, Staphylococcus aureus, and

pneunococeus type III) or red blood corpuscles. . Redd
and Boyd (1932) also found that pyocyanin was a
significant oxygen carrier in metabolic reactions,

In 1937 Young found that pyocyanin initially caused an
increase in glucose respiration, quickly followed by
inhibition of respiration, of slices of cerebral cortéx
in oxygen.

In 1941, Schoental isolated three antibacterial

substances from the chioroform extracts of Pseudomonas

aeruginosa cultures. These substances were not




enzynic because of their properties, namely, 1) solubility
in algohol, 2) resistance to boiling and 3) resistance to the
action of proteoljtic enzymes. They were
1) Pyocyanin
2) a- oxyphenazing
3) colourless bacteriolytic substance.
Pyocyanin and o~ oxyphenazine were pigmented; however
a-oxyphenazine showed more activity against both Gram~
positive and Gram-negative cells and was also 1esé toxic
than pyocyanin to tissue cells. It was suggested that
the colourless bacteriolytic substance was similar to
the "pyocyenic acid" described by Hettche. Tables 2 - 6
.illustrate these results.

Young (1947) isolated four fractions from

Pseudononas aeruginosa which possessed antibiotic activity.

These were a) pyocyanin, b) o-oxyphenazine, ¢) a
fluorescent residue, and d) a substance present in ether
extracts of acidified cultures.

The latter two showed more activity against Gram-positive
organisms. \

Pseudomonas aeruginosa can be differentiated from

Pseudomonas fluorescens since it produces zones of

B~haemolysis on 2% defibrinated bovine red blood agar

(Selvin and Lewis 1946). Christie (1948) stated that
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Growth during 24khr at 37°C

Strain of bacteria Control 0,1% gwoxyphenazine
C. diphtheriae gravis ot -
D, anthracis 4+ -
Neisseria meningitidis -+ -
V. cholerae dedepe -
V. metchniltovi oot -
V. Bl-Tox st -
Strep, pneumoniae (Type I) e -
Strep., haemolyticugs oo -
Strep. faecalis St 9
Staphivlococcus aureus ot -
Staphylococecus bovine sp. 44 -
Bact, shigae ek -
Bact, sonnei A -
Bact, flexmeri V 3 e
Bact, typhosum H o —
Bact, typhosum 0 ' ddede -
Bact, paratyphogum A B b
Bact. paratyphosun B Ao +
Bact. coli etk + ?
B, subtilis ‘ b -
Proteus vulgarig e -
Chr. prodisiosum ERN -
Br, melitengis e -
B. megaterium Fded -
Br, abortus (6 days) ook -
Bact., friedlandexi SRS 4
Cl, welchii s -
Cl. septigue bl -
C), tetani et -
Sarcina lutea e +

TABLE 5:  Growth inhibition of different baciteria by

%.. oxyphenazine, Schoeutal (1941)




*(T761) 1E7900008

*olE e sInoy 7G SUIALD H2OX§ WhiIns UL VC01d0208Y 1O ULMOLJ

°U3 JUIFTQTYUT *So0UBEEGNS [VII9908(I3LU¢ oWOS JO UOIFBJIIUIVUOD oUy 1V § WILVL

- 000°00T T 000°G 1 0002 T 00003 ‘I ITI peTyrang
000°07 1 000°00T T 000°% T 000°C0T 1 00605 1 BUTARBTFOL]
0003 I 000°0% T 000°0T 1 000°02 T 000°03 T 2urZBUeYd Lo~ D
MOALZIOB ¢ SRISIOYJ A SNOTOJ0ENMSUJ  SNOTIAIOWOVY eUTLOG , gowensqng
STU00C00403X38  SNO50T0TAYARLG



*(T761) TejusoUcg  *_amgluo oussiz Ur

S75CT(OI(LIY J0 UFAOIT OUF U0 SO0UCISQNS [CLa930B(IJUB JO 209J7R  H9 Figvd

.

At

€z0°0

++

b

WS
++

600

*10X9WOS AT 0% JCTIWMIS [IuoId

(& Puryeadrm) querdxe oyj

o+t bt 4t +
bt e et -
+ — -— -

¢lo°o 1°0 2 0 6*0

mﬂ\mﬂ TOTLRILTRDUCS

e

Furpunoxns s7Ie0 MO = +

+1

0°1

YLMOIT OU = =

PaNE8} 20T = *°

o QUTARTIOI]

- IIT souBLSqns
0T2AT0TID70”Y

o surzvueydixo~ D

o urusAooly

0°'¢ 33TULLFYNG




~ 23 -

strains of Pseudomonas aeruginosa which haemolysed sheep

red blood cells were pathogenic. Haemolysis of horse red
blood cells was used by Terry (1952) to distinguish

Pseudomonas aeruginosa from other Pseudomonas species.

The heemolysins produced by Pseudomonads were used to
divide cultures into 2 groups by Liu (1957)

1) ‘type A pathogenic cultures which produced a fast-acting

heat~stable haemolysin from Pseudomonss aeruginosa and

Pseudomonas pseudomallei, and

2) type B non-pathogenic cultures which produced a slov~acting,

heat~labile haemolysin from Pseudomonas aereofaciens.

and Pseudomonas chloraphis.

The action of these haemolysins on human, ox, sheep and
rabbit red blood cells was studied and it wias found that

the haemolysin of Pseudomonas acruginosa was inhibited

by normal animal sera including that of man and that
human red blood cells appeared to be the most sensitive
to the action of this haemolysin, The haemolytic titre

of the haemolysin from Pseudomonas aeruginosa remained

exactly the same after heating for 15 minutes at 100°
and its toxicity for mice (i/p injection 0.5ml) was very
similar, Heating reduced the fitre and toxicity of the
other haemolysins, It would gppear that haemolysin

production cannot be used for species differentiation




but haemolysin production in Pseudomonas aeruginosa is

probably of importance in its pathogenicity. Berk

1962 roduced haenolysin from Pseudomonas aeruginosa
P i

by two different methods (1) extraction of blood ager
media after bacterial growth, and 2) saline washing

of cellophane plate grown cells) and apart from slight

variations in heat stability both preparations appeared
to be similar, Complete haemolysis of sheep red blood

corpuscles was obtained after exposure to these haemolysins

over a wide pH range {(pH 5.6~8.0) although the optimal
pH was below pH6.

Liu, Abe and Bates (1961)studied the pathogenic

role of six fractions obltained from Pseudononas aeruginosa.

These fractions were designaved as follows:-

JA., pyocyanin

IB. dialysable substances other than pyocyanin

II. haemolysin

ITI, extracellular enzymes (for exanple, lecithinase
lipase, protease

Iv. slinme, and

v. residual bacterial cells,

Table 7 illustrates the procedure used for the separation

nof the six fractions.
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Fraction TA was toxic to mammalian cells cultured in
vitro but its toxicity in vivo was reported to be
negligible,

Traction IB was necrotic to plant tissue cells. A
small pin prick was made on one spot of the vein of a
tobucco leaf and a drop of each fraction was placed

on this area. This fraction IB was the only one
capable of elieciting a necrotic lesion in plant tissue.
However it did not produce any chanze in the skin of
the raﬁbit;

Eractions I and III were toxic to animaels and
contributed to the lethality of generalised inf'ections
as well as being involved in the production of local
lesions, Fraction III was found to be antigenic
whereas fraction II was not,

Fraction V was relatively non toxiec, and the authors
~-suggested that an endofoxic substance within the cell
was not significant in the pathogzenesis of this species,
as has been found in the enteric bvacteria,

Fraction IV, a slime. This appeared to be the most

important fraction in the pathogenicity of Pseudomonas

seruginosa, It was antigenic and also toxic for mice.

The results obtained with these fractions are showm in

Tables 8 and 9.
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Pulverer and Korth (1962) stated that Pseudononsas

seruginosa enzymes, such as oxidases, proteases and

catalases were of significance in its pathogenicity,
Liu (1966a) attempted to separate the lecithinase

and protease of Pseudomonas aerurinosa in order to

observe their pathogenic effects on animals. He found
that the lecithinase was responsible for oedema and
induration of the skin while protease was responsible
for the haemorrhagic and necrotic lesions. After
intraperitoneal and/or intravenous injection lecithinase
primarily caused necrosis of the livexr whereas
haemorrhagic lesions of the iIntestines and lungs were
produced by protease.

Liuv (1965b) also showed the presence of a lethal

toxin produced by Pssudomonas aeruginosa in vive which

appeared to be protein in rature. This toxin was
produced by extraction of lesions produced in rabbit

skin by widespread injections of Pseudomonas asruginosa.

Immunization of animals with this toxin resulted in
the production of antibodies that could neutralise
the effects of the toxin but could not protect animals

from further infection. A similar lethal toxin was
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produced in vitro - 1) by growing the organism on the
surface of agar plates and 2) by collecting filtrates

from vigorously aerated shaking cultures of Pssudomonas

aeruginosa in rabbit serum and in broth.

Both preparations, i.e. in vivo and in vitro toxin,
killed mice with symptoms of shock, lowered the blood
pressure of rabbits and sppeared to be distinet from

any previously described products of Pseudomonas

aeruginosa.

It has been suggested by this author that the

lethal effect of Pseudomonas infections involving a

large area of skin was probably due to the absorption
of the lethal toxin produced ig the skin and not due
to the effects of the resultant bacterszeomisz.
However as already stated by Liu (1966a) the formation
of skin lesions was mainly due to-the production of
prqtease and lecithinase and was not due to this
lethal toxin. These toxin preparations have as
yet not been investigated biochemically.

Rugstad (1966,1967) described the finding and
subsequent purification of a Kininase, a kinin-

inactivating enzyme produced by Pseudomonzz aeruginosa.

The kinins have been mentioned as possible mediators in
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the inflammgtory response. This kininase was found

to be steble in blood from humans and rats; no loss

of gctivity vas detected after in vitro incubation with
blood at 37° for 2k hours,  Thus this kininase could
diffuse fairly easily from a focus of infection without
being destroyed or inactivated, and in this way, reduce
the amount of free kinins in the vicinity of an infected
area. It is possible therefore that the ability of

Pseudomonas aeruginosa vo eliminate cellular kinins in

this way may be related to its pathogenicity.
Johnson, Morris and Berk (1967) isolated a protease
showing elastase activity from a highly proteolytic

strain of Pseudomonas aeruginosa. Table 10 summarises

the purification procedure and Figure 1 shows column
chromatography of partially purified agar extracts on
DEAE—Sephadex A-50. Proteasg Peak I exhibited
elastase activity. Through a series of chemical and
column (DEAE-Sevhadex pHB8.6) steps the elastase fraction
was isolated and purified one hundred fold. This
partially purified elastase produced dermonecrosis in
rabbits whereas no such dermonecrosis was obtained with
the non-proteolytic major protein component eluted

prior to the elution of elastase (see figure 1).
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The results obtained in mice toxicity tests with
the various fractions are shown in Tadle ITL,

Purified protease (LDSO equivalent to six protease
units) and the non proteolytic fraction caused death
within 24~48 hours when a single dose was administered
to mice dintraperitoneally in concentrations of
50 ~ 100 ug protein whereas crude preparations
exhibited 1little or no lethality below 600-1000ug
protein per mouse. | In other words the dose levels
were lowered with increasing purity. However it was
difficult to state whether mouse lethality was due’
'solely to the protease moiety or whether 1t was due in
part to foreign proteins still present in the purified
enzyme fraction.

It would appear that this paper adds little to

the already confused knowledge concerning Pseudomonas

aeruginosgsa pathogenicity,

In 1968, Kucera and Lysenko isolated extracellular

proteinases of Pseudomonas aeruginosa toxlf for larveae

of the greater wox moth (Calleria mellonella L.

Lysenko (1963 a, b, ¢, d) had shown that Pseudomonas

aeruginosa was highly virulent for Calleria larvae;

he had also shown that this organism produced o toxic
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substance the toxity of which was closely related to
proteolytic sctivity. The toxic substance was later
isolated and identified as a proteinsse (Lysenko 196.4).

The proteinases were separated from the culture
filtrate by means of ammonium sulphate precipitation,
chromatography on DEAE cellulose, gel filtration on
Sephadex G-75 and preparative disc electrophorsis.
Five proteinases were isolated and characlerised by
pH optima, molecular weights, elasltase and collagenase
activities.

Lysenko and Kucera (1968) investigated isolated

purified proteinases of Pseudbmones aeruginosa for

toxity to Galleria mellonella Lj they also observed

the changes produced in the haemolymph of Galleria
larvae by these proteinases, These authors found the
most toxic proteinase fraction exhibited collagenase
activity, and also showed specific activity to some
proteins of the globulin part of blood proteins of
the larvac.

It was found difficult to determine which of
these properties adcounted for the damage and

consequent death of the insecis,
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From this review of factors responsible for or

associated with the pathogenicity of Pssudomonas

aeruginosa it is apparent that there are many factors

contributing to the pathogenic effect of Pseudomonas

aeruginosa and that most authors have widely differing

views as to the rélative importance of the various
factors,
At the present time however it would appear thet
little is known of the mechanism by which this organism
produces its pathogenic effects on the host despite
the increased frequency with which infection by fhis
organism is encountered.
Investigation has been initiated from various
angles, including e search for
1) an endotoxin moiety similar to that which is of
prime importance in enteric bacteria

2) an exotoxin

3) various extracellular enzymes

L) ebnormal conditions in the host; for example, the
presence of a previous infection or shock condition.

The results of these investigations have not
produced a clear cut answer and the overall picture is

complex and confused.
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It would seem from the literature that a complexity -
of factors work in conjunction to produce the familar
'pathogenic effects. Al though it is conceivable that many
of thesé factors could pley important roles in the disease
process, few of them, with the excepition of the haemolysin
and protease, have been extensively purified and studied
in vivo.

Results presented in this thesis throw new light on

this problem.
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THE PREPARATION AND PROPEZRTIES OF PYOCYANIN,

Pyocyanin was first crystallised in 1860 by

- Pordos, who was interested in the blue colour imparted
to bandages and dressings by pus. The bandages wvere
soaked in ammonified water and a greenish-blue solution
was obtained. This solution was shaken with chloroform,
and the chloroform layer was separated and evaporated
to dryness in air. The residue was nixed with
distilled water which dissolved the blue material and
some unknown substances, leaving behind the chloroform-
soluble fatty material. The distilled water extract
was mixed with chloroform, and the chloroform layer

was separated and evaporated to dryness, The pooled
dried residues were treated with a few drops of
hydrochloric acid; a colour change of blue to red
occurred. After subsequent chloroform extraction,
the unknown substances were dissolved in the chloroform
Jeaving behind a chloroform insoluble red substance,
Treatment of-this insoluble red substance with barium
carbonate in chloroform liberated some blue material
into the chloroform. Evaporation of this chloroform
solution yielded a minimal amount of long dark-blue

prismatic crystals, which Fordos called Pyocyenin.

~1
H
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This method was crude and yielded minimal amounts
of product insufficient for further study. The
purity of the final product was doubtful to say the
least; Fordos himself admitted thatthe solution
of pyocyanin contained some pus.

In 1887, Vasserzug showed that the formation
of pyocyanin can be prevented by several substances,
e.g. 5% potassium nitrate, 8% potassium chlorate,
0.5% ammonium tartrate, 5% sodium chloride and by
many disinfectants at non-inhibitory concentrations.

Gessard (1890, 1891, 1892) showed that the
bluish-green pigment consisted of two different
substances -~ a) pyocyanin, a bluish chloroform-
soluble material described by Fordos §1.860), and
b) fluorescein a greenish-yellow matérial, insoluble
in chlorofora but soluble in water.

In 1899, Boland noticed that solutions of
pyocyanin in chloroform became yellow af'ter exposure
to sunlight., This was believed to be due to
oxidation of pyocyanin to pyoxanthose by chlorine
released from the chloroform. This may be
identicfil to the substance "pyoxanthose" described

by Fordos (1862).
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Browning, Cohen and Gulbransen (1920) and Browning,
Cohen, Gaunt and Gulbransen (1922) studied the
antibacterial properties of acridine and phenazine
oomﬁoun&s, in particular a large number of amino-
and methylamino- phenazoniun compounds, The

antibacterisl effect against Staphylococcus aureus

and Escherichia coli was tested both in peptone water

containing 0.35% NaCl and in ox serum heated at 550,
It was found that of the phenazine compounds the
methyl chloride derivative was more effective than
the hydrochloride derivative against both organisms, -
The methylchloride derivatives of the amino compounds
were particularly éffective in serumg. However,
similar amino compounds in the acridine group were
found to be much more effesctive,

Wrede and Strack (1924) isolated pyocyanin in a
erystalline form. Broth cultures were extracted with
chloroform and the chloroform extract concentrated to a
small volume, in vacuo. Careful addition of petroleum
ether to the concentrated chloroform solution yielded
dark blue needles. The solvents were removed carefully
with a pipette and the dark~blue crystals were dried.

A purer preparation of pyocyanin crystals was &btained

in the following way. A chloroform extract of a broth
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culture of Pseudomonas aeruginosa was evaporated

in vacuo} the residue was heated to gpproximately
50° with approximately 20 ml water until dissolved,
The solution was filtered into ice water, and after.
grinding with a glass rod, abundant erystallisation

occurred; the yields of pyocyanin were about

1 mg/litre.

Wrede and Strack (1928) synthesised
uwoxyphenazine using 1-methoxyphenszine as starting
materiai (see materials and methods Page 86.)

Wrede and Strack (1929) synthesised pyoecyanin,
starting from either phenazine, l-methoxyphenazine
or l-hydroxyphenazine (see Figure 2). Subsequently,
Wrede (1930) showed that pyocyanin was a derivative
of phenazine. Vrede and Strack (1924) stated that
pyocyanin readily dissolved in warm water, chloroform,
nitrobenzol, pyridine and phenol. It was fairly
resistant to acids and red coloured salts were formed;
+in the presence of oxygen it was less resistant to
alksli treatment and was rapidly broken down.

MeTlwain (1937) showed that pyocyanin could
also be prepared by the photochemical oxidation

of phenazine methosulphate,



\N+ /

CHB

Pyocyanin
OH

N |
=
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N

1-Hydroxyphenazine

OCH

l3
N
’/,/’
\D
N

1-Methoxyphenazine

Figure 2 The structure of pyocyanin, l-hydroxyphenazine

and 1l-methoxyphenazine
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¥rede and Strack (1929) believed that pyocyanin

was a dimer (Figure 3) bub Michaelis (1935) stated
- that it wes probably a monomer (Figure 2).

Jensen and Holten (1949) considered that
pyocyanin wes a resonance hybrid of the mesomeric
forms of N-methyl l-hydroxyphenazine (Figure L.).

Hilleman (1938) found that pyocyanin was easily
hydregenated to the 9, 10 dihydro derivative which
wes phenolic in character. He showed that

condensation of the 9, 10 dihydro derivative of

(poc1)
(cocy)

cycelic amido ester which eliminated 9 methyl-l-hyéroxy-

pyocyanin with oxalyl chloride produced a
phenazine as a possible structure for pyocyanin,
because the presence of é methyl group at the 9C
position would prevent formation of the cyclic amido
ester,

Schoental (1941), during an investigation into

the antibacterial activity of Pseudomonas seruginosa,

succeeded in isolating a biological preparation of
DYOCHEDNIR, The method employed was essentially
the same as that of Wrede and Strack (1924) with
the exception that L8 hour old agar cultures
containing 2% glycerine were extracted with
chloroform. The yields were much higher

(é hmg/1itre/than Wrede and Strack obtained using



CH 3

Swe

0

SQs

Figure 3  The dimeric structure of pyocyanin
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broth cultures. Howaver in spite of its high
bactericidal properties pyocyanin had little
therapeutic value because of the high toxicity and
instability.

Schoental (1941) élso found that cultures of

Pseudomonas aeruginosa left incuvbating for longer

than 8 - 10 days turned brownish-yellow, Chloroform

extraction of cultures yielded a dark brown extract,

(Toble 12). A yellow substance was separated
from the extract after éolumn chromatography on
aluminium oxide with alkali as eluate. The coluﬁn
fraction was acidified and after purification, yellow
prismatic needles were obtained; these were readily
soluble in alkeli producing a deep red-violet solution.
The same substance was obtained if an alkaline solution
of pyocyanin was allowed to stand in air, the colour
gradually changing from blue to red-vioclet;
acidification and purification yielded yellow crystals.
The properties of these crystals suggested that they>
were identical to c~oxyphenazine, synthesised by

Vrede and Strack (1928), The properties noted
included the colour reactions of the crystals (yellow

at pH 2 - 9; red-violet above pH 10; pink below pH 2),
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its phenolic character, solubility in glkali,
crystalline form, sublimation and nelting point

not depressed by admixing of pure o-oxyphenaszine.
Schoental (1941) showed that c-oxyphenazine was not
only bvactericidal to many bacteria but caused less
toxicity and irritation to tissue oélls. Stokes,
Peck and Woodward (1942) reported that ow-oxyphenazine
possessed conslderable fungistatic action against

pathogenic fungi, such as Microsporium gypseun,

Trichophyton gypseum and Candida albicans and yeasts,

while pyocyanin was considerably less effective, -

These results may offer some hope for future treatment of
surface or locelised fungus infections in mgn,

Surrey (1946) repeated successfully the work of

Wrede and Strack (1929) and obtained pyocyanin in

58% yield by treatment of l-hydroxyphenazine with

methyl sulphate. (Figure 17 ). l-methoxyphenazine
was prepared by condensation of pyrogallol monomethyl
ether and o-phenylenediamine in the presence of lead
dioxide, glacial acetic acid and benzene. A light
yellow crystalline solid was obtained. Acid hydrolysis
of 1~methoxyphenaziné resulted in its demethylation to

give I1~hydroxyphenazine, an orange coloured solid.
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Akylation of {-hydroxyphenazine ylelded pyocyanin;

1 ~hydroxyphenazine was heated with methyl sulphate after
which the rethosulphate was extracted exhaustively with
chloroform and pyocyanin was obtaincd in the form of
dark blue needles (See page 88.).

An improved method of preparation of 1 -~hydroxy-
phenazine was outlined by Hegedus (1950). Reduction
of 2, 6, 2' trinitrodiphenylamine followed by oxidation
with ferric chloride yielded 695 of l-aminophenaszine.
Acid hydrolysis of the l-aminophenazine with agueous
phosphoric acid at 150° yielded 53% 1 hydfoxy—
phenazine, Melo (1949) prepared 1~-hydroxyphenazine
by condensation of pyrogallol with o-phenylenediamine.

One of the most interesting characteristics of
. byocyanin is that it can undergo a reversible reduction
to a colourless leuco compound at pH values greater than
6, two electrons being concerned thus -

oxidant + 2 electrons -——» Reductant.
At pH velues below 6 (i.e. in acid solutions)
pyocyanin is red, and its reduction is effected in two
stages, each involving one electron; during the first
reduction stage a green compound is formed and during

the second stage a colourless leuco compound is
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formed thus -~
oxidant + 1 electron ——= sewireductant ....(1)

senireductant + 1 electron

» reductant..(2)
See Figure 5 for the changes in structure of pyocyanin
which occur during this reaction, (Hewitt 1950).

From the literature it is apparent that a great
deal of interest has been evoked by pyocyanin and its
derivatives. A large number of chemical syntheses
have been attempted with verying degrees of success.
However few if any theofies as to the biological
goction of these compounds have been put forward.

It would seem that most of the research done on

pathogenicity of Pseudomonas seruginosa and its

products has been carried out using biological
preparations of pyocyanin or its derivatives and

not chemically pure products.
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THE MITOCHONDRION

The mitochondrion is an intracellular organelle
found in eucaryotic cells (Figure 6). It can be
considered as an energy transducing apparatus in which
electron flow is coupled to the synfthesis of Adenosine
triphosphate (ATP) or to the translocation of solutes.
If this is so, the origin of the electrons is immaterial
as long as their energy is adequate to drive the coupling
process (Green 1966). Fernandez-Horsn, Oda, Blair and
Green (1964) showed that the mitochondrion was compo sed
of two closely interlocking membrane systems —.

a) an outer membrane system that enclosed the
mitochondrion, and

b) a system of folded inner membranes that radiate into
the interior from the periphery - the cristae. The
cristae were composed of smooth membrane when they
were positively stained and observed under the
electron microscope.

If however, they were'negatively stained with

phosphotungstate they sppeared to be covered with

spherical sub-units (Hall and Palmer 1969). Stasny

and Crane (1964) showed that the inner membrane was

mede up of these sub-units which can be resolved inbo

2 "membrene forming basepiece and a detachable knob",
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Figure 6 A diagrammatic representation of a liver

mitochondrion
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The inner membrane containg the complete electron
transport chain and all the systems required for

the coupling of electron flow to synthesis of ATP
or to ion translocation.

Bachman, Allmann and Graen (1966) showed that the
outer membraene of mitochondrion contained 10 - 20% of
the total protein of the mitochondrion while the
inner membrane contained the remainder. Both
membranes are lipoprotein systems, the lipid content
and composition being virtually the same_(Fleisoher
and Fleischer, 1966). The outer membrane contained
a) all the enzymes of the Kreb's citric acid cycle

(other than succinic dehydrogenase),
b) the enzymes that carry out B-oxidation of fatty

acids, and the synthesis of long chain fatty acids, and
¢) enzymes involved in the synthesis of phospholipids.

Earlier Sanadi, Gibson, Ayengar and Jacob (1956)
showed that the enzymes catalysing phosphorylation of
ADP which accompanies oxidation of a-ketoglutarate
(substrate level phosphorylation) and Sekuzu, Jurtshuk
and Green (1963) showed that B-hydroxybutyric
dehydrogenase were both present in the outer

mitochondrial menbrane.
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S&haitman and Greenawalt (1958) believed that
the inner membrane encl&sed an apﬁarently structureless
matrix containing many soluble enzymes,
{itochondria contain a relativel& large amount
of lipid (more than 90% is phospholipid) as an
integral part of the membrane system, and the isolated
submitochondrial particles and purified complexes still
retain this component. litochondrial phospholipids
exhibit a particuiarly high degree of vnsaturation
which appears to be of functional significance.
The function of phospholipid appears to be twofold
-i) to stabilize the active conformations of the
various proteins of the respiratory chain both
individually and collectively and
2) to permit their interaction with other essential
components such as ubiquinone (CoQ), factors
required for oxidative phosphorylation, and the
structural proteins).
Biological oxidations ;ggggﬁg.as follows:=
substrates are dehydrogenated by dehydrogenases, which
transfer the reducing equivalents to either a terminal

acceptor (usually oxygen) or to another carrier, which
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which/is in the reduced state. This intermediate
carrier is reoxidized either a) by reoxidation by
other carriers and eventually by a terminal acceptor
or b) by oxidation'by a second substrate which is
itself reduced in the process.

Where several respiratory carrviers act in series
the resulting chain is called (i) a respiratory chain,
or- (ii) an electron transfer system. This systen
intervenes between the sdbsfrate with its primary
dehydrogenase at one end and the terminal acceptor

at the other end.

DHy, ,Carrier 1.a Carrier Zea Carrier I . Hoq
Enzyme 1 Inzyme 2 Enzyme n
D Carrier 1 Carrier 2 Carrier N 1 50
oxid oxid oxid 2

or DH2-§} carrier 1 ———Ezcarrier 2e+Gavrrier N ~n—§§ 02

In mitochondrial systems these carriers have been
identified and include nicotinamide (or pyridine)
coenzymes, flavin nueleotide coenzymes, coenzyme Q,
cytochromes, non-heme iron and copper (Figure 7).

The elucidation of fhe electron transport chain
has been mede possible by the stuiy of isolated mitochondrion
or submitocﬂondrial particles. There have been several

different approaches to this problem and these have
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contrivuted to the present state of information.
The most detailed account of the-composition of the
various components and their order in the chain was
obtained by Chance and Williams (1956) who, by the
application of spectroscopic techniques measured
the content of various suspected carriers (such as
NAD, flavoproteins cytochromes) and the kinetics
of their reduction and reoxidation in various
respiratory particles.

Lehninger (1964) and Green (1966) gave details
of their attempts to isolate from mitochon&ﬁhlthé
enzymes involved in substrate oxidation, oxidative
phosphorylation and other respiration-linked activities
in order to determine those reactions which are
responsible for, and essential to, electron transport.

After removal of the components not directly
concerned with electron transport, submitochondrial
electron transport particles were fractionated into
four complexes which were isolated as relatively
pure lipoproteins by Green and Goldberger (1966)
and Hatefi (1968). They found that each of the
four complexes isolated contained two or more
components of the electron transport chain and

lipid material. (Figure 8). The latter was
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shown to be essential for the activity of fhe complex.
(Fleischer, Brierley, Klouwen, and Slauterback 1963;
Fleischer, Fleischer and Stoeckenius 1967).

These four complexes, plus the two mobile
carriers CoQ and cytochrome C (which become alﬁost
completely detached during isolation of the complexes)
accounted for all the oxidation reduction reactions
of the mitochondrial electron tfansport system,

Inhibitors such as cyanide and carbon monoxide
have been used.to dispupt the chain at various points in
order to determine the sequence of components and their
mode of interaction. (Table 13).

Yomashita and Racker (1968) almost reconstituted
the chain between succinate and molecular oxygen from
soluble components., However addition of a particulate.
fraction of cytochrome b was necessary and it appeared
that this fraction was the base on which the individual
components are organised, -

Hall and Palmer (1969) stated that the process of
cellular respiration could be divided into three sections -
"a) the rearrangement and oxidation of carbohydrates to

produce reduced coenzymes.

b) oxidation of these coenzymes by molecular oxygen
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via the components of the respiratory chain,
¢) the synthesis of ATP during the oxidation of the
coenzymes.'”
However b) and ¢) are still not completely understood.
Much of the knowledge of ATP formation in the
- respiratory chain has come from the use of uncoupling
agents suchas dinitrophenol and oligomycin. A
hypothetical model was shown for the formation of
ATP involving the intermediates X~nT and X o P - this is
known as the "chemical hypothesis”, (Q@gure 7.
Since it has proved almost impossible to determine the
chemical nature of these intermediates, an’ alternative
"chemiosmotic theory" was developed (Mitchell, 1961, 1966).
This theory was based on the suggestion that ATP was
synthesised by reversing the activity of the enzyme
adenosine triphosphatase (ATP - ase), Figure 9.

" "
ATP + Hog MPege ADP + H3 PO,

Hall and Palmer (1969) believed that the
"chemiosmotic" theory and “chemical" theory were
not so distinct as at first thought, since the

chemiosmotic theory results in a proposed mechanism



Krebs' cycle membrane
intermediates ~

30 +
H2 2V H
_ electron _
e jtransport e \
system
+ 4 -
2H OH
8§ oo 0
* : TN
adenine-ribose-Il’-*O—Pw} O + H  |O-P~OHS=pATP + H,0
L |
oo oH OH
(ADP) (Pi)
membrane
ATPase
ADP + Pi
t ~ _+
+ N . . -
H ATP 7H B Ol
< b
H20 H20

©

characteristics required of this coupling system

membrane

D — allowed _ + [ not allowed
H OH H OH

not allowed ——¥ allowed >

©
a, Production of a proton gradient by the electron transport
system; the production and removal of H_O occurring during the
synthesis of ATP are shown in b and c; In d the necessary

permeability characteristics of the '"coupling membrane'" are defined.

Figuré 9 The coupling of electron transport to phosphorylation as
envisaged by the chemiosmotic theory
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of_X'QI formation which previously was only described
vagusly. One of the most important effects of this
theory was to cause research workers to review their
ideas on oxidative phosphorylation and to strengthen
the suggestion that association of enzymes with
structural components of mitochondrial membrane was
important for {their function,

The position of uhiguinone (CoQ) in the electron
transport chain was a problem in the early investigations
since it was found to be a mobile component. CoQ
is a tetrasubstituted benzoquinone (Figure 10).

Wolf, Hoffman, Trenner, Arison, Shunk, Linn, McPherson,
Folkers (1958); Crane, Hatefi, Lester and Widmer (1957)
Folkers (1961), Green (1961), Morton (1961), Isler,
Ruegg, Langemann, Schudell and Rysser (1961).

In 1961 it was suggested by Green and Hatefi that
coenzyme Q was the link Jjust prior to cytochrome b

at which complex I and II meet (Figure 8); it was &
respiratory carrier capable of interacting with the
flavoproteins of the respiratory chain.

This brief review illustrates the difficulties
inherent in mitochondrial research today, since
any ssudies using the isolated mitochondrion and

electron transport pathway as experimental models
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Figure 10 The structure of ub i q,u_in one ‘( Co_ ‘Q‘)
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is of necessity observing the mitochondrion in an
wnnatural state. Since little or nothing is known
of the effect of the cytoplasm on the mitochondrion
or vice versa it is very difficult o draw conclusions
when one is studying the isolated mitochondrion.

The position of ubiquinone however, seems to
be accepted and studies with ubiquinone have been
facilitated by the fact that it is not so closely
bound to the inner mitochondrisl membrane as the

other components,
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PHENAZINES din BIOLOGICAL SYSTEHS

It is dimportant to consider the biological action of
phenazine compounds since these can be obtained by the
degradation of pyocyanin and, in addition, pyocyanin
can be synthesised from various phenazine compounds,

Semi-reduced phengzines are important in biclogical
systems in which oxidation reactions are complex,
Semi~-redvgtigny is an important process by which the
formidable energy barrier to ordinary air oxidation
via the eleciron transport system is lowered. Therefore
it would be expected that some phenazines, because of their
semi-reduced state, could act as transfer agent or electron
carriers for oxygen in the metabolic processes of such
biological systems. ITdeally the phenazine should be
one that forms a semi~reduced phenazine in perfect
equilibrium with the cell constituents and the air,
so that the phenazine is reduced as it aids the.cell
metabolic processes and is quickly reoxidisged by the air.
(Figure 11). However, ideal equilibrium is seldom
obtained, Dickens and McIlwain (1938) showed that
phenazines could act as carriers in the hexosemonophosphate
metabolism in certain tissues. Steensholt (1946)
found that oxygen corsumption by liver tissue increased

when placed in a Ringer's phosphate solution containing
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1-methoxyphenazine or l-hydroxyphenazine.
Conversely, Phenazine itself wos shovm to have an

antagonistic effect on the metabolism of Lacitobacillus

casel (Sarett 1946),

Phenazoniun salts appeared to be better
bacteriostatic agents than phenazines alone.
Pyocyanin, for example, was found to be quite a gooé

bacteriostatic agent but is also toxic, Escherichia

coli was not inhibited by any of the phenazine
compounds up to 10 mg/100 ml concentration.

Staphylococcus gureus was inhibited by a number of

phenazine derivatives. There was no relation
between o substituted compounds and antibiotic
activity. (Schales, Schales and Friedzan 1945).
Carr, Vivian and Krantz (1943) showed that

the phenazine nucleus was inert pharmacologically
but that N-methyl phenazonium methosulphate
possessed a marked pressor action, i.e. increased
blood pressure by 40 mm in dogs, and a ninimal dose
of 1.5 mg / 100 gm body-weight caused convulsions in
the rat. Pentobarbitol or ether served as an

antidote for these convulsions,
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The phenazinemdyes have also been used as
artificial electron carriers in oxder to ?urify
and characterise respiratory chain-linked flavoprotein
dehydrogenases, An interesting property of these
flavoprotein dehydrogenases is their relatively high
selectivity for electron carriers. Theoretical
problems encountered in the use of a dye assay
entails the need to ascertain that a particular
electron carrier reacts directly with the dehydrogenase,
in both particle-bound and soluble form, rather than
by way of another catalyst. The assay must also |
measure the complete or almost comﬁleté turnover
rate of the dehydrogenase, that is, the reaction
rate of the dehydrogenase with the dye must equal, or
almost equal, the rate of the substrate-flavoprotein
reaction, otherwise misleading results are obtained.
Rarely is this requirement met. However, Singer
end Kearney (1963) showed that phenazine methosulphate
was probably measuring the full act;vity of the |
dehydrogenase since the same turnover number was
measured for succinate-dshydrogenase with coenzyme
@10 and phenazine methosulphate, while other assays

measured, showed considerably lower turnover numbers.
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'It seems8 likely therefore that Phenazine methosulphate
and its derivatives due to their rapid and direct
aetion are the acceptors most suiied for assay of
succinic dehydrogenase from aerobic cells in both
soluble and particulate preparations (Figure 12),

An assay of Phenazine methosulphate activity
was first introduced by Kearney and Singer (1956).
At that time a manometric assay using mitochondr»ia
and a fixed concentration of phenazine methosulphate
was used. However, Massey and Singer (1957 a and b)
and Giuditta and Singer (1958) soon recognised that
the apparent X, for the dye may vary widely due to
a) the source of the enzyme, b) the method of
isolation and ¢) the degree of purification.
Therefore, the true activity of a given sample must
be based on Vpgx with respect to the dye. Redfearn
and Dixon (1961) and Arrigoni and Singer (1962)found
that in the manometric assay, the reoxidation of the
leuvco dye may eventually limit the rate of reduction.
This limitation on the manometric use of phenazine
methosulphate may be overcome by substituting oxygen
for air or by lowering the temperature. Arrigoni and

Singer (1962) suggested an adaptation of the assay



oxidised

N
R
CH3

reduced (coloured) dye which can be

oxidised and polymerised to other
products.

N-Methylphenazinium methosulphate (phenazine methosulphate,P,M.S,

This dye is useful for measurement of oxygen uptake;
of the reduced dye can be linked to cytochrome ¢ reduction;

interacts directly with pyridinoproteins without intervention of

reoxidatior
it

the flavopnroteins.,

Figure 12

action on the electron transport chain, Mahler
and Cordes, 1967
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method, namely spectrophotometric measurements with
cytochrome C as terminal oxidant which removed

the limitations. Another problem encountered in such
aséays was the fact that intact mitochondria showed

a strong permeability barrier to N-alkylphenazonium
dyes and related nitrogenous compounds (Singer and
Lusty 1960). Damage to the mitochondrial membrane
by freezing and thawing or treatment with calcium ions
removed, partly but not entirely, this permeability
barrier, It has been recommended by Arrigoni and
Singer (1962) thet brief digestion with crude Naja naja
venom (from Naja naja snake, or hooded cobra, India)

or purified phospholipase A will render mitochondrial
systems fully permeable to the phenazine methosulphate
withoutv damsging the flavoprotein,

Keilin and King (1960) and Giuditta and Singer

(1958) investigated the inhibitory effect of cyanide
-on phenazine methosulphate using heart muscle particles
and they confirmed that 50% of the activity towards
phenazine methosulphate was abolished by cyanide and
since this inactivation is manifest in all particulate
preparations of the heart enzyme, including "svccinate-

co-enzyme Q reductase" Giuditta and Singer proposed that
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phenazine methosulphate asccepted electrons at two
points in the respiratory chain of heart:- 1) the
flavoprotein itself (cyanide insensitive reaction)
and 2) another site in the immediate vicinity of the
dehydrogenase (cyanide sensitive reacticn),  If the
enzyme is extracted from the heart and used in the
soluble form for the phenazine methosulphate assay
cyanide has no effect‘on it; +that is the cyanide
sensitive site was lost by extraction of the enzyme
in the soluble form.

Katagiri, Endo, Tade, Kimura, Sunagewa, Niinomi,
.Bato, Nomura, Hori, Nishiyama, Matu, Shiratori, Matsura
and Yoshio (1967 &) synthesised a series of phenazine
compounds containing mono-oxide and di-oxide
derivatives; fif'ty-two of these compounds were
tested for antimicrobial and cytotoxic activity on

Bacillus subtilis, Mycoplasma Spp., Hela cells

and Fhrlich Ascites tumour cells and the results were
as follows:-

1) the cytotoxic test - growth inhibition rate was

calculated using an electric micro-cell counter

which proved to be much more accurate and



- 57 -
sensitive than any other previous method. No
special correlation was observed between the
éytotoxicity and the structure of the compounds
tested,

2) the antimicrobial test - compounds having

antibacterial sctivities were more numerous in
the o substitubed position than in the B
substituted position. Eight of the eleven
‘di-oxide compounds tested inhibited the growth
of Bhriich Ascites tumour cells, but results
indicated that phenazine derivatives are
ineffective against mycoplasmas. (Katagiri,
Endo, Teda and Nikaido 1966).

The antitumour activity of these phenazine
di-N-oxides was also tested. (Katagiri, Endo, Tada,
Nikaido 1967 b). Host of them prolonged the
survival time of mice with en Ehrlich ascites tumour.
Comparison was made of the antitumour sctivity of the
parent phenezine compounds, pheﬁazine mono-lN-oxide
and phenazine di-N-oxide using a series of analogues
respectively. A1l the parent compounds and glmost
all the phenazine mono-N-oxides showed no antitumour
activity with doses in mice of 50 mg/kg/day. However

several analogues of phenazine di~N-oxides showed the
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antitumour effect after injecting the same doses.

No significant difference in cytotoxicity against

Hela cells was observed with any of the phenazine
analogues. It was postulated that the antitumour
effect of phenazine di-N-oxides was correlated with
‘bhéir ability to inhibit DNA synthesis, since these
compounds were able to induce the X phage from lysogenic
B. coli K12 (A).

{
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PSEUDCHONAS RESPTRATORY SYSTELUS

Horio (1958) and Higashi (1960) extracted and

partially purified the five respiratory components

from Pgeudonmonas aeruginosa i=

(i) two cytochromes

(ii) a Pseudomonas “"blue protein"

(iii) a Cytochrome oxidese

(iv) a Pseudomonas hydroquinone oxidase.

Horio (1958) and Horio, Higeshi, Metsubara, Kusai,
Nakai and Okunuki (1958) concluded that, in the electron
transfer system of Pseudomonas, cytochrome C~551 and .
Pseudomonas "blue protein” are functional at & site
corresponding to the cytochrome C of animal mitochondris
(Figure 7).

Pandya and King (1966) used fractions, from sonically

disintegrated cells of Psecudomonas aeruginosa, obtained

by differential centrifugation, to determine the
distribution of certain respiratory enszymes. In
particular s search was made to determine whether the
organism contained ubiquinone, mensgquinone or both.
Enzymes oxidising menaquinone were found and reductases
coupling NADH with menaquinone and ubiquinone were
present at spproximaetely equal concentrations regardless

of' which of these quinone types was present,
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Cartwright and Smith (1967) and Cartwright and
Buswell (1567) have described the properties of
vanillate o~ demethylase induced in a Pseudomonad
(strain T) during growth on ferulate. This enzyme
showed interesting specificity with respect to
orientation of the substituents in the phenyl nucleus
and for optimal activity.it required reduced nucleotide
and an unstable wnidentified cofactor. Their work
was extended to examine other induced dealkylases
and also to attempt to solve difficulties encountered
in the attempts to isolate and identify the unstable
cofactor of venillale O-demethylase.

Cartwrisht and Buswell (1968) described some
properties of cell-free extracts of & soil pseudomonad;
these extracts were obtained by ultrasonic Jddisruption
of bacteria grown for 15 hours at 250 with forced
aeration on L - methoxybenzoate and subsequent
centrifugation for 15 minutes at 18,000 g to remove
intact cells and cellular debris. In addition to
other erzynes, a L -~ methoxybenzoate-o~ demethylase
was induced in the organism during growth on
L ~ methoxybenzoate, Their results suggested that
the apoenzyne wes distinet from and less specific

than vanillate~o~demethylase whereas the cofactor
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requirements of the two demethylases appeared to be

identical. Again the cofactor of 4 - methoxybenzoate-~
o~-demethylase was believed to be unstable, The

elimination by demethylation of a one carbon unit
was suggestive of tebrahydrofolate and/or cohelamin
as cofactors and the gpparent lability of the
endogenous cofactor was consistent with the
properties of the former. However experiments.
designed to establish the participation of these
factors in demethylation were inconclusive.

The cell-free extracts were examined by
Warburg manometry for oxidative activity towards
a ranée of methoxy- and hydroxy-benzecates. The
enzymic nature of the reactions was shown by lack
of oxygen uptake in the ebsence of extract or when a
heat treated (100o for 5 mins.) extract was used.
It was found that the rate of L-methoxy-benzoate
oxidation was proportional to the protein concentration.
The effect of protein concentration on the oxidation
of L-methoxybenzoate by unsupplemented extract, and

extract supplemented with NADPH, is shown in Figure 13.
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PRODUCTS of PSREUDONONAS  AERUGINOSA affecting

THE MAMMALTAN RESPIRATORY SYSTEM
The reduétion of oxidised cytochrome to reduced
~ cytochrome can be catalysed by a number of dehydrogensses
specific for the substrete which is the hydrogen donor.
Thus the dehydrogenases for the oxddation of
a~glycerophosphate to glyceraldehyde phosphate,
or of succinic acid to fumaric acid, or of lactic acid
to pyruvic geid or of formic ascid to carbon dioxide, all
fransfer hydrogen to cytochrone,. Sore of then can nake
use of acceptors other than cytochrone; for instance
methylene blue or pyocyanin are acceptors for glyceroéhosphate
dehydrogenase but riboflavin, the flavoproteins,
glutathione or ascorbic acid cannot serve this purpose;
methylene blue can also aoéepﬁ hydrogen from succinic,
lactic and formic dehydrogenases.

Phenazine methosulphate, which is closely related
to pyocyanin, has been shovm to be the acceptor most
suited for assay of succinic dehydrogenases (Figure 12;
end page 54 ).

Pyocyanin acted as an electron acceptor (or oxygen
carrier) in the formation of phosphoglyceric acid from
glucose, and also in the oxidation of a-hydroxyglutaric

acid to a~ketorlubaric acld in the presence of a
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dehydrogenase occurring in animsl tissues.  Anderson (1.948)
stated that pyocyanin acted as an hydrogen carrier (that
is electron donor) in the reduction of cytochrome. .
Keilin and Hartree (1940) suggested that the antibiotic
effect of pyocyanin could be due to inhibition of the
succino dehydrogenase engyne.
The 2~alkyl-h-hydroxyquinoline-N-oxides (Figure 14)

were isolated from Pseudomonas aeruginosa by Lightbrowm

and Jackson {1956);  these compounds have been used as
respiratory inhibitors in experiments investigating the
sequence of components of the electron transport chain
(Pigure 7) and have been showm to be potent inhibi%ors
of complex III, that is Cytb (Fe+2)—~>0yt61 (Fe+3)
(Figure 8).

Cruickshank and Lowbury (1953) found that, by using
a modification of Medawar's (1948) skin culture technique,
pyocyanin showed toxdcity against human skin cells and
leucocytes in vitro; it was suggested that this might

explain the Jlocal péthogenic effects caused by Pseudomonas

aeruginosé in burns, However, pyocyanin was shown to be
non-toxic when injected into the skin of animals (Jackson,
Lowbury and Topley 1951).

In 1960, Berk, Nelson and Pickett showed that heat-

”

killed cells of Pseudomonas seruginoss inhibited the




where R = CH3

CH3CH2

CH3 (CH2)n

“'Figure 14  The structure of 2-alkyl-4-hydroxy quinoline
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endogenous and succino oxidase activities of mouse
monocytes but did not affect their cytochrome oxidase
activity, Monocytes from mice ilmmunized with heat-

killed Pseudomonas aeruginosa showed less inhibition

of such activity and it was suggested that cellwlar
imnmunity was related, in some way, to the sensitivity
of mammalian cells,

Nelson and Berk (1960) investigated aspects of
cellular immunity and stated that the overall effect

of Pseudomonas aeruginosa on mammalian tissue cells was

one of direct toxicity. Their studies showed that
the organism, living or dead, and its component parts
(including Piromen, a chemically defined nucleic acid
polysaccharide fraction) had a toxic effect on the
respiration of mammalian cells. They proposed an

hypothesis to explain the development of Eseudomonas

~ lesions, which involved an alternstion between toxic
destruction of cells and bacterisl muitiplication.

This hypothesis could also explain why Pseudomonas

aeruginosa lesions still persist even after antibiotic

treatment since a toxic substance as yet unspecified
would be unaffected by the antibiotics, and yet could

still cause the destruction of the cells, which lead
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to lesions,

Berk and Nelson 1962, showed that trace amounts
of Pirowmen partislly inhibited acid phosphatase and
B~glucuronidase activities of mouss monocytes.

The action on alkaline phosphatyse was not clear ocut.
A1l these enzymes were inhibited by a particulate
fraction obtained by centrifugation at 35,000 rpm for

30 minutes from disrupted cells of Pseudomonas aeruginosa.

It was thought that these results accounted for

the toxicity of intact Pseudomonss aeruginosa cells.

Although numerous lines of research have been
followed since 1941, the exact mode of action of
pyocyanin and its phenazine derivatives on cellular
respiration has not been determined. There have been
nany widely varying reports as to the role of pyocyanin
in electron transport :—~ it has been described
béth as an electron donor and acceptor, a terminal
oxidase and an inhibitor, all of these functions
taking place at different sites along the chain,

Nor is the position of phenazine dyes any more clear
cut, as shown in Figure 15.

This investigation attempts to solve some of

these problems and also to correlate the biochemical

and pvathogenic action of Pseudgmonas aeruzinosa.
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Experiments were carried out to determine the si

of action of pyocyanin and its derivatives in the

N

electron transport chain; an hypothesis relating

this Yo the pathogenic action of TVsoudomonas aerusinosa will

—a— Y

be presented,
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MATERTIALS and HETHCDS
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STRATNS of ORGANISMS Pseudomonas species from

hospital infections and from the National Collection of
Type Cultures (Central Public Health Tatoratory, Colindale
Avenue, London N.W.9.) were used in this study. The

Pseudomones fractions used throughout this investigation

_were prepared from the following organisms:-

Pseudononas aervginosa NCTC 6750, Pseudomonas diminuta

NCTC 8545, Pseudomonas aeruginosa MSU 14388, Stobhill

Hospital, Glasgow, Pseudomonas species MSU 5306, Western

Infirmary, Glasgow, Pseudomonas hydrophila NGTC 7810,

Pseudomonas svecies HNCTC 7452 achrowmogenic.

These organisms were identified as Pssudononas

species using biochemical tests, stress being placed on
the oxidase test and the breakdovmn of Hugh and Leifson's
mediuns:~

i) Oxidase Test :- A 1% solution of tedramethylpares

phenylene~diamine (British Drug Houses, Poole, Dorset)
was freshly prepared and poured on to the surface of an
overnight plate culture of the organism. The test was
regarded as positive if the reagent turned blue within

15 ~ 30 seconds.
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ii) Hugh and Leifson's iedium was prepared from

dehydrated Bacto OF Basal medium (Difco Laboratories,
Detroit, Michigan.). 9.k gm of the gramiles vere
suspended in 1000 nl. cold distilled water and
boiled to dissolve completely. The medium was
autoclsved for 15 min, st 151b/in.°. A sterile
solution of glucose was added to this medium to give

& final concentration of 1% glucose.

Bacto Tryptone 2gm
NaCl .- Sgm
Dipotassium Phosphate 0,3gn

Bacto-Brom Thymol Blue 0.08g

Bacto-Agar 2g
Three 6 x 5/8" test tubes of semi-solid Hugh and
Leifson's medium were each stab inoculated with the
organism; oné tube was aercobically incubated at
3700, the second tube was anaerobically incubated
at 37°C, end in the third tube the surface of the
medium was covered with a one inch layer of sterile
paraffin oil and aerobically incubated at 3700.
Breakdown of the glucose during growth of the organism
was fevealed by a change in the colour of the indicator,
bromothymnol blue, from blue to greenish-yellow,

In this way it was possible to determine whether

glucose was broken down oxidatively or fermentatively.
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PREPARATION of FRACTIONS from PEEUDOLIONAS CULTURES,

Y. Sloppy agar cultures

Hedia:- 1) Sloppy agar standard medium

2 em blood azar base (Oxoid No. 2)

5 gn nutrient broth (Oxoid No. 2,
Oxoid Limited, London S.E,1)

200 mls distilled water,

ii) Slopny agar Iing, Ynrd and Reney A (XK.W.& R. Q)

Peptone (Cxoid) 20 gn
Glycerol 10 gn

K580), (anhydrous) 10 gm

MeClo  (anhydroms) L4 gm
Water (distilled) 1000 ml.
Difco bactoazar 5 gm/ litre

This medium was used for the production of pyocyanin,

iii) Sloppy agar ¥ing, Ward and Reney B (K.W.Z R, B)

Proteose peptons 20 gnm
Glycerol 10 gn
KoHPO,, 1.5 gnm
MgS0, .7 Epl _ 1.5 gm
Water (aistilled) 1000 wl
Difcé bacioagar .5 gn/ litre

This medium was used Tor the production of fluorescein,

The pH of these media vas adjusted to 7.2 after the
N o .2
addition of agar. The media were aultoclaved at 151bs/in

Tor 15 minutes.
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The organism was plated out on a solid agar plate
which was incubated overnight at 3700. The growth was
- harvested in 5 ml of the appropriate liquid medium
(1, ii, or iii above); 0.5-1.0 ml of this emvlsion was
pipetted on to semi-solid sloppy agar and gently mixed.
The plates were placed in sealed tins, packed with tissue
paper. This procedure prevented the plates from drying
out espeqially-when incubated for feriods longer than
2l hours.  After incubation at 37°C for 2, 48 or 72
hours, the contents of each plate were frogen =% ~20°
and subsequently allowed to thaw at room temperature.g
The extfuded fluid was collected and centrifuged at
10,000 rpm for 10 minutes at ho to remove the bacterial
cells, The supernatant fluids were distributed in
20 ml amounts in uwniversal containers and stored at
-20°C until required.

Control sunernatant flu¥ls were prepared from
uninoculated sloppy agar plates,

Fractions:~

PF 1 - supernatant fluid from standard sloppy agar

PF 2 - supernatant fluid from K,W, & R.lg sloppy agar

PF 3 - supernatant fluid from K.W., & R. B sloppy agar
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Control fluids corresponding to these fractions were
PF1C - from standerd sloppy agar
PF2C -~ from K.V, & R. A sloppy agar

PF3C - from X,V. & R. B sloppy agar

—

II, Static liquid cultures

Medias~ i) Nutrient broth oxoid No, 2

Lab lemco Beef Extrect 10 gnm
Peptone (Oxoid L. 37) 10 gn
NaCl 5 gn
25 gm of the dehydrated medium was'
dissolved in 1 litre distilled water,
mixed well and autoclaved at 15 1b/in2
for 15 mins,
§i) King, Ward and Raney A liquid medium
(K.W. & R. A)
iii) King, Ward and Raney B liquid medium
(K.¥W. & R, B)
The organism was plated out on a nutrient agar
plate and incubated overnight at 37°C.  The growth
- was harvested in 5 ml of the apvropriate liquid
nedium. This emulsion (0.5 ml) was added to
50 w1l of either nutrient broth or liquid XK.W. &_R.‘g
or liquid K.W. & R. B in a 250 ml conical flask,

Cultures were incubated at 37°C for 18, 52, 76 and

120 hours. The cultures were centrifuged at 10,000rpn.
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for 10 minutes at lx.o to remove the bacterial cells; the
supernatant fluids were retained and stored at -20° until
required.,
Control supernstant fluids were prepared from

uninoculated media.
Fractions

PF L. - supernatant fluid from nutrient broth

PF 5 - suwernatant fluid from liquid K.W. & R, A

PF 6 - supernatent fluid from liquid X.W. & R. B
Control fluids corresponding to these fractions were

PF 4C - from nutrient broth

PF 5C - from liquid K.W, & R. A

PP 6C - from liguid K.W. & R. B

ITY, Shaking liguid cultures.

This method differed from that described in IT
above in that the flasks were shaken for 2L or 48 hours in
" order to increase the aeration of the cultures.

Fractions

PF 7 - supernatant fluid from nutrient broth

PF 8 - supernatont fluid from liquid K.W. & R. 4

PF 9 - supernagtant fluid from liguid K,W. & R. B

Control fluids corresponding to these fractions were

PF 7C ~ from nutrieﬁt broth

PF 8C - from liquid K.W. & R. A

PP 9C -~ from liquid X.W. & R. B
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IV. Disintegrated Organisms

Organisms were grown in shaking liquid cultures
~(Method III1). After centrifugation of the culture the
bacterial pellet was resuspended in 50 ml of the appropriate
liquid medium. Samples (4 ml) of this suspension wére
disintegrated in an MSE Mullard 60W Ultrasonic Disintegrator
for 10 - 15 minutes, Cearbol fuchsin staining after 5
minutes showed many broken cells and few whole cells
(approximately 70% disintegration); after 15 minutes
no whole cells were found. The disintegrate.was
centrifuged at 10,000 rpm for 10 minutes at 403 the .
supernatant fluid was retained and stored at -20° until
required,
Fractions

PF 10 - supernatant fluid from nutrient broth

PF 11 -~ supernatant fluid from liquid K.VW. & R. A

PF 12 - supernatant fluid from liquid K.W. & R. B
Control fluids for use with these fractions were the

same as those prepared in Method III.
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PURIFICATION of PSEUDOLONAS FRAGILIONS

Methanol Precipitation:~  This procedure was carried

out using both PF 1 and PF 36 (Page 82). The pH of the

Pseudomonas fractions (30 ml) was adjusted to 4.0 with

glacial acetic acid. The fraction was cooled to -6°
in a freezing bath (A. Gallenksmp Ltd.), an equal volune
of cold methanol was adcCed slowly to prevent teaperature
rise and the mixture wes left at -6° overnight.

1P there was any precipitation, the mixture was
centrifuged at 10,000 vpm for 10 minutes at -5°C; +the
sediment was resuspendsd in 3.0 m} sucrose phosphate buffer,
pH 7.3 (solution III, see page 97) and tested manometrically
for activity.

A sample (2 ml) of the me thanol supernatant fluid was
removed and the methanol was evaporated off under vacuum
using gentle heat; the sediment was resuspended in 2 ml
sucrose phosphate buffer, pH 7.3 and tested manometrically
for ctivity.

The volume of methanol was adjusted in the remaining

58 ml of mixture to give Pseudomonas fraction: methanol

(1:3 v/v). After leaving overnight at —60, the mix ture

was spun at 10,000 rpm for 10 minutes at -6°,
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The sediment was resuspended in 3,0 ml sucrose
phosphate buffer, pH 7.3 and tested as befors,
Again, a sample (2.0 ml) of methanol was vemoved;
the methanol was evaporated off as tsfore and the
sediment resuspended in 2,0 ml suciose vhosphate
buffer pH 7.3 end tested manometirically. This
procedure was repeated withié§§9§ggg§§§ fraction:
methanol 1:6 v/v and 1:9 v/v.

Fractioﬁg
PF 13 - precipitate from 1 volume methanol
PP 14 - precipitate from 3 volures methanol
PF 15 ~ precipitate from 6 voluass methanol

PF 16 ~ precipitate from 9 volume s mebhanol

PF 17 -~ supernatant from 1 veolume mmithanol
PR 18 -« supernatant from 3 volumes nethanol
PF 19 - supernatant from 6 velumes methanol

PF 20 = supernatant from 9 volumes methanrol

PF 21 - precipitate from Sephadex fraction in
1 volume mzthanol

PF 22 -~ precipitate from Sephadex fraction in
3 volumes methanol

PF 23 - precipitate from Sephadex fraction in
6 volumes methanol

PF 24 -~ precipitate from Sephadex fraction in

9 volunes methanol.
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PF 25 - supernatant from Sephadex fraction in
-1 volume methanol

PP 26 - supernatant from Sephadex fraction in
3 volumes methanol

PF 27 - supernatant from Sephsdex fracvion in
6 volumes methanol

PF 28 ~ supernatant from Sephadex fraction in

9 volures nmethanol

CHLOROFORM EXTRACTION of SUPRRNATANT FLUIDS

from PSEUDOMONAS CULTURES.

Equal volumes of PF 1 or PTF 2 and dry chloroform
(Analar) were shaken vigorously by hand and the two
layers allowed to settle in a seperating funnel.

The chloroform snd aqueous layers were collected in
separate containers. The aqueous layer was further
extracted with an equal volume of chloroform and the
two layers separated as before. The chloroform
fractions were pooled.

a) Chloroform soluble material

The chloroform was evaporated off in vacuo
and the sediment which remained wes weighed. The

sediment (1 mg from 1 ml of original Pseudomonas

fraction) was resuspended in Hendry's phosphate

buffer, pH 7.3 (solution .IE, see page90) and its
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effec# on mitochondrial respiration was measured
manbmetrically.
Fractions
PF 29 -~ chloroform-soluble fraction from PF 1
PF 30 ~ chloroform-soluble fraction from PF 2

b) Aqueous soluble material

The adueous fraction was heated in vacuo to
évaporate of f any chloroform which still remained.
The effect of this fraction on mitochondrial
respiration was measured manometrically.

Fractions
PF 31 - chloroform-insoluble fraction from PF 1

PF 32 -~ chloroform~insoluble fraction from PF 2

~ FRACTIONATION of CHLOROFORM EXTRACTS on an
ADUMINA COLUMN

#nhydrous slunina (Shandon, vy - AlpC3), was mixed
with dry chloroform (Analar) to produce a slurry. This
was poured into a glass column (2 x 23 cms). A

concentrated chloroform extract (2 ml) of Pseudomonas

culture fluid, PF 2, was placed on the column and the
fractions were eluted with chloroform. Three

fractions of three different colours were obtained:=-
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1) yellow, 2) pale green, and 3) blue. All the
fractions of the same colour were pooled, the chloroform
was evaporated off and the dried sediment resuspended
in 2 ml sucrose phosphate buffer, pH 7.3 (solution III,
see page 97). The effect of the various fractions on
“the respiration of mouse liver mitochondrig was tested
manometrically. In addition, the solubilities of

the various fractions in a number of solvents was
tested.

The wltraviolet spectra of the Pseudomonas

fraction (PF 2) and the column fractions were obtained

using the Unicam SP 800 spectrophotometer,

Fractions

PF 33 - yellow fractions from an

FF 3k - pale green alumina column.

PF 35 - blue

N S N N

SEPHADEX GEL FILTRATION of SUPERNATANT TLUID

from PSEUDOMONAS CULTURES.

Sephadex is a modified dextran obtained by
fermentation of sugar. The linear macromolecules
of dextran are cross linked to produce Sephadex, giving

a three-dimensional network of polysaccharide chains.

These cross linked dextran gels were obtained from
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Pharmacia Limited, Uppsala, Sweden; +their properties
are shown in Table 14,

Gel filtration witﬁ Sephadex 1is a chrOmatograpﬁic
séparution resulting from restricted molecular diffusion
through a column or bed of ceross linked granules.

The liquid imbibed by the gel particles is available
as solvent to solute.molecules of different sizes to a

degree dependent on the porosity of the granules.

(Figure 16).

a) Preparation of column: 1) Sephadex G 10; G 15; & 25
The dry Sephadex powder (20 gm) was suspended in
excess 0,05 ¥ Hendry's phosphate buffer, pH 6.45
(Solution I, prepared by adding 65 ml NaHpPO),

(26.0 gn/litre solution) to 35 ml NayHPO) (18.0gm/1itre
solution)), and stirred. The Sephadex was left to

4

settle out and the buffer was decanted. ~ This
procedure was repeated three times to remove the "fines".
The gel was mixed with 150 - 200 ml buffer to form

a slufry. The slurries were left for several hours

at 20° to swell. When coﬁplete swelling had

occurred, 150 ml of the slurry was poured slowly into

a 23 cm column,-taking care that no air bubbles were
trapped in the mixture. Vhen the column was evenly

packed buffer was added and the horizontal upper

surface of the gel was covered with a close fitting
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Figure 16

A solution of low- and high-molecular-
weight substances introduced onto the
surface of a Sephadev column, The
solutes are represented by small and
large solid circles, respectively.
Open circles represent Sephadex
particles.

As the solution travels down the column,
small molecules are retarded on entering
the pores of the Sephadex gel, while
maecules of high molecular weight are
confined to the liquid medium exterior
to the gel proper,

Elution causes the complete separation

of the two solutes, The small molecules,
having a longer path to travel (within the
gel), are still held in the column when
the large ones are eluted, The low-
molecular-weight solute is subsequently
washed out with more solvent,

The principles of Sephadex gel filtration
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filter paper. The buffer was run through the colunn

for 24 hours to equilibrate the gel.

2) Sephadex & 75. In this case, 20 gm of dry
Sephadex powder was added to either excsss 0,031
Hendry's phosphate buffer, pH 6.45 or to excess

0.051 Hendry's phosphate buffer, pH 6.45. (Solution I).
The "fines" were removed as previously described, and
the washed Sephadex was mixed with 400 ml. buffer to
form a slurry. This slurry was lef't for 2l hours ot
20° 4o allow the gel to swell. The slurry was poured
slowly into a 23 cm column as bhefore.

Gel filtration: Immediately prior to charging the

column, the excess buffer was pipetted off to within
Xinch of the filter paper. The column continued to run
until this buffer soaked into the filter paper. The

sample (14.5 ml of Pseudomonas fraction PF 1) was added

to the equilibrated column and once it had soaked into

the filter paper, more buffer was added Trom a reservoir.
3 ml fractions were collected on an Ultrorac

IT fraction collector. A series of brown-~coloured

fractions were eluted first, closely followed by yellow-

brown to colourless fractions and a series of blue-

coloured fractions from G 10, G 15 and G 25 Sephadex,

In G 75 Sephadex, a series of colourless fractions

followed by brown~coloured fractions and green fractions

was obtained. The effect of these fractions on the



respiration of mitochondria was tested menometrically.
The elution pattern of these fractions was read at 280nmm.
Fractions

PF 36

brovm coloured fractions (from ¢ 10, G 15 and G 25)

PF 37 - yellow-brown to colourless fractions

PF 38 = blue coloured fractions

PF 39 ~ colourless fractions (from G 75)
PF 4O -~ browm coloured fractions

PF 41 - green colouréd fractions

THE SYNTHESIS OF PYOCYANIN AUD TS5 DERIVATIVES

1. Biologically synthesised pyocyanin and its derivatives

Crystallisation of Pyocyanin

The isolation of pyocyanin in the crystalline foram
J N
was carried out using a modification of the method of

¥rede and Strack (1924)., 100 mls of Pseudomonas

fraction (PP 2) was extracted with 50 ml of dried
chloroforn (Analar) by shaking overnight at 4°.

The chloroform layer was separated from the mixture
and evaﬁorated to dryness. The dried sediment was
resuspended in 5 ml dried chloréform and 16 ~ 15 ml
dried petroleum spirit were added dropwise until dark
blue, needle-~like crystals appeared. When no nmore
crystals came out of the chloroform solution, the
apple-~green solvent layer was gently decanted. The

dark blue crystalline mass was dissolved in distilled
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water and freeze-dried; a mass of fine crystals were
obtained,

Preparation of l-hyvdroxyonrsnazine from pyocysnin:i-  An

alkaline solution of the pryocyanin (obtained above) was
allowed to stand overnight: the colour gradually changed
from blue to red-violet. On acidification with IN HCL
the colour changed to yellow and a fluffy precipitate
was obtained. After freeze-deying a lavge fluffy pinkish~
brown precipitate was obtained -~ the q~oxyphenazine of
Schoental (1941).

The effect of crystalline pyocyanin and
1 - hydroxyphenazine (obtained abave) on the respiration
of mouse liver mitochondria was compared with that of
samples of crystalline pyocranin and l-hydroxyphenazine
kindly provided by Dr R. Schoental.

Chemically synthesised pvocvanin and its derivatives

Pyrogallol monomethyl ether, 1 - methoxyphenazine,

1l - hydroxyphenézine and pyocyanin were chemically
synthesised by a modification of the method of VWrede and
Strack (1929) described by Swrrey (1946) (Figﬁre.17).

Preparation of Pyrogallol 1 - HHonomethyl ether.

The apparatus consisted of a 1 litre three-necked
flask fitted with a gas inlet tube extending about 3 cm

into the flask and connectcd to the flask through a
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bubbler; & thermometer extending to the bottom, and

a reflux condenser connected at the upper end with an
exit tube leading to the hood. The reaction was
carried oub in an almosphere of nitrogen. 20 sodium
hydroxide (200 ml) was placed in the flask; 60.8 gm
of crushed 2 - hydroxy - 3 methoxy-benzaldehyde

( =0~ vanillin) was slowly added to the alkali in the
flask. The mixture was stirred with a magnetic
stirrer until slmost all the solid had dissolved.

6% hydrogen peroxide (284 ml) was added in
25 ml amounts over a period of 1 hour; tﬁe
temperature was held between 400 and 500. The
temperature incressed to about 450 and a dark solution
was formed after the addition of the first portion of
hydrogen peroxide; the  temperature was allowed to
£all to 20° before the addition of the next portion
of hydrogen peroxide.

Afﬁer_the addition of all the hydrogen peroxide,
the reaction mixture was cooled to 20° (room temperature)
and saturated with sodium chloride. The reaction
nixture was extracted with 100 ml portion of ether;

a total volume of 700 ml ether was used. The combined

ether extracts were dried over sodium sulphate for 48hr.
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Ether was removed in vacuo and pyrogallol monomethyl
ether was collected by heating the residue vigorously
under reduced pressure. According to Surrey (1946)
the pyrogallol monomethyl ether distilled over at

136 - 138° under 22 um Hg pressure but in practice
this did not occur, A light yellow oil was obtained
which solidified on stanéing at room temperature for
24 hr;  eapproximately 40 gm of pyrogallol monomethyl

ether were obtained.

Preparation of Il-methoxyphenazine

Pyrogallol monomethyl ether (10 gm) was dissolvéd
in 3 1, of dry benzene in a flask and 200 gm powdered
lead dioxide was added. It was imperative that the
lead dioxide was a fresh, black preparation., The
mixture was shaken, by hand, for 20 min., and filtered
through an 11 cm, Buchner funnel to remove a reddish-
brown solid., The filter ceke was washed with 400 ml
benzene. A solution of 9 gm o-phenylenedianmine in
80 ml glacial acetic acid and 200 ml benzene was
immediately added to the filtrate; a nechanical
stirrer was used. The dark brown solution was left at
roon temperature for 1% hr and subsequently divided into
two portions. Each portion was washed three times with
water, twice with 5%;NaOH solution and finally twice with

water, 100 ml portions being used each time, The washed
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benzene solutions were shaken with 50 gmn anhydrous
sodium carbonate and 5 gm Norit and filtered through
an 11 cm, Buchner funnel, The filtrate was mixed with
’ 60 gm activated aluminaj the mixture was shaken
until a2 filtered sample was light yellow in colour.
The alumina was removed by filtration through a
coarse folded filter paper and the cake of alumina was
washed until the filtrate wes colourless, The benéene
was removed from the combined filtrates and washings
by vacuum distillation. The residual yellow solid was
dissolved in 10 ml hot pyridine. Distilled watefrwas
added to the point of incipient precipitation and the
mixture was left at 4°. Light yellow crystals were
filtered on a 7 cm Buchner funnel washed with water and
air dried. The yield after 24 hr was 1.69 gm but this
amount progressively increased with time so that after
3 days the total yield was 3.0 gm.

Preparation of 1-hydroxyphenazine.

A solution of 2 gm l;methoxyphenazine in 125 ml
of 55% hydrdbromic‘aoid was placed in a 250 ml round-
- bottomed flask fitted with a reflux condenser. The
flask was immersed in an oil bath and the solution was

heated at 110 ~ 1200 for 5 hr; any gases evolved were
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absorbed in a water trap, After five hours the dark
browp solution was cooled to room temperature, diluted
with 125 ml distilled water and almost neutralised with
100 ml of 35% NaOH followed by an additional volume of

10% NaOH. The reaction mixture was faintly acid to
litmus; at this point there was also a change in colour
from dark brown to bright yellow. The mixture was
-extracted with 40 ml portions of ether until the ether
extracts were colourless; a total volume of 600 ml ether
waé used. The combined ether extracts were extracted
with 25 ml portions of 10% NaOH solution. The purple
sodium salt separated during this extraction and adhered
to the wall of the sepafating funnel. It was dissolved
in water and added to the NaOH extracts. This extraction
was continued until no more purple sodium salt was removed
from the ether extracts. Waler was added to the NalH
extracts until all salts were in solution., The ext?acts
were made acld to litmus with acetic acid; acconpanied
by a change in colour from purple to bright yellow.

éhe acidified extracts were re-extracted five times with
50 ml portions of ether. The ether extracts were dried
over anhydrous sodium sulphate and fhe gther was reﬁoved
by vacuum distillation. The residue was dissolved in

10 ml hot ethanol and water was added to the point of
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incipient precipitation. Norit (0.5 gm) was added
and the hot solution was filtered. The filtrate was
cooled in ice water and the bright yellow solid was
filtered on a 7 cm Buchner fumnel, washed with water
and dried at 100°, The‘yield of  l-hydroxyphenazine
was a 1,0 £,

Preparation of pyocyanin

1 ~hydroxyphenazine (0.5 gn) was dissﬁlved in
10 ml methyl sulphate (0.1l mole) and placed in a
250 ml flask fitted with a caleium chloride drying
tube and heated at 100° in an oil bath for 10 min,
The solution was cooled to room temperature and 75 ml dry
ether was added. The dark brown solid which formed was
filtered on a 7 cm Buchner fummel and washed with 150 ml
of dry ether. The dry methosulphate was dissolved in
30 ml water and made alkaline by the addition of
10% NaOH., The dark ruby coloured solution was
extracted exhaustively with successive 15 ml partions
of chloroform until no more blue substance was removed
in the extract; this procedure was continued for 36 hr
and 5 litres of chloroform were used. The combined
chloroform solutions were extracted three times with
20 ml portions of 5% HCl. The combined red coloured,

acid extracts were made alkaline with 10% NaOH;
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accompanied by a colour change. The alkaline solution
vas extracted exhaustively with 25 ml amounts of
chloroform until no more blue substance was removed;
2 litres of chloroform were used. The combined
chloroforn solutions were dried over anhrdrous sodium
sulphate. The dried extracts were decanted andthe
chloroform was removed by vacuum distillation.
The blue crystalline residue was dissolved in Hml
water at 60° and cooled in an ice-bath, when a mass
of dark blue crystals were formed. This product was
filtered on a 7 cm Buchner funnel and dried in the davk
in a vacuum desiccator over calcium chloride. The
yield was 386 mg of dark blue needles.
Fractions

PF 42 -~ biological pyocyanin -

PF 43 ~ biological i*hydroxyphenazine

PF L1 - Schoental biological pyocygnin

PF L5 - Schoental biological l-hydroxyphenazine

PF 46 ~ chemical pyrogallol monomethyl ether

PF L7 - chemical l-methoxyphenazine

PF 1.8 - chemical l-hydroxyphenazine

PF 49 - chemical pyocyanin



TREATMENT of FRACGINTIONS OBTAINED FROM PSEUDOHONAS

AERUGTNOSA

Those fractions which showed an inhibitory effect on
mitochondrial respiration were subjected to the
following treatments in order to determine their
properties.

a) Heat Treatment:~  Before heating, the pH of the

fraction was adjusted from 8.5 - 8,8 to 7.3.
Two methods of heating were used :-

i. heating at 100° - the fraction PF 2 or PP 30

(5 mls) was centrifuged at 4,000 rpm for 10
minutes and the supernatant fluid was transferred
to a test tube which was placed in a boiling
water bath held at 100b for 30 minutes.

5i. heating at 121° -~ the fraction PF lor PF 29

was centrifuged as described above and the
supernatant fluid.was autoclaved at 15 1bs/'in2
for 15 minutes, = The heated_samples were
diluted in Hendry's phosphate buffer, pH 7.3
(solution II) prepared by adding 20 ml
NaHpPO),, (26.0 gm/litre solution) to

80 ml NapHPO), (18.0 gm/litre solution) for use
in manometric experiments.

b} Treatment with Trypsin:- The fraction(PF 2 or PF 30;

or control fluid (1 ml) was incubated at 37° for
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3 hours with 1 ml of Trypsin‘(i ﬁg/ﬁl.solution, B.D.H.).
The trypsinised fra&tions were diluted in Hendry's
phosphate buffer, pH 7.3 for use in manometric
experinents. , -

¢) Treatment with Proteinase:- The fraction (PF 2 or

PF 30) or control fluid (1 ml) was incubated at 55°
for 18 hours with 1 ml of crystelline Proteinase

(1 mg/ml solution, Koch-Light). The fraction plus
proteinase was approximately pH 8.8, Note that the
optimum activity of crystelline proteinase was 550
and fractions were treated without proteinase at
55° to ensure thet they were not inactivated at this
temperature., The treated fractions were diluted
for use in manometric e%periments using Hendry's
phosphate buffer pH 7.3 (Solution IT, sse page 90);

d) Digestion with pepsins= The fraction (PF 2 or PF 30)

or control fluid (1 ml) was incubated at 37° for 3 hours
with 1 ml aqueous solution of pepsin (1 mg/ml solution,

ex porcine mucoss, twice crystallised).

Further controls, incubated at 3700 for 3 hours

were: 1) supernatant fraction + distilled water;

2) supernatant fraction + Hendry's phosphate buffer
PH 7.3; 3) control fluid + Hendry's phosphate buffer
pH 7.3, The#e extra controls were included since

addition of pepsin or distilled water to the supernatant
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fraction or control fluid resulted in a drop of pH to
2.0; addition of Hendry's phosphate buffer pH 7.3 to
the supernatant fraction or control fluid gave a pH of
7.3 - 8.

The treated fractions were diluted for use in manometric
experiments using Hendry's phosphate buffer, pH 7.3,
solution IT,

Acid hydrolysis:~ 1 ml 12§ hydrochloric acid (Analar)

or 1 ml Hendry's phosphate buffer, pH 7.3 was added to

1 ml of fraction (P¥ 2, PF 30 or PF 2 trypsinised) or 1 ml
of control fluid in an ice bath, This procedure ‘enabled
an acid hydrélyﬁis to be carried out with 6NHCL.

The ampoules were sealed and placed in an oven at 105°

for 18 hours. After incubation the HC1 was evaporated
off and the sedimgnt was resuspended in 1.0 ml distilled
water. The pH wés adjusted, where necessary, to

pH 2.0 - 8.0. These fractions were used in manonetric
experiments.

Diglysis of fractions, The supernatant fluid PF 2 was

dizlysed (2.5 mls) in Visking tubing against distilled
water or 0.03 M Hendry's phosphate buffer, pH 6.45
(1/5 solution I, Page 80), at 4° for L8 hours.

The dialysed fractions an@ dialysate were used in

manonetric experiments,



PAPER CHROMATOGRAPHY 0F P3<UDOxONAS FRACTIONS

Two dimensional amino-acid chromatozravhy was
carried out using acid hydrolysates of

1) crude Pseudomonas supcrnatant fluid fraction - PF 2

2) chloroform extract of crude supernatant fraction - PF 30
3) chloroform extract of trypsinised supernatant
fraction PF 30 trypsinised.
) control fluid - PF 20
\ After acid hydrolysis (page 92 ), HCL was evaporated off on
} a boiling water bath and the residues were resuspendéq in
l | 1 ml distilled water.
" 25p) of a fraction or a standard amino-acid mixture
(Shandon Scientific Co. Ltd., London CH 42)was spotted
on to each paper using a micro pipette.
Two escending syste;s were used :-

1, Butanol acetic

Y : Butanol: acetic acid: water
(130: 30: 50 +v/v)

2. Phenol annonis

Distilled water (125 ml) was added %to 500 gm phenol to

produce a saturated phenol solution, In use 200 ml
saturated phenol solution were mixed with 2 ml ammonia

(Smith 1950).




Bach solvent was rua for 18 hours and the solvent
evaporated off in a fume cupboard (note that evaporation
of(phenol required 24 hours in the fume cupboard).

After the papers were dried, the spots wefe developed
in a solution of ninhydrin in acetone (0.01% ninhydrin
in 95% acetone) by drawing the papers through a trough
containing these reagents. The papers were then dried
by placing in a hot oven (105°) for 2 - 3 minutes.

The spots were preserved by dipping the papers in a

weak solution of copper nitrite or cobalt nitrite.

BARMOLYTIC PROPERTIES of PSEUDOHONAS FRACTICNS

The haemolytic properties of Pseudomonas fraction

PF 2 were determined By titrating against red blood
corpuscles from rabbits, mice, sheep, horse and human
beings.

Serial doubling dilutions from & -1/2000 of crude

Pseudomonas fraction were carried out in 0.5 ml amounts

of diluent (75 ml saline, 24 ml nutrient broth,
1 nl ¥ merthiolate.)

0.5 ml of 2% red blood cell solution was added to
each dilution and after mixing, the tubes were

incubated at 370 for 1 hour, Controls were set up with

diluent and red blood cells.

The dilution causinzg 507 haemolysis was accepted
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as the end point of the test; this was the haemolytic

titre of the fraction.

ANTIBIOTIC ACTIVITY of PSEUDOMOMNAS FRACTIONS

The entibiotic activity of various fractions was
tested, namely: 1) PP 2C
2) PF 2 NCTC 6750
3) PF 30
Ity PF 32
5) PP 2 NCTC 8545
on the following organisms:

Staphylococcus aureus  NCTC 4135

Bscherichia coli NCTC 8196

Streptocoocai species HE 7

Bacillus species 77 ¥D 0559

Two methods were used to determine the antibacterial
effects-

Method A, The organism to be tested was growm
overnight on a nutrient-agar slope and this growth

wss emulsfied in a few drops of distilled water and
added to 20 ml molten non-nutrient agar at 56°;

this was mixed quickly and an agar plate was poured.
Five basins (5mn in diameter) were oﬁt out of the agar
and each basin was filled with one of the five fractions
to be tested, The plate was incubated overnight at

37°¢. After overnight incubation a small piece of agar
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was cub out of each plate and placed in nutrient
broth and incubated at 37° overnight to check that
the erganisms were still viable, A second control
wvas set up by plating out the four organisms on non-
nutrient agar and incubating at 37°,

Method B, A trough was cut out of an uninoculated
nutrient agar plate using a sterile scalpel,

Double strength agar (1 ml) was added at 56° to 1 ml
of the fraction to be tested. This was mixed
thoroughly and poured into the trough and allowed to
get, A single strealt of each of the test organisms
was plated at right angles to the trough and
incubated overnight at 37°. These plates were set
up in duplicate; the second set was left at 4°
overnight to allow the toxin to diffuse and inocculation
of the test organisms was carried out next day. The

duplicate set of plates was incubated at 37° overnight.
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THE ErXPFECT OF PSEUDOLIONAS FRACTIONS, PYOCYANIN

"AND TITS DERIVATIVES ON RESPIRATORY SYSTEMS,

There are a considerable number of established
methods used to measure the respiratory activity of '
tissue, celi‘and enzymne Systéms, based uvpon an
alteration in pressure when oxygen is taken up and
carbon dioxide is liberated. Probably one of the
best known of these is Warburg manometry. The
Warburg apparatus was used for the measurement of
oxygen uptake by mitochondria or tissue culture cells.

Pseudeomonas fractions were added to respiring

mitochondria or tissue culture cells and their effects
on respiration noted. The activity of these fractions
at various sites in the electron transport chain was

investigated (Figure 18).

A, THE EFFECT OF PSEUDOMONAS FRACTIONS, PYOCYANIN AND

105 DERIVATIVES ON MITOCHONDRIAL RESPIRATION,

1) Preparation of liver or kidney mitochondrial

suspensions.

Reagents:~ Hendry's sucrose phosphate buffer, pH 7.3
Solution ITI. This was prepared by adding 8.5 gn
sucrose to a mixture of 100 ml distilled water and

20 ml Solution II (see page 90), i.e. 0.25 M sucrose
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containing 0.023M phosphate buffer, pH 7.3 (Hendry, 1948).
The majority of manonetry experiments were carried

out using mouse liver mitochondria.  However, some
experiments were done using mouse kidney mitochondria.
The method §f preparation and manometric assay vere
similar in both cases,

Fresh mitochondria were prepared for each experiment
using a wodification of Schneider's method (1948).
Three Porton white mice (35 - 45 gm) were killed by
cervical dislocation and exsanguinated by slitting the
throat. The liver or kiduneys were removed from each
mouse and placed in 10 ml solution III, Connective
tissue was gently rewmoved with forceps and the liver

vissue was minced. The winced tissue was carefully

homogenised in a tissue grinder (Baird and Tetlock Ltd.)
by applying ten strokes of the glass plunger, N,.B.
Vigorous homogenisation causes the mitochondria to
become swollen and in this state they are unsuitable for
respiration experiments. The homogenate in 50 ml
solution IIT was centrifuged at 2000 rpm for 10 mins, at
4°.in an HSE super winor centrifuge after which the
supernatant fluid wss retained and the sediment was
discarded, The supernatant fluid was centrifuged

at 8,500 rpa for 10 ains, et 4° in an LSE 18 high speed
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centrifuge. The sediment was retained and washed in
20 ml solution III and recentrifuged at 8,500 rpm for
10 mins atb hp. Finally the sediment was resuspended
in L ml solution IIT and stored fa 1 hour at &4°. For
a Warburg maﬁometry experiment, this mitochondrial
suspension was dilubted 1:3 in solution IIT immedistely

before use.

2. Absorption of Pseudomonas fractions with mitochondria.

1 ml freshly prepared mitochondria were incubated
at 37° for 1 hour with 1 ml undiluted raw toxin (PF 2)
or 1 ml undiluted control fluid (PF 2C). |

The mitochondria were spun at 8,500 rpm for 10
minutes at 4° and the supernatant fluid diluted 1:3
for use in a Warburg magometry experiment (£inal

dilution of absorbed Pseudomonas fraction was 1:36).

3. The measurement of mitochondrial respiration using

the Yarburg manometric technique.

The apparatus consisted of a flask and manometer
(Figure 19) both of which were calibrated befofe being
.used in experiments, in order to determine the flask
congtant, |

Calibration with mercury: A permanent reference mark

was scratched on the side arm of the manometer above
the ground glass Joint; . the manometer was held at

an angle of 300 with the side arm uppermost, by




(Vvg)C + (A k) (ml fluid) where

=1
b
i

=~ .
n

flask constant
2 c Vg = (sum of the flask volume and m@&nometer
T volume) - (volume of fluid used in flask)
SC = a constant dependent on temperature
C . . .
¥ Ak = change in constant with change in volume
of the flask
1M
= flask
= side~arm

side-arm stopper
centre well

manometer

fl

fluid reservoir

H o R o0 & w»n =
(]

fl

three~way stopcock

Figure 19 The Warburg constant volume respirometer,

..... ra—

" Umbreit, Burris and Stauffer (1959)
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clamping it to a ringstand. A short rubber tube

and. screwclamp were fitted to the gas inlet tube

\
t
i

of the manometer, anéd filled with mercury., The
stopecock of the manometer was left open, The
amocunt of mercury in the tube was adjusted by means
of the screw clamp, and tilting of the manometer,
ti11 the mercury Just filled the space bestween

the reference point (150 mm) and the reference
scratch mark. The stopcock was closed and the
mercury allowed to run into a vessel of knowm
welght; the vessel with the mercury was weigged.
The menometer was clamped upright; a Warburg flask
was weigﬁed, filled with mercury, taking care that
no air bubbles were trapped in the mercury, and
attached to the dry manometer jJoint. The mexrcury
rose up the manométer by cepillary action and the
amount of mercury in the flask was adjusted till it
Just reached the reference scratch mark, when the
Joint was firm. The flask filled with fhis aﬁount
of mercury was._ welghed.

The volume of the Warburg flask to the scratch
mark was calculated by dividing the weight of
mercwry by its density; the volume df the manometer
from the scratch mark to 150 nm was calculated in

the same way. The sum of the flask volume and the
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manonmeter volume minus the liquid volume to be used
in the flask is the Vg to be substituted in the
equation to determine the flask constant.

The flask constant was caleciwia ted as follows:-

k

(Vg)e + (A k)(ml £luid) where
k = flask constant
Vg = (Sum of the flask volume and manometer volune) -
(volume of fluid used in flask).
¢ = a constant dependent on temperature
A k = change in constant with change in volume of the
flask.
The results were calculated by observing the changes
in the level of the manometer fluid of the reaction
flask manometer and of the thermobarometer at given
time intervals. The uptake in mm. over auy given
time interval was obtained by subtracting esch
reading from the one following it; aﬁy necessary
corrections were made for thermobarometer changes.
Each of these values in mm, for various time
intervals was multiplied by the flask constant to
give the pl oxygen taken up in each time interval.

Reagents i) manometer fluid - Krebs manometer fluid

of known density was used in the manometers -~
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Anhydrous sodium bromide LL,0 gm

Sfergene detergent 1.0 gn
Evans blue dye 0.3 gm
distilled water 1000 ml

Density was 1.033 at 20°.
(ii) Puffer - used was Hendry's sucrose phosphate buffer,
pH 7.3, i.e. solution IIX (see page 97).

(iii) Substrates were -

- a) 0.2 sodium succinate (B.D.H)
1.08gm/20 ml solution III

b) p. phenylene diamine (ppH/di; KXoch-Light)

0.0812gn/5 ml solution IIT
' ©¢) Glucose (Analar)
1% v/v in solution III

(iv) Cytochrome C (crystalline, Koch~-Light)

0.0072 gn/3ml solution IIT

(v) Ubiquinone (Qjo ex beef heart mitochondrion:Koch-Light)

10mg/ml ethanol, stock solution.
A 1:10 dilution of the stock solution was prepared'in
solution ITT for experiments,

(vi) Methylene blue dye ~ 0.001 ¥ solution

This solution was used in Thunberg tubes,
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(vii) 20% NaOH - 0.2 ml NaOH was placed in the centre well
of a Wafburg flask to absorb tﬁe carbon dioxide
produced on respiration of intact cells. This
ensured that the recorded pressure changes were
entigely due to oxygen absorption.

Standard Varburg assay:~  four flasks were used, each

containing solution III, mitochondria and succinate in

the main well; Pseudomonas fractions or control fluid

were contained in the side arm. A thermobarometer was
included containing 3 ml solution ITL, This assay

is outlined in Table 15, The flasks and attached
nanometers were imwmersed in a water bath at constant
temperature, 370, and between readings, the system was
shaken to promote a rapid gas exchange betwéen the

fluid and gas phases, At time zero, the fluid in

the manometers was set at 150 mm in the arm attached to
the flask and the reading in the open arm recorded before
closing the stopcock;  the TB was set at 140 mn and a
reading recorded. Readings thereafter were taken at
15 min intervals and the fractions in the side arm could
be tipped at any given time (usually 15 miﬁutes af'ter
zero time). The total volume was always 3 ml; +this
was obtained by adding an appropriste amount of solution III.

Readings were taken from 0 to 75 - 90 minutes.
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I. .THE EFFECT OF PSEUDOHONAS FRACTIONS ON HITCCHOJIDRIAL

RESPTIRATION

a) The effect of preincubating mitochondria with

Pseudomonas fractions.

In this experiment, the Pseudomonas fractions

(PF 1, PF 2, PF 1 heated or PF 2 heated) or
control fluid were placed in the main well with
the mitochondris and the succinate was placed in
the side arm, The fractions were preincubated
with the mitochondria for 15 or 30 minutes before
closing the flasks; the succinate was tipped
imnediately after the zero reading. This |
method is outlined in Table 16,

b) The effect of adding Pseudomonas fractions to

nitochondria immediately after equilibration.

This experiment was done using the standard
method outlined in Table 15, with the exception

that the Pseuvdomonas fractions PF 1 or PF 2 or

control fluids were tipped immediately after the
zero reading.

¢) The effect of adding Pseudomonas fractions to

actively respiring mitochondris,

This method was the same as the standard

method (see Table 15). The Pseudomonas
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fractions PP 1 or PF 2 or control fluid were
added to actively respiring mitochondria 15 or
30 mins, after gzero time,

The effect of heated Pseudowmonas fractions on

mitochondria., The Pseudomonas fractions PF 2

or PI' 30 heated at 100° and 121° were tested for
their activity on respiring mitochondria according
to the methods outlined in Tebles 15 and 16,

')
The effect of trﬂ%inised Pseudomonas fractions
L1

on mitochondria. These fractions were tested

for theiractivity on respiring mitochondria
according to the standard method outlined in
T&ble 15 .

The effect of proteinase-~treated Pseudomonas

fractions. on mitochondria. These fractions were

tested for their activity on respiring mitochondria
according to the standard method outlined in

Table 15.

The effect of pepsin-~treated Pseudomonas

Lractions on mitochondrisa. These fractions were

tested for their activity on respiring mitochondris
according to the standard method outlined in

Table 15,
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'h) The effect of acid~hydrolysed Pseudomonags

3)

fractions on mitochondris. Thess fractvions

were tested for their activity on respiring
mitochondria according to the standerd method
outlined in Table 15.

The effect of dialysed Pseudomonas fractions and

dialysate on mitochondria. These fractions were

tested for their activity on mitochondria according
to the standard method outlined in Table 15.

The effect of absorbed Pseudomonas fractions on

mitochondiria, The Pseudononas fractions absorved

with mitochondria were tested for their activity
on respiring mitochondria according to the
standard method outlined in Table 15.

The effect of methanol-precipitated Pseudomonas

fractions on mitochondria. These fractions

were tested for their activity on mitochondria
according to the standard method outlined in
Table 15.

The effect of chloroform extracted Pseudomonas

fractions on mitochondris. Both chloroform

and aqueous extracts were tested for their

activity on fespiring mitochondria according



- 107 -

to the standard method outlined in Table 15.

The effect of Pseudomonas fractions from an

alunina column on mitochondria. The various

fractions obtained from this column (PF 33, PF 3,
PR 55) were tested for theilr activity on respiring
nitochondria according to the standard method
outlined in Table 15,

The effect of Pseudomonas fractions from various

Sephadex columng on mitochondria., The fractions

obtained from Sephadex columns (PF 36, PP 37,
PF 38, PF 39, PP 40 and PF L1) were tested for
their activity on mitochondria according to the
standard method outlined in Table 15.

The effect of biologically synthesised Pseudomonas

fractions on mitochondria., Both pyocyanin and

1 - hydroxyphenazine at various concentrations
were tested for their activity on respiring
mitochondria according to the standard method
outlined in Table 15, Concentrations varied .
from 0.08 mg/ml (final) to 0.25 mg/ml (final).
As already mentioned (Page 55) intact
mitochondria have a permeability barrier to
phenazonium compounds; this can be partly
reduced by addition of caleium ions to the

mitochondrion. 0.225mg Ca CO3 in 1.7 ml
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solution IIT (page 97 ) along with the
mitochondris and succinate was placed in the
main well of a Warburg Plask nupyocyanin was
placed in the side arm and added to respiring
mitochondria (See Table 17).

In d) to. n) above where the Pseudomonas

fractions were undergoing verious treatments,
the final concentration of the fraction during
& Warburg essay was always the same as the final

concentration of untreated Pseudomonas fraction

and control fluid,

II. THE F¥FECT OF CHEMICALLY SYNTERESISED DERIVATIVES

OF PYOCYANTN ON MITOCHONDRTIAL RESPIRATION

Chemically synthesised derivati%es of
pyocyanin were tested for their activity on
respiring mitochondria according to the standard
method outline in Table 15. Their action on
respiring mitochondria was compared with
biological preparations of pyoocyanin and

1-hydroxyphenszine.
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ITII. THE SITE OF ACTION OF PSEUDOHONAS FRACTIONS IN

THE ELECTRON TRANSPORT SYSTEM

i) Buccinic dehydrogenase - the activity of the

Pseudomonas fractions (PF 2 or PF 2 heated

or PF 30) at the site of succinic dehydrogenase
wvag: measured in Thunberg tubes under snaerobic
conditions. Thunberg tubes were used because
experimental difficulties were encountered in
Warburg menometric measurements of the activity
at this site namely, cyanide was required to
inhibit{ the reactions to the right of
sucoinic dehydrogenase in the electron
transport chain. (Figure 18).

The Thunberg tubes were set up containing
3 ml reaction ﬁixxure, as outlined in Table 18,
and evacuated for 5 minutes on an Edwards
High vacuum pump (model 25C 50) with constant
shaking to remove air tubbles., After
evacuation, the side arms were twisted through
90° and the sealed tubes were placed in a'}?o
water bath~f6r 30 minutes. After equilibration
.the contents of the side arm were tipped into

the main well and the tubes were examined at
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2 = 3 ninvte intervals for the production of
leuwco~methylene blue. The time required for
90% reduction of the dye was taken as a
measure of Adehydrogenase activity.

ii) Cytochrome oxidase = the activity of the Pseudomonas

fractions (pF 2, PF 2 heated, PF 30 or PF 36) at
the sifa of cytochrome oxidase in the electron
-transport system was measured manonetrically in
the Warburg spparatus aoccording to the method
outlined in Table 19, using paraphenylenediamine
as substrate (Slater, 1949); mouse liver
nmitochondria oxidize this substrate which enters
at the site of cytochrome C (Figure 18). To
further investigate activity at this site,
cytochrome C vias added to mitochondria, treated

with Pseudomonas fractions, respiring on sodium

succinate as outlined in Table 20.

iii) Ubiquinone (CoQ) - the activity of Pseudomonas

fractions (PF 2, PF 2 heated or PP 30) at the
site of CoQ in the electron transport systenm

was measured manometrically by =
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&) addition of CoQ to mitochondria treated
with fractions as outlined in Teble 21, and

b) protecting mitochondria with excess CoQ and
subsequent exposure of these mitochondria

. to a Pseudomonas fraction in the Werburg

apparatus as outlined in Table 22,

In &) above the addition of CoQ during
succinate oxidation resulted in an immediate
upset of the gaseous equilibrium within the
manometer due to the release of an ethanolic
vapour. To counteract this, the manometer- was
opened to the atmosphere in both limbs and the
fluid level was reset to 150 mm and allowed to
equilibrate before closing. Further readings

were taken in the normal way.

THE EFFECT OF PSEUDOMONAS FRACTIONS ON TISSUE CULTURE CELLS.

As statéd'previously sny experiments carried out with
suspensions of mitochondria, of necessity involves the
study of the mitochondrion in the isolated state.

Tissue cells simulate, to some exfent, the permeability

barrier which often exists in the animel body. Oxygen
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uptake by tissue culture cells was measured in
the Werburg apparatus,

1) Preparation of tissue cultures for use in Warburg

manomnetry exveriments, Two cells lines were used

i) L _"S" cells, derived from subocutancous mouse

Jiver; +this formed a smooth suspension.

ii) BHK - strain C 13 « derived from baby hamsier
kidney tissue.

: Medis or Reagents a) These cells were grown

in Eagle's complete mediuvm ize. ETC (Eagle 1959)
ETC

‘Bagle's salts, vitamins and amino-acids 80%
Calf serum 105%
Trpytose phosphate (Difco) 10%
The composition of Eagle's salts, vitamins and
amino-acids is given in Tables 23 - 25,

b) Trypsin-Versene 1 volume of Trypsin (0.25%

Difco trypsin in Tris saline) was added to
L volumes of Versene (Diaminoethanetetra-acetic
acid, disodiuvm salt, BDH) immediately before

use,

For lerge scale experiments these cells
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were grown in burler bottles gassed with
pure COo.  ETC (200 mls) was placed in a
burler bottle and seeded with either spproximately
20 x 10° cells of the growth from two Pyrex baby
bottles, The burler bottles were slowly rotated
to ensure contact of the flﬁid with the sides of
thg glass bottle, This was essential in the
case of cell lines which produced o monolayer.
After 3 days incubation at 370 the tissue cuiture
cells were either harvested and used in manonetric
experiments or further propagated.

To harvest the cells; two methods were used -

a) L "S" cells (& cell suspension). The contents

of each burler was transferred aseptically

to sterile glass bottles and centrifuged at
1000 rpm for 5 minutes. The sediment was
resuspended in fresh suspending fluid which
could be either i) complete Bagle's medium,,
or ii) Eagle's medium containing no glucose,
i.e. a substrate was added later during the
course of a Warburg experiment,

~b) BHK cells (a cell monolayer). The medium

was gently decanted off;. the monolayer was
washed with 25 ml Trypsin~Versene solution

and the washings were carefully removed.
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25 ml Trypsin-Versene solution were sdded and
the bottle was quickly rotated by hand to remove
the cells. The cell suspension was centrifuged
at 1000 rpm for 5 minutes and the sediment was
resuspended in fresh suspending fluid as for
L %"s"~ cells,

After counting the cells in a haemocytonmeter,
they were used for Warburg manometry or for
seediné fresh tissue cultures,

2) Maintenance of cell lines. To maintain the cell lines,

growth in o Pyrex baby bottle was sufficient, * In
this case, 1 x 106 cells were seeded into 10 ml EIC
.in each baby bottle, The baby bottles were gassed
with a mixture of 95% oxygen and 5% carbon dioxide
for about 15 seconds and subsequently incubated at
370 for 3 days. The temperature was not allowed {o
deviate beyond the range 35.5 - 37.50.

Harvesting of the cells from these baby bottles

was sinmilar to the method used with burlers,
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Y. THE EFFECT OF PSEUDOMONAS FRACTIONS ON THE

RESPIRATION OF TISSUER CULTURE CELLS; AND

COMPARISON WITH THE EFFECT OF STAPHYLOCQGCAL

PRODUCTS ON TISSUE CULTURE CELLS.

&) The effect on respiration of varying the

nunber of tissue culture cells per.flask.

Preliminary experiments were carried out
to determine the optimal number of BHK or
L "S" cells per VWarburg flask. To neasure
the respiration of these cells in the Warburg
manoneter, after harvesting they were
suspended in complete Eagle's medium.,  The
cells were counted and varying numbers from
-127 x 105 4o 80 x 106 in 2.8 ml EIC were
added to Warburg flasks, as outlined in
Table 26. The glucose in the ETC is
utilised as a substrate by these cells,

b) The effects of adding i) Pseudomonas fraction,

ii) Wood 46, and iii) SOF to tissue culture cells.

For these experiments the cells were
suspended in the following medium :-

160 ml Eagle's salis + amino-acids
0.64 ml Vitanmins
16 ml calf-serum
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No suvbstrate was included in this medium, until
respiration was being measured, Oxidizable
carbohydrate as subst?ate, in the form of
Glucose (1% v/v) or 0.2m sodium suceinate was
contained in the main well in the cass of

Pseudononas fractions, PF 2 or PF 30 (Table 27)

which required no preincubation period as did
Wood 46 and SOF; or was tipped at zero time
(Table 28; preincubation of Wood 46 and SOF
in main well.) The rate of oxidation of
these substrates was measured at 370 using NaOH
to absorb any carbon dioxide liberated. The
speed of shaking the Warburg flasks was varied

from 70 - 100 cycles/minute,
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POLAROCRAPHY

The biological oxygen monitor (YS 1 model 53)
provi@es a means of measuring oxygen upleke by
biological systems. This instrunent produces in 5 - 20
mins, similar 02 uptake curves to those obtained in
1 - 2 hours using Warburg apparatus. The instrument
containsg a polarographic electrode knovm as the oxygen
probe which is responsible for the extremely sensitive
results oblained. Tigure 20 shows the probe;, plunger
and sample chamber, A thin membrane stretched over
the end of the probe is permeable to gases and allows
them to enter the interior of the probe, Vhen a
suitable polarising voltage is applied across the cell,'
oxygen will react aﬁ the cathode causing a current ‘o
flow through the cell; the amount of current which
flows is proportionsl to the amount of oxygen to which
the membrane ié exposed. The membrane diffusion is
directly proportionsl to pressure and the oxygen-cell
current relationship is stoichiometric, thus a linear
relationship existé between external oxygen pressure
and cell current.

The effect of i) crude Pseudomonas fraction, end

control fluid, ii) biologicelly synthesised pyoeyanin

and l-hydroxyphenazine, and iii) chemically synthesised
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pyocyandn and its derivatives on the activity of
respiving mitochondria was measured in the polarograph.
The total volume in all tests was 3 ml.

The effect of adding CoQ to mitochondria, before
end efter treatment with these fractions; was also
measured in the polarograph (Table 29 ).

Reagents - i) Buffer used was Hendry's sucrose phosphate
(solution III).
1i) Substrate was 0.2 m sodium succinate
iii) Mitochondris were used undiluted.
PP 2 and PF 20 were diluted 37’6 for use in these
experiments while all other fractlions were used from
& stock solution of each conteining 0.5 mg/ml.
To determine rate of oxygen use: the neter reading
at the start and finish of a given time interval
was noted e.g,:-~
Start 92%
Finish 66%
Time interval 5 minutes.
92 « 66 = 26% of the oxygen was used up in 5 minutes.
It was shovn by calibration of the spparatus
that the buffer (Solution III) used, had the seane

02 content as Ringer's solution. For 3.0
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CaQ

PF 42 or PF 4k

Name of fraction

Supernatant fluid from
K.W. & R (medium A) sloppy agar

Supernatant fluid from
uninoculated KW & R
(medium A) sloppy agar
biological l-hydroxy-
phenazine

chemically synthesised
1-hydroxyphenazine

chemically synthesised
l-methoxyphenazine

chemically synthesised
pyrogallol monomethyl-ether

chemically synthesised
pyocyanin

biologically synthesised
pyocyanin

F 43 or PF 48

L3 or PF 48
¥ 43 or PF 48

5 PP 43 or PP 48

In all experiments the buffer was solution IIX, page 97;

the substrate was

0.3 ml G,2M sodium succinate and

0.1 ml undiluted mouse liver mitochondria were used,

TABLE

291

The effect of Pseudomenas fraction, pyoeyanin and

its deiivatives on the upbake of oxygen by mouse

liver mitcochondria, measnured in the nolarograph.
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nillilitres of Ringor'!'s solution at 370

5.0 x %3 = 15 microlitres of 0y when saturated
with air. Hence the sample consumed 15 x 26% =

3.9 microlitres of 0o in 5 minuvtes.
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IN VIVO TXPERILENTS USING PSEUDONONAS FRACTIONS

Preliminary experiments were carried oul wsing Porion
white mice and albino guinea~pigs,

l. The pathogenic effect of various Pseudomonas spp, on mice,

A shock culture of each of the following -

Pseudononas aerucinosa NCTC 6750

Pseudononag diminuta NCTC 8545

Pgeudomonas sppe. MSU 5306 Westvern Infirmary, Glasgow,

containing 40 x 308 orgenisus/ml was made from a 24 hour
broth culture. 0.5 ml of each stock eulture was injected i/p

into six mice which were observed hourly, At post mortem

swabs were taken of the heart, liver and kidneys: these
were plated out on nutrient agar plates,

2. The effect on mice of a supernatant fluid from a 24 hour

broth cultuve,

The culture was centrifuged at 10,000 rpu, for
10 min, at 4° and 0.5 ml of the supernatant fluid or
wninoculated nutrient broth was injected i/p into six mice;
similarly 0,5m1 of the supernatant fluid or uninoculated

nutrient broth was injected i/v into six mice, The mice

were observed over a period of three weeks,

3« The effect of P 2 and PI" 30 on nice,

0.5 ml of Pseudomonas fraction or conirol fluid

was injected i/p or i/v into six mice; similarly
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0.5 ml of Pseundomonasg fraction or contrel fluig

wag injected sub-~cutaneously into the shaved skin
of the belly of six mice, The mice were ohserved

over a three week period, The Pscudcomonas {fractions

weve sterilised for in vive experiments by passing
them through a Millipore filter, 0.45 nm porosity,
Thesce sterilised fractions were tested for their

effect on mouse liver mitochondrial respiration,

4, The effect of pyvoevenin and l--hydroxyphenazine

A L] .

- » e \ .
(riological preparation) on mice. S S¢

0.5 ml of sample containing 0,25 mg of
chemical was injected into six mice either i/p or
i/v; similoarly 0.5 ml was injected gsubcutaneously
inte six mice, The nmice were observed over a three

week period,

5. The effect on mitochondria from mice injected with

Pseudomonas aeruginoga,

Nine mice were injected i/p with 1 x 10°

organisms of Pseudomonas aeruginose NCTC 6750,

Mitochondria were prepared from the livers of
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these mice at 2, 4 and 17 houvrs after injection.
The respiration of these miltochondria, and the

effect ol a Pseudomonas fracvion PF 2 on them,

vigs measured manometrically. (See Table 15).

6) Testing of urine samples from mice injscted

with Pseudomonas seruginosa.

Six mice were injected i/p with 0.5 ml

of' a suspension of Pseudomonas aeruginosa.

containing 1.3 x 108 organisms. Urine samples

were tested with Hema~Cowbistix at 2 hours,

5 hours and 24 hours after injection to determine
any pH change in the urine, or changes in output
of protein, carbohydrate or blood. Urine
samples from uninoculated mice were used as
controls.

7) The effect of PF 2 and PF 30 on guines pigs.

The guinea pigs were injected i/p with
1l ml PP 2'0r PF 30; similarly 1 ml was injected
intramuscularly. The guines pigs were observed
over a period of 4 weeks,

These Pseudomonas fractions, PF 2 and PF 30,

were sterilised for in vivo experiments by passing
them through & millipore filter, 0.45nm porosity.
These sterilised fractions were tested for their

effect on mouse liver mitochondrial respiration.
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8, The effeect on mitochondria from mice injeected

with pyocyanin ox l-hydroxyphenaszine (chemical

.preparations),

Pyocysnin ( 0.2 m)l containing 6,6mg),
l-hydroxyphenazine ( 0.2 m) containing 2 mg) or
diluent was injected either i/p or i/v into six mice,
In addition, 0,1 ml l-hydroxyphenazine (containing 1 ng)
was injected i/v into mice, Suspensions of
mitochondria were prepaved from animals which either
died or were sacrificed; regpiration of these
mitochondria was measured in the polarograph. The
experiments were set up ag outlined in Table 29, but,
in this case, 2.5 ml solution 1IX, page 97,

0.3 ml 0.2 M sodium succinate and 0,2 ml uwndiluted
mitochondria were used throughout.

9, The effects of adding pyocyanin or l-hydroxy-

phenazine to macrophapges obtained from an albino

guinea~pig, .

A guinea-pig was injected i/p with 20ml
sterile paraffin oil and left for & days, The
animal was killed and the peritoneal cavity perfused
with 200 ml sterile saline, The peritoneal fluid
was aspivated, pooled and cenirifuged at 1000 rpm

for 5 min at 40; the sediment was resuspended in 1,5ml
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of Solution III; page 97.. The respiration of the
macrophages was measured,utilising 0.2 M sodiunm
succinate,in the polarograph. The effect of pyocyanin
or l-hydroxyphenazine on respiration was tested
by &) adding either sample to respiring macrophages
and b) preincubation of either sample with
macrophages for 1 hour at 37° after which Selution
ITI end substrate were added,
The experiments were set up as outlined in
| Table 29, but in this case, 2.3 ml Solution IIIX,
0.3 m! 0,2 M sodium succinate, 0.25 ml macrophages
and 0,15 ml pyocyanin ox l-hydroxyphenazine (0,5mg
per ml stock solution of either sample) were used

throughout,
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Qxidase test

The 6 organisms used, namely Pseudomonas aeruginosa,

NCTC 6750; Pseudomonas diminuta, NCTC 85L5;

Pseudomonas eerusginosa, MSU 14388, Stobhill Hospital),

Pseudomonas spp, (:SU 5306, Vestern Infiraary),

Pseudomonas hydrophils NCTC 7810 and Pseudononas spp,

NCTC 7452 (achromogenic) were all oxidase positive;
i.e. the reagent (1% tetrancthylparaphenylene diamine)
turned blue within 15 secs,

To test for the breskdovm of glucose using Hugh and

Leifson's medium

Three tubes of Hugh and Leifson's medium were
stab inoculated with each of the 6 organisms to be
tested; one was incubated aerobically at 570, one
incubated anaerobically at 570 and the surface of
the third tube was covered with a layer of sterile
paraffin oil and asrobically incubated at 370.

The 6 orgenisms utilised glucose oxidatively,
i.e. there was a colour change from blue to yeliow
in the tube which had been incubated aerobically
at 370. There was no utilisation of glucose in

elther of the other two tubes.



 wl2Ye

3. Growth at h2° in nutrient broth

The 6 organisms were each inoculated into 2
nutfient broth tubes (4 x %), one to be incubated
at 37° and the other at 42°, for 24 hours.  The
folloning grew at both 370 and 420 T

Pseudononas seruginosa, NCTC 6750

Pseudomonas dininuta, “NCTC 3545

Pseudomonas seruginosa (MSU 14388, Stobhill Hospital)

Pseudomoneas spp. (MSU 5305, Western Infirmary)

The following grew only at 57034

Pseudomonas hydrophila, NCTC 7810

Pseudomonas. spp. NCTC 7452 (achromogenic)

L.+ Preporation of fractions from Pseudomonas cultures:

I. i) Sloppy agar standard medium (incubation at 37°

for 24, 48, or 72 hours), see Page 70.
The supernatant fluid was obtained by
centrifugation of the sloppy agar cultures

after incubation for 24, 48 or 72 hours.

As shown in Table 30, three of the six organisas
produced a diffusible pigment. In the case

of Pseudomonas aeruginosa, NCTC 6750, and

Pseudomonas_aeruginosa, MSU 14388, this pigment

was a dark blue green after 48 or 72 hours
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incubation. Pseudononas sop. (HSU 5306)

produced a red-brovin pignent. The other
three species produced no nigment even after
72 hours incubation. After 24 hours
incubation, there was little pigment production
by any of the six organisms.

ii) Slopny agar Kine, Ward and Raney A (for pyocyanin,

incubation at 37° for 24 or 48 hours).
The supernatant fluid was obtained by
centrifugation of a sloppy agar culture of

Pseudomonas aerusinosa, NCTC 6750 after

incubation at 24 or 48 hours; at 24 hours
the supernatant fluid was a deep blue-green
in colour end at 48 hours, the colour was

the sane,

iii) Sloppy agar King, Wérd and Raney B (for
fluorescein; incubation at 3?0 for 24 or
‘48 hours). .
The supefnatant fluid was obtained by
centrifugation of a sloppy agar culture of

Pseudonones aeruginosa, NCTC 6750 after

incubation at 24 or 48 hours. After 24 hours
the colour of the supernatant fluid was pale
yellow-green while at 48 hours the colour

had deepened to a desper green,
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Static liquid culture.

Nutrient broth, King, #ard and Raney liquid

media A and B were inocula ted with Pseudononas

aeruzinosa, NCTC 6750 and incubated for 18, 52

76 and 120 hours. There was no evidence of
pigment productions in any of these liquid
cultures.

Shaking liguid culture.

This metnod was the same as IT except
that the cultures were shaken for 2 or L6
hours.  After 24 hours, the nutrient broth
culture fluld was faintly brovn while at 48
hours the colour had deepened. After 24 hours,
the KW, & R, medium A culiure fluld wazs pale
green while after 4.8 hours the colour was more
pronounced.,  After 24 hours, the X.VW. & R.
medium B culture fluld was bright green which

intensified after L8 hours incubation.

ilethenol. precivitation of PF 1 and PF 36.

¥hnen equal volumes of Pseudonmonas fraction

. 0 .
and nmethanol were left at -6  overnight, there was
no precipitavion although the fluid eppeared to be

faintly cloudy.
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When Pseudononas fraction: methanol was 1:3 or 1:6

(v/v) a heavy precipitate was formed. This vas

collected by centrifugation at 10,000 rpm for

. o} - .
10 mins at 4, then Pseudononas fraction:

nethanol was 1:9 (v/v) a fine precipitate was
formed. This was collected by centrifugation

at 10,000 rpm for 10 mins at 40.

Chloroforn extraction of PI' 1 and P* 2

Bxtrection of crude Pseudomonas frection

with Anelar chloroform resulted in e yield of
1 mg dried chloroform extract per 1 nl original

Pseudomonas fraction, The chloroform layer was

deep blue in colour while the agueous portion

was brown in colour.

Egaotionation o chloroform extracts of PF 2 on

an alumina column,

2 ml concentrated chloroform extract was

*

placed on an alumina column and eluted with
chlorofora. Three fractions were obtained -~
i) yellow PR 33

ii) pale green PF 3L

iii) blue PR 35
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All the fractions of the same colour were pooled,
the chloroform evaporated of £ and the dried sedinent
resuspended in the following solvents - chloroform,
petroleun ether, acétone, ethanol, ethyl-acetate,
benzene and distilled water. The solubility of
each of the fractions-in these solvents is shovn in
Figure 21.

It will be noticed that, in general, these fractions
could not be completely separated on the basis of
their solubilities in organic solvents, Ths most
striking solubility difference was observed when

the three fractions were dissolved in acetone; the
solubility of the green fraction was > the bluc

> <the yellow,

The ultraviolet spectra of these fractions was
compared with that of PF 2 using the Unicam Sp 800
spectrophotoneter, The yellow fraction showed a
peek at 275 nn. The green fraction showed pegks at
253% nm and 370 nm. The blue fraction showed a peak

at 330 nm. The pereant Pseudonmonas fraction, PF 2,

showed peaks at 255 nm and 330 nm (Figure 22).
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8. BSephadex gel filtration of supernatant fluids

from Pseudomonas cultures,

PI' 1 was filtered through columns of G 10, G 15,
G 25 and G 75 Sephadex. Three sets of fractions
were obtained -~

i) brown PF 36

ii) yellow-brown to colourless PF 37

iii) blue Pi 38
from G 10, G 15, and G 25 Sephadex columns,
The elution pattern of these fractions from G 10,
G 15 and G 25 Sephadex was very similar (Figure 23),
Although the elution patterns showed that these
coloured fractions were not separated within
distinct peaks, the activity on mitochondria
determined manometricélly (see page 147 )
coincided with the colour pattern.

Three sets of fractions -

i) colourless PF 39 .
ii) brown PF L0
iii) green PF 41

were obtained from the G 75 Sephodex column,

The elution pattern of these fraotioﬁs is shown
in Figure 24, A definite separation into &
major and minor peak was obtained., However, the

use of 0,05 ¥ Hendry's phosphate buffer, pH 6.45



absorbance (280 nm)

Fractions

Legend: —&— brown (PF36); —o— colourless (PF37); —€— blue (PF38)

gy

Figure 23 The elution pattern of fractions from G10, G15 or G25

" ‘Sephadex columns
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absorbance (280 nm)

)

Fractions

Legend: —&— colourless (PF39)
—f+— brown (PF40)

—0— green (PF41)

Figure 24 The elution pattern of fractions from a

" 'G75_Sephadex column
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(i.e. % solfition I) and 0,03 M Hendry's phosphate
buffer, pH 6.45 (i.e. 175 solution I) resulted in a
glight difference in elution of the two fractions.
With 0.05 M Hendry's phosphate bufler, pH 6.45
the elution fractions were as follows:
1 -~ 33 ml colourless
34 - L8 ml brown
L9 - 63 ml green
whereas with 0.03 M Hendry's phosphate buffer,
pH 6.45, the elution was as follows:
Tubes 1l - 39 ml colourless
L0 -~ 57 ml browvn
58 = 75 ml green
It is interesting that the activity on mitochondria,
see page 147 did not coincide with the colour

pattern of the fractions.

The synthesis of pyocyanin and its derivatives.

i) Biologically synthesised pyocyanin and its
derivatives.
The ultraviolet spectra of pyocyanin,
1 - hydroxyphenazine and similar samples from
Dr R, Schoentsl were obteined in the Unicanm
SP 800 wltraviolet spectrophotometer using

methanol as the reference solvent.
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a) Pyocyanin showed a peak at 320 nm,

b) Pyocyanin (Schoental) showed a peak at 320 nm.

¢) =hydroxyphenazine showed a peak st 297 nm.

d) l-hydroxyohenazine (Schoental) showed a peak at
295 nm, as shown in Figure 25.

ii) Chemically synthesised pyocyanin and its derivatives.
The uwltraviolelt spectra of pyocyanin, 1~hydroxyphenaziﬁe,
l~nethoxyphenazine and pyrogallol-monomethylether
were obtained in the Unicam SP 800 ultraviolet
spectrophnotoneter using methanol as reference
a) Pyocyanin showed a peak at 320 nm.

b) l-hydroxyphenazine showed a peak at 263 nm.
¢) l-methoxyphenazine showed e peak at 260 nm.
d) pyrogallol monomethylether showed a peak at 268 nm,

as shown in Figures 26 and 27.

10. Dialysis of Pseudomonas fractions.

After dialysis of PF 2 at 1° for 48 hours with either
~distilled water or 0,03 I Hendry's phosphate buffer,

pH 6,45, the Pseudomonas fraction was brown but the

fluid outside the dialysis sac was green. There was

no change in the volume of' the sample during dialysis.



) ) utuefo04Ad pue
SUTIZBUSYAAX0IPAU~] JO uoTieaiedoad [BOTI30TOTq B JO Bijoods 19]0LABAZIN dYJ GZ 2IndTJ
(wu) yaz3usissem

0G¢g 00¢
1 1

utuedooid

(7hdd 10 ZHAd)

T
0
L
o
30UBqIO0SqR

TS (Gvdd 10 £4ad)

auTzZRusydAX0IpPAY=~-T

— NQH

=91




UTURADO0Ad puB

maﬂmmmmﬂmbﬁouwhﬁlﬂ 70 uoT3eiedald IBROTIWSYD B JO BI3OadS 39T0TABIZ[N o] 97 9in914
(uu) y3zSusiasem
ost 00¢
: i
- %'0
&
w
o
=
o
o
- m.o w
o
AN
(674d) uTuRLo04d
(8% Zd) surzeusydLixoapAy-i .
h— @.

EN— ——



IsylslAyjawouow Jolie30l1Ad pue
SuTzeusydAxoylsuw~] IO uoljleIedsid TEOTIWAUD.E JO BiA3094S 19]0TABIIIN BYL. JZ 2An3IJg

i 18usTaABM .
mmm (wu) g 1 00¢
]

- %°0

(9vda) zoyserdyrswouom Toliedoikd

i

©

)
@oueqIOSqE

LA

(Lvdd) eurzeuaydL{xoyisuw~T




12.

15.

4 B W0 L

Paper Chromatosraphy of Pseudomonas fractlons.

Two dimensional anino-acid chromatography of acid
hydrolvsates of PF 2, PF 30, PF 30 (ftrypsinised) and

PF 20 was carried out, Both PF 2 and PP 20 showed

the following amino~acid spots, aspartic acid,

glutamic acid, serine, glycine, alanine, lysine,

valine, leucine and'iso~1eucine; these were probably
derived from culture fluid. PF 30 and PF 30 {trypsinised

showed no traces of anino acids.,

Haemolytic properties of Pseudomonas fractions

The haemolytic activity of PF 2 on rabbit, mouse,

sheep, horse and human red blood corpuscles was

tested. The haenolytic titres were low, With

sheep red blood corpuscles no lysis was seen,

with horse red blood corpuscles the titre varied
1

from % or 1/8; with rabbit, mouse and human red

blood corpuscles the titre was 1/32 for all

three.

Antibiotic activiiy of Pseudomonas fractions.

Five fractions -~ PF 2C, PF 2 NCTC 6750, PF 30, PF 32
and PF 2 NCTC 8545 ~ were tested for their antibiotic

activity on the following organisms:
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Staphvlococcus aureus, NCTC 4135

Escherichia coli, - NCTC 8196
Streptococcel spp. HE 7
Bacillus spp. 771D0559

Hethod A.

Basins were cut in & non-nutrient agar plate
pre-~seeded vwith one of the organisms under test.
Fach of the basins was filled with one of the

fractions. Stanhrlococcus sureus was ivhibited

by both FF 2 end PF 32 (Plate 1); Escherichis coli

was not inhibited by any of the 5 fractions; the

'

Streptococcal svp. HE/ showed less inhibition by

both PF 2 and P¥ 32 (Plate 2);  +the Bacillus sop.
{7HDO559 was inhibited only by PF 2.

Method B

A trough was cut in a nutrient agar plete and
filled with a mixture of 1 ml double strength agar
and 1 ml of the fraction to be tested; see p;ge 96.
One set of plates was streak inocculated with each of

the four organisms and PF 2 inhibited the growth of

Staphylococcus aureus almost completely whereas the

other three organisms were less inhibited, Plate 3.



pF 2C

NCTC 6750

NCTC 8545

Note 2zones of inhibition with fractions PF 2 and PF 32
Plate 1. The antibiotic activity of Pseudomonas fractions on
Staphylococcus aureus, NCTC 4133.

NCTC 675

Note zones of inhibition with fractions PF 2 and PF 32
Plate 2. The antibiotic activity of Pseudomonas fractions on
Streptococcal species, HE 7.



Plate 3. The antibiotic activity of PF 2 on 1) Escherichia coli,
2) Staphylococcus aureus, 3) Streptococcal spp. HE 77» and
4) Bacillus spp. 77MD0559.

Plate 4, The antibiotic activity of PF 32 on 1) Escherichia coli,
2) Staphylococcus aureus, 3) Streptococcal spp. EE 7 and
4) Bacillus ser. 771PQ339.
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PF 32 inhibited the growth of the streptococcal

.species and to a very slight extent the growth

of Staphvlococcus aureus, Plate L.

A second set of plates was left overnight, to

allow diffusion of the Pseudomonas fractions and

streaked with each 6f the four organisms together

with Pseudomonas aeruginosa and another Pseudomonas sop.

PF 2 was strongly inhibitory to all the organisms

except the two Pseudomonas spp. (Plate 5).

PF 32 was still only inhibitory to the Streptococcal

spp. HE/, and slightly inhibitory to Staphylococcus

aureus (Plate 6).
The other fractions PF 2C, PF 30 anda PF 2

(NCTC 8545) showed no inhibitory action.

The effect of Pseudoumones fractions, pyocyanin,

andl its derivatives on mitochondrisl respiration

using the Warburg manometric technique.

The activity of Pseudomonas fractions was

measured by compering the oxygen uptake of treated
and untreated mitochondria., An impairment of

90 - 100% was regarded as significant; all assays
vere carried out in duplicate and only those

experinents where pairs closely corresponded




' Plate 3» The antibiotic activity of PF 2 (diffused overnight) on
1) Pseudomonas spp., 2) Escherichia coli, 3) Staphylococcus

aureus. 4) Streptococcus spp. IIS 7< 5) Bacillus spp. 77MDO0559,
and 6) Pseudomonas aeruginosa.

plate 6. The antibiotic activity of PF 32 (diffused overnight) on
1) Pseudomonas sup., 2) Escherichia coli, 3) Staphylococcus
aureus, 4) Streptococcus sou. BE 7, 5) Bacillus spp. 77MD0359,
and 6) Pseudomonas aeruginosa.



(up to 5% variation) were accepted as valid.

1) The effect of different nethods of production

of Pseudononas fractions on thelr aetivity

tovards mitochondrial respiration.

Four methods of production using three different
nedia were tested. (Sse pages 70 - 7h).

i) Sloppy agar cultures

. . o

24 hours incubation at 37 . As shown
in Pigure 28, fractions PF 1 and PF' 2 caused
strong inhibition of 05 uptake. Before the

.Pseudononas fractions were tipped into the

main well of the Warburg flask there was no
difference in the uptake of 0o between test
and control, After tipping, the uptake of
02 in the conirol was 328 pl after 90 mins.
vhereas the uptake in the presence of a) *PP 1
was 92 ul, b) PF 2 was 96 pl and ¢) PF 3 was
218 nl.,

48 hour incubation at 370

Fractions PF 1, P 2 and PF 3 caused strong
inhibition of 0, uptake. The uptake of 0o

in the control after 9C mins, was 325 pl end in




400 3

control

300 T

PF3

uptake (ul)
ja)
O
O
1

%

100
'PF1 or PF2

T {

. l '

0 20 40 60 80 100
Time (wmin,)

fractions tipped at 15 min,

" Figure 28 The effect of sloppy agar culture supernatant fluids from

of mouse liver mitochondria
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the tests containing PI 1, PR 2 or PF 3 was
118 pl, 112 pl and 110 pl respectively.

Stétic 1liquid cultures

Fractions PT 4, PF 5 and PF & caused no inhibition

of mitochondrial respivation; after 75 min. the

. Op uptake was similer in both the test and

iv)

control flasks.

Shaking ligquid cultures.,

2k hours incubation at QZ?

Fractions PFF 7, PT 8 and PP 9 caused slight
inhibition of miltochondrial respiration; after
75 min. the O, uptake in the control flasks was
291 1 whereas in PF 7, PF 8 and PF 9, it was

221 ypl, 276 ul and 245 pl respectively.

48 hours incubation at 37°

Fractions PF 7 and PF 8 caused an increased
inhibition in the region of 5055 when prepared
from 48 hour old cultures;  the Op uptake in
the control flasks was 326 ul whereas in PF 7;
PF 8 and PF 9, it was 156 w1, 152 ul and 247 ul

respectively, after 90 min,

Disintegrates of Pseudomonas organisms.

None of the supernatant fluids (PF 10, PF 11 and
PP 12) causad any significant inhibition of
mitochondrial respiration. The 0y uptake was

similar in both the test and control flasks after

90 min.
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™Me effect of Pseudomonas fractions on

mitochondrial respiration,

- As shown in Pigure 29, there was no difference

observed when a) mitochondria were preincubated

with the Pseudononas fraction, b) the fraction

was added imnediately after_equilibration, and
o) the fraction was added to actively respiring
mitochondriaj in all cases, the inhibition of
0o uptake was grealer thaen 907, In addition it
was found that the inhibitory effect of the

Pseudomonas fraction could be diluted outé the

0, upteke by a 148 dilution was 10 ul and by a
1/36$)dilution was 300 pl after 80 min., d) when

Pseudomonas fractions PF 2 and PF 30 were tested

it was found that there was no difference between
the inhibition caused by heated or unheated fractions,
Figure 30,

Tne effect of trypsinised Pseudomonas fractions

.

on mitochondria.

Trypsinisation (3 hours at 37°) did not affect the
inhibitory activity of PF 2 or FF 30; the O, uptake
in the control flaskzaftef 30 min, was 400 yl,

in flasks containing untreated P¥ 2 or PF 30 it

was 5 ul and in flasks containing treated P¥ 2 or

PF 30 it was 9 ul.




400 -

control x ¥
300 control #
PF1l or PF2 (1/360)
P
i
S
o
= 200
]
S“ L]
™
(@)
%
100 -
PFl or PF2%
.T.
e __. FFl or PF2
= e PF1 or Pr2¥
A { i ; ; '
° 20 40 60 80 100
T ‘ Time (mino)
Vv#* fractions

Figure 29

4+ fractions
x fractions

tipped at 15 min,
tipped at zero time
preincubated for 15 min,with

mitochondria

The -effect of adding Pseudomonas fractions to mouse liver

'mitochondria at varidus times and the effect of diluting

" Pseudomgnas fractions




400 -

control

300 |

200 -

O2 uptake (ul)

unheated or heated PF2 or PF30

100 =

unheated or heated PF2 or PF30 (preincubated for 15 min,)

] i
0 20 40 60 ‘ 80 100
Time (min.) .
fractions tipped at 15 min,

" 'Figure 30 The effect of heated and unheated Pseudomonas fractioms

v T

on the respiration of mouse liver mitochondria
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The effect of vroteinase~itreated Pseudonmonas

fractions on mitochondrie.

The fractions, treated with proteinase for 18 hours
at 550, were tipped at zero tine. It was found
tha£ this ‘breatment slightly reduced the inhivitory
sctivity of the fraetions without affecting the
corresponding control fluids (Figure 31).

This result provides further evidence for the
elucidation of the chemical nature of the esctive
principle and will be discussed later.

The effect of pepsin trected Pseudonones fractions

on nitochondria.

The fractions digested with pepsin for 3 hours
at 370 were tipoed 15 min, after zero time,
The 02 uptake in the control flasks was 372 ul
after 90 nin.; two additional controls wefe
included in this experiment -

i) pepsin-digestsd PF 20, in waich the 0, uptake
af't=r 90 nmin., was 350 pl and :
ii) PP 2 or PP 30, incubated at 37° for 3 hours
at pH 2, (i.e. in distilled water) in which

the Op untake alter 90 min. was 202 Wl
(Figure 32). These controls were included

since addition of pepsin or distilled water



4007

300 =

200 4

02 uptake (pl)

control

proteinase-treated
control fluid

100 +
- proteinase~treated
PF2 or PF30
PF2 or PF30
] — T T T |
0 T 20 40 60 80 100
Time (min.)

fractions tipped at zero time

on the respiration of mouse liver mitochondria




400 -

control
pepsin-digested
control fluid
300~
=
= o
PF2 or P30 heated at 37
% 200 — for 3 houyrs at pHZ
B
s
«
o
pepsin-digested
PF2 or PF30
F2 or PF30
100 -
i T T I ~~7
0 20 Lo 60 80 100
. Time (min,)
fractions tipped at 15 min
Figure 32  The effect of pepsin-digested Pseudomonas fractions on the
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to supernatant fractions or control fluid

resulted in a drop of pH as follows:-

ol
1 ml pepsin 4+ 1 ml P* 2 ox PF 30 2
1 ml pepsin + 1 ml ¥F 2C 2
1 ml distilled water + 1 nl PF 2
oxr ¥ 30 2
1 ml buffer + 1 nl PF 2 or PF 30 7~8
1 ml buffer + 1 nl Pr 2C 7~ 8

The O2 uptake in flasks conteining FI 2 or PF 30
was 120 pl after 90 min., in flasks containing
pepsin~treated PF 2 or PF 30 was 140 ul after

90 min. It was conolgded that the pspsin
treated fractions showed similar activity to

untreated fractions.

Acid hydrolysis of Pseudomonas fractions.,
Fractions PF 2, PF 30 and trypsinised FPI 2

were treated with 6N HCL for 18 hours at 105°.
This treatment removed most of the inhibitory
activity of these fractions on mitochondrial
respiration. The 0, uptake in the untreated
control flasks was 319 ul after 80 min,, in

the treated control flasks wes 311 pl after

80 min., in the flasks containing treated
fractions it was 290 ypl, in the flasks containing

untreated fractions it was 131 pl. The velues
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for additional controls included in this
experiment were 1) flask containing control fluid
heated at 105° for 18 hours, 26k pl, end ii) flasks

T . 0
containing Pseudomonas fractions, heated at 105

for 18 hours, 255 pl. The hcat treatment by
itself affected both the control fluid and the

inhibitory action of the Pseudomonas fractions,

although not to the sane extent as found with acid
treaved preparations, An important point to note
here, is that the control fluids end fractions were
heated at 105° for 18 hours in Hendry's sucrose
phosphate buffer, pH 7.3 (solution III, page 97).
These results are shown in Figuwcee 33.

The effect of dialysed Pseudomonas fractions and

dialysate on mitochondria,

The frections were dialysed against distilled water
or solution I (pase 80) for 48 hours. It was fourd
that dialysed PF 2 possessed no inhibitory activity
on mitochondrial respiration; the 02 uptake in the
control flasks was 200 pl after 80 min. and in the
flasks containing the diglysed fraction or dialysing

solution it was 180 yl, In addition, recombination

of the dialysed PF 2 and the dialysing solution had

little effect; the 02 uptake was 16831, The uptake
in-the flask containing non-dialysed PF2 was 6pl in 8Omin,

(Figure 31),




400 7 1. unhydrolysed PF2, PF30 or PF2 trypsinised
2. heated (105°/18 hours) PF2, PF30, PF2 trypsinised
3. heated (105°/18 hours) control fluid
4., acid~hydrolysed PF2, PF30, PF2 trypsinised
5. unhydrolysed control
6. acid hydrolysed control fluid
6
300 A
.3
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=
&
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2 200
o
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o
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100 T
T T i T \
0 20 40 60 80 100

Time (min.)
fractions tipped at 15 min,

" 'Figure 33 The effect of acid-hydrolysed Pseudomonas fractions on

“the respiration of mouse liver mitochondria




400 7]
1. non~dialysed PF2
2. a) dialysed PF2 or b) dialysing solution
3. a) and b) combined
4, control
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-
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o
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Time (min.)
fractions tipped at zero time
“'Figure 34  The effect of dialysed Pseudomonas fraction and dialysing

""golution on the respiration of mouse liver mitochondria
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The effect of absorbed Pseudomonas fractions

on mitochondria.

The experiment was set up as outlined in

Table 15, using Pseudomonas fractions absorbed

with mouse liver mitochondria, As shown in
Figure 35, absorption of PF 2 with mouse liver
mitochondria reduced its inhibitory action on
mouse liver mitochondriel respiration when tipped
on to respiring mitochondris 15 min, after zero
time. The 0, vptake by mitochondria treated
with PF 2 was 117 pl in 85 min,, and by
mitochondria {treated with absorbed PF 2 was

200 pl in 85 min.; in the control flaék the
uptake was 367 pl in 85 min.

The effect of methanol-precipitated Pseudomonsas

fractions on mitochondvria. (precipitation of

PF 2 and PF 36 using 1, 3, 6 and 9 volumes of
methanol respectively, page 75.) The experiment
was set up as outlined in Table 15 using the
precipitates and supernatant fluids (i.e. PF 13-28)
from me thanol precipitation of PF 2 and PF 36,
None of these fractions inhibited 02 upteke by

mouse liver mitochondria.



400'7 . absorbed control fluid

control

300

200 absorbed PF2

02 uptake (pl)

PF2

100 - 1

0 20 40 60 80 100
Time (min.)
fractions tipped at 15 min.

“'Figure 35 The effect of Pseudomonas fractions, absorbed with

..............

mitochondria
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1) The effect of chloroform extracted Pseudomonas

gL

Equal volumes of fraction and chlorofornm
wore shalken together ond allowed to settle out
in a separating funnel. The experiment was sel

up as outlined in Table 15;  {the Pseudomonas

fractions (PP 1, PF 2, PF 29, PF 30, PF 31, PF 32)
were tipped on to respiring mitochondria 15 min,
af'ter zero time. The chloroform extract of

Pseudomonas fractions, PF 1 or PF 2, showed an

inhibitory effect on the uptake of oxygen by
mouse liver mitochondrias, Figure 36, The 0, uptake
by mitochondria treated with non-~chloroform
extracted PF 1 or PF 2 was 87pl in 90 min.,

| by mitochondria treated with the chloroform
extracts PF 29 or PF 30 was 107 pl in 90 wmin.
After chloroform extraction of PF 1 and PF 2
it was found that the inhibitory effect was lost;
the 0y upteke by mitochordria treated with PF 31
or PF 32 was 274 pl in 90 min, which was similar

to the result obtained in the control flasks.



400 T 1. PFl or PF2
2. PF29 or PF30 (chloroform-soluble)
3., PF31 or PF32 (chloroform~insoluble)

4, control

300 = 4

O2 uptake (ﬁl)
S
S
4

100 -

i J T ] i
0 20 40 60 80 100

l Time (min,)

fractions tipped at 15 min,

S T T T

'Figure 36  The effect of chloroform extracted Pseudomonas fractions

"on the respiration of mouse liver mitochondria
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nm) The effect of Pseudomonas fractions, from an

slumina coluun, on mitochondris.

The experiment was set up es cutlined in
Table 15. Three fractions were obtained from
the alumina column, yellow (PF 33), pele green
(PF 34) and blue (PP 35) and the effect of each
of these on respiring mitochondria was observed,
As shown in Figure 37, most o the inhibitory
factor was eluted in PR 33; however; there
was st1ll some inhibitory sctivity in P 34
end PF 35, The 02 upteke by mitochondria
treated with PF 33, PF 34 or PP 35 was
135 pl, 183 pl and 191 pl respectively
compared with the control value of 239pl in
80 min.; the Op uptake by PF 2 was 96 pl
in 80 min.

n) The effect of Pseudomonss fractions from

Sephadex columns on mitochondria.

The experiment was set up as outlined in
‘Table 15, Three series of coloured fractions
wvere obtained from G 10, G 15 and G 25 Sephadex

columns; brown (PF 36), yellow-brown to




400 1, PF2

2, PF33 (yellow fraction)
3., PF34 (green fraction)
4, PrF35 (blue fraction)

5. contrcol

300 -

O2 uptake (ﬁl)
N
S
>
y

100 J

R i 3 ]
— 0 20 40 60 - 80 100
Time (min,)
fractions tipped at 15 min,

Figure 37 The effect of Pseudomonas fractions from an alumina
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colouriess (PF 37), blue (PF 38) and their
effect on the O2 uptake by mouse liver
nitochondria was observed, The fractions
vere added to the mitochondria immediately
after the zero reading.

As shown in Figure 38, PF 36 (from
Sephadex G 10, G 15 and G 25)showed an inhibitory
effect on the uptaeke of oxygen by mousé liver
mitochondria, whereas PF 37 showed no inhibitory
effect and PP 38 showed an insignificant
inhibitory effect.

Three sets of fractions were obtained
from Sephadex G 75 columns; colourless fractions
corresponding to the minor peak (PT 39),
browm (PF 40) and green (PF 41) corresponding.
to the major peak.
= An inhibitory effect on the uptake of 0o
by mouse liver mitochondria was found with
PF 41 and to a lesser extent with PP 39 and

PF L0, as shown in §igure 39.

0) 1) The effect of biologically synthesised

fractions on mitochondria.

The experiment was set up as outlined
in Table 15 using pyocyanin (PF 42) and

1 - hydroxyphenazine (PF 43) which were
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tipped on to respiring mitochondria 15 min,
after zero time., In addition, biological
preparations of pyocyanin (PP LL) and
1 - hydroxyphenazine (PF 45) from Dr R, Schoental
vere tésted for a comparison,

As shown in Figure L0, both PF 43 and
PF 45 showed an inhibitory effect on the
uptake of oxygen by mouse liver mitochondria
in final concentrations of 0,08 mg/ml, 0,16 mg/ml
and 0.25 mg/ml reaction mixture. The Op upbake
by mitochondria treated with PF 43 and PF L5
was 81 pl in 75 min, regardless of which
concentration was used. The 0, uptake by
mitochondria treated with PF 2 was 104k pl
in 75 min.; by mitochondria in the contrsl
flasks was 357 pl in 75 min.

The fractions PF 42 and PF 44 showed a
lesser inhibitory effect on the uptake of
oxygen by mouse liver mitochondria but, in
this case, the inhibition was concentration
dependent; with PF 42 or PT Lk, inhibition
with 0.25 mg/ml reaction mizcbure >

0.16 mg/ml > 0.08 mg/ml.




Legend for Figure 40 overleaf
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0.25 mg/ml,)

PF42 or PF44 (i.e, biological pyocyanin concen-
tration 0.25 mg/ml.)

PF42 or PF44 (concentration 0,16 mg/ml,)
PF42 or PF44 (concentration 0,08 mg/ml.)
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ii) The effect of adding calcium ions and

pyocyanin (PP 42) to mouse liver mitochondria.

Coleiun carbonate (0.225 mg in 1.7 ml
solution IIX) together with the mitochondri
end succinate was placed in a Warburg flask
to which was added, 15 min, after zero time,
the biologicael preparation of pyocyanin, in
a final concentration of 0.08 mg/ml.

The addition of calcium ions did not affect
the inhibitory activily of pyocyanin (PF 42)

on oxygen uptalke by mouse liver miltochondria.

3) The effect of chemically synthesised derivatives

of pyocyanin on mouse liver mitochondrial

respiration.

Preliminary experiments were carried out
to test the effect éf chenically synthesised
derivatives of pyocyanin on mouse liver
mitochondria, using the Warburg spperatus.
Other experiments to test the effect of these
chemically synthesised derivatives of pyocyanin
were carried oubt using the oxygen electrode
(see page 158)., The chemicals tested were

pyrogallol - monomethylether, PT 463
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1 - methoxyphenazine, PF 47; and

1 - hydroxyphenazine, PF 48. The experiment
was set up as outlined in Table 15, and the
fractions were tipped on to respiring mouse
liver mitochondria .15 min. after zero time.
The results obtained with PF 46, PF 47 and

PF 48 in a final concentration of 0,25 mg/ml
closely resembled the result obtained when PF 2
was added to respiring mouse liver mitochondria,
Figure 41, Similar results were obtained

with these fractions using final concentrations

of 0.08 mg/ml and 0.16 mg/ml reaction mixture.

The site of action of Pseudomonas fractions in

the electron transport system

i) succinic dehydrogenase site

This was measured in Thunberg tubes;
the time required for 907 reduction of the
dye was taken as a measure of dehydrogenase
activity.

In the control tube (PF 2C) 907
reduction of methylene blue was observed
in 15 min.; after this time, the tubes
containing PF 2, PF 2 heated and PF 30

showed 80-907% reduction of methylene blue.
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ii) eytochrome oxidase site

This was measured in the Warburg apparatus
using succinate or paraphenylenediamine as
substrate (see Table 19). The fractions PP 2,
PF 2 heated, PF 30 and PP 36 were preincubated
with mouse liver mitochondria snd a) sodium
succinate, or S) paraphenylenediamine was tipped
at zero time.

As shown in Tigure 42, mitochondrias utilising
sucecinate were inhibited by PF 2, PF 2 heated,

PF 30 and, to & lesser extent, by PF 36. The
0o uptake by mitochondria treated with PF 2,

PF 2 heated ov FPF 30 was 5 - 10 pl in 75 min,., by
mitochondria trested with PP 35 was 105 pl in

75 min.; the 0p uptake/in the control flasks

was 230 pl in 75 wmin,

Mitochondria utilising paraphenylenediamine,
which enters at the site of cytochrome C, were
not inhibited by any of these fractions, although
the presence of the paraphenylenediamine slowed
down slightly the oxygen uptake by mouse liver
mitochondria., The O, uptake by mitochondria
treated with PP 2, PF 2 heated and PF 36 was
190 11 in 75 min.,; and by mitochondria in the

control flesks was 198 pl in 75 min,
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The addition of cytochrome C to mitochondria
treated with PP 2, PF 2 heated, PF 30 and PF 36,
réspiring on succinate did not affect the
inhibitory activity of the fractions. The results

were similar to those showm in Figure 42,

Ubiquinone (CoQ) site.

| This was measured in the Warburg apéaratus
using succinate as substrate. The expeviments
were set up as outlined in a) Table 21, CoQ was

added to mitochondria trested with Pseudononas,

and b) Table 22, protecting mitochondria with

excess CoQ and subsequently exposing these mitochondria

to Pseudoronas fracitions,.

&) As show in Figure 43, PF 2, PF 2 heated, and
PF 30 inhibited the uptake of oxygen when tipped
on to respiring mitochondria 15 nin, after zero
time., After 60 min. CoQ (final concentration
0.1 mg/ml reaction mixture) was tipped from a
second side arm in one set of' flasks. The
uptake of oxygen was restored to a level
compargble with the uptake in control flasks;
this restoration lasted for 20 min. After 40 min,,

i.e. before the addition of CoQ, the 02 uptake



Legend for Figure 43 overleaf

1, PF2, PF2 heated or PF30
2, PF2, PF2 heated + uvhiquinone
3. PF30 + ubiquinone

4, control or control + ubiquinone
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in flasks conteining PF 2, PF 2 heated, or P} 30,
added efter 15 win., was 120 pl and afier 100 min,
it was 124 pl;  in the control flasks, the 0, uptake
was 242 pl  after LO nmin, and 404l after 100 min,
After 100 min,, i.e. after the addition of
CoQ in a separate series of flasks, the 0, uptake
was 18811, 188l and 202 pl in flesks containing
PF 2, PF 2 heated snd PF 30 respectively; in the
control flasks it was 404 pl.
Attempts to protect mitochondria by adding
excess CoQ yielded a poor result., The O, uptake
by mitochondria treated with PF 2, PF 2 heated or
PF 30, added at zero time, was 11 41, and for the
control it was 283 ul after 80 min. The Oy upteke
by mitochondria, preincubated with CoQ (0.1 mg/ml)
for 15 min, before the addition of PF 2, PF 2 heated,
or PF 30, was 30 pl and in the control it was 337 pl
after 80 min., This result must be compared with

those obtained using the polarograph, page 159,
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THE EFFECT OF PSEUDOMONAS FRACTIONS ON TI. : & CULILURE

CELLS; AWD COMPARISON WITH THE EFFECT OF STAPHYLOCOCCAL

PRODUCTS ON TISSUE CULTURE CELLS.

Two cell lines were used =

i) I "S" cells (a smooth suspension from subcutaneous
mouse liver), and

ii) BHK cells - strain C 13 (from baby hamster kidney tissue
and forming a monolsayer).

8) The effect on oxysen uptake caused by varying the

nunber of tissue culture cells,

This preliminary experiment wzs necessary to
determine the optimal number of I "S" or BHK cells
per Warburg flask i.e. the number of cells which
geve a measurable respiration rate. L "8" cells
or BHK cells were suspended in 2,8 ml complete
Eagle's medium (BTC) %o give 17 x 106 %o 80 x 106
cells per Yarburg flask. The experiment was set up
as outlined in Table 26.

An optimal respiration rate was obtained when
the number of cells per flask was greater than
L7 x 106; flasks containing this number of cells,

62 x 10° 6

or 80 x 10~ cells showed comparable
respiration in 70 min,, i.e. increasing the number
of cells per flask above 47 x 206 did not increese
the respiration., The Op uptake in 70 min.

was 300 pl. Figure 41,
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Below 47 x 10 célls per flask, respiration
fell off sharply:= 34 x 106 cells pexr flask took
ﬁp 175l oxygen in 70 min.,; 25 x 106 cells per
flask took uwp 1201 oxygen in 70 min.; 17 x 106
cells per flask took up 80pl oxygen in 70 min.

b) The effect of adding Pseudomonas fractions,

Wood L6 (o toxin plus SOF) and SOF to tissue

culture cells,

The cells were suspended in Esgle's salts,
‘amino-gacids, vitamins and calf serum, Glucose
or succinate was either contained in the main
well (see Table 27) or was tipped from the side

arm at zero time (see Table 28).

The effect of Pseudomonas fractions, FF 2 or PF 30,

on I "S" c¢ells,

The uptake of oxygen by L "S" c¢ells respiring on
succinate was inhibited by either PF 2 or PF 30;
the 0, uptake was 18ul in 90 min., whereas in
control flasks it was 240l in 90 min.

The uptake of oxygen by :cells respiring on
glucose was not inhibited by either PF 2 or PF 30;
respiration was similar to that in the control flasks,

containing PT 2C, Figure 45.
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The effect of Pseuvdomonas fractions, FI' 2 or

PF 30, on BHK CELLS,

BHK cells utilised glucose but not
succinates therefore experiments with BHK
cells were restricted to inhibition of glucose
respiration by PF 2 or PF 30.

There was a lag period before the PF 2
or FF 30 inhibited the upteke of oxygen by
BHK cells respiring on glucose. In 200 min.,
the 02 upteke by cells treated with PF 2 or
PF 30 was 160p 1, whereas in the control
flasks it was 2201, Figure 46,

The effect of Wood L6 on T, "S" cells.

The inhibition of Op uptake by L "S" cells
was greater when glucose was the substrate than
found when succinate was substrate.

L "8" cells, treated with Wood L6, and
respiring on succinate took up 140 pl oxygen
in 80 min.; whéreas untreated cells took up
180 ul oxygen in 80 min.  On the other hand,

I "S" cells, treated with Wood 46, and
respiring on glucose took uwp LOpl oxygen in
80 min,; whereas untreated cells took up

186;L1 oxygen in 80 min. Figure L7,
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The effect of Wood L6 on BHK Cells.

The uptake of oxygen by BHK c¢ells respiring
on glucoss was not inhibited by Wood 46,

Figure 46.

The effect of S0F on L "S" cells.

The uptake of oxygen by L "S" cells
respiring on either glucose or succinate was
not inhibited by the addition of SOF, In
fact, the presence of SOF appeared to stimulate
oxygen uptake by L "S" c¢ells respiring on
glucose, Figure L8,

The effect of SOF on BHX cells.

There was a lag period before SOF
inhibited the oxygen uptake by BHK cells
respiring on glucose.  After 100 nmin,,
BHK cells treated with SOF took up 165p 1
oxygen whercas wntreated cells took wp

2204 1 oxygen, Figure L6.

(vii) The effect of Pseudomonas fraction PF 2 on

the respiration of ascites cells,

In addition, the effect of Pseudomonas

fraction Pf 2 on the regpiration of ascites cells
was tested in collaboration with Miss Dorothy
Symington, As shown in Figure 49, the uptake
of oxygenkby ascites cells utilising succinate

was inhibited by Pseudomonas fraction PF 2,
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THE EFFECT OF PSEUDOMONAS FRACTIONS, PYOCYAMNIN

AND ITS DERIVATIVES ON MITOCHONDRIAL RESPIRATION,

USING THE POLARAGRAPHIC TECHNIQUE

A series of polaragraphic experiments were
carried out to examine the effect of wvarious

Pseudomonas fractions and chemically synthesised

compounds on mitochondrial respiration, Oxygen

uptake in biological systems can be monitored more

accurately using the polarograph. It was decided

to compare the results obtained by Warburg manometry

with those obtained by this method. The 02 uptake

in each experiment was calculated per minute, Table 31.
A biological preparation of l-hydroxyphenazine

(PF 43) completely inhibited mitochondrial respiration

at a concentration of 0.025 mg/ml or 0,033 mg/ml,'

Figure 50, whereas a biological preparation of

pyocyanin (PF 42 or PF 44) showed no inhibition at

a concentration of 0,016 mg/ml, little inhibition

at a concentration of 0.033 mg/ml and a more marked

inhibition at a concentration of 0,05 mg/ml, Figure 51,

see Experiments 7, 8, 9, 22, 23 and 24,

A similar result was obtained using a

chemical preparation of 1-hydroxyphenazine (PF 48),
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The effect of Pseudomonas fractioms, pyocyanin and

its derivatives on mitochondrial respiration, using

the polarographic technique




Legend for Figure 50 overleaf
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“éhemical preparations of 1- hvdroxvphena21ne (PF43 or PF48)

‘at_the site of ubiguinone in the electron transport chain,
‘measured in the polarograph
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this completely inhibited mitochondrial

regpiration at a concentration of 0°02§mg/m1 or

0,033 mp/ml. An insigrificant inhibition was
obtained when chemical preparations of pyrogallol
monomethylether (PF 46), lemethoxyphenazine(Pr 47)

or pyocyonin (PP 49) in concentrations of 0,016 ng/ml,
0.033 mg/ul or 0;05 mg/ml were each added to nouse
liver mitochondria, see Ixperiments 10 -~ 21,

In order to check the site of activity
in the eleetron transpord system, experiments were
carvied out in the presence of ubiquinone, sec
Experiments 25-28, TFrom these experimenteg, it was
seen that ubiquinone partially restored
mitochondrial respiration, Figure 50, In addition,
it was found that ubiguinone protected the mito-
chondria from the inhibitory effects of l-hydroxy-

phenazine, see Experiment 26 and Figure 52,



1. control
2. 1—hydroxyphenézine (0,033 mg/ml)
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Figure 52 The effect on respiration of adding ubiquinone to mouse

liver mitochondria before adding l-hydroxyphenazine,
measured in the polarograph.
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IN VIVO EXPFRIVENTS USING PSEULONONAS FRACTIONRS

The pathogenic effect of various Pseudomonas spv.

Mice were injected intraperitoneally with
0.5 ml of a culture containing 40 x 108 organisms/ml.v
of the following organismsie

a) Pseudomonas acruginosa, NCTC 6750

b) Pseudomonas diminuta, NCTC 8545

c) Pseudononas spp. (18U 5306, VWestern Infirmary)

Mice injected with Pseudomonas aeruginosa, NCTC 6750

or Pseudomonas spn., MSU 5306 dled within 12 hours.

At post mortem, there were no apparent lesions in

the internal organs. Swabs of ths heart, liver
and kidneys were taken but a bacteriological
examination of these yielded negative results; no

Pseudomnonas organisms were isolated. Hice injected

with Pseudomonas Aiminuts, NCTC 8545 were alive three

weeks after injection and appeared to be healthy.

The effect of a 2L hour Pseudomonas aeruginosa

broth culture supernatant fluid on mice.

The supernatant fluid (0.5m1) was injected either
i/v or i/p into groups of 6 mice. Immediately
after i/v injection, there were signs of shock in

test and control animals, These shock symptoms
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subsided after 1 ~ 2 hours ond the mice remained
healthy during the three week test period,

After i/p. injection, there were no signs of
shock and the mice remained healthy.

The eff'ect of PF 2 and P 30 on mice.

The mice Were_injec%ed with the Pseudomonas
fractions either intraperitoneally, intravenousely
or subcutaneously.

Mice injected i/p with PF 2 or PF 30 remained
healthy during the three week test period.

Mice injected i/v with PF 2 or PF 30 and
control mice showed some signs of shock
immediately after injection, but these symptoms
sdbside@ after 1~2 hours, and the animals remained
healthy.

Subcutansous injectién of the PF 2 or PF 30
did not cause necrosis; the skin remained clean,
firm and pink in colour.

Vhen the sterilised PF 2 and PF 30 used in
this experiment were checked for their.effeot on
05 uptake by mouse liver mitochondria, the results
were similar to those shown in Figure 36, i.e.
sterilised PF 2 and PF 30 inhibited the uptake of

oxygen by mouse liver mitochondria,
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The effect of pyocyanin and 1 - hydroxyphenazing

{biological preparation) on mice.
(bio OFical PIEPATALION] ON ML0G.

Mice were injected with 0.25 mg of each
preparation either intraperitoneslly, intravenously
oxr subcutaneously.

Mice injected i/p with either pyocyaunin or
1 - hydroxyphenazine showed no ill effects
inmediately after injection and remained healthy
during the three week test period.

Mice injected i/v with either pyocyanin or
1 ~ hydroxyphenazine showed some shock effects
immediately after injection, but these subsided
in less than an hour, and the mice remained healthy.

The respiration of mitochondria prepared from mice

injected with Pseudomonas seruginosa.

Mice were injected i/p with 1 x 108 Pseudomonas

aeruginosa organisms (0.5 ml) and mitochondris were

prepared from the livers at 2, 4 and 17 hours after
injection,
1l =x 108 organisms was chosen after nice were

injected with varying numbers of Pseudomonas

aeruginosa orgenisms, varying from 0.04 x 108

to 28 x 10° organisms, and it was decided to use

1 x 108 organisms, since at this concentration, mice

showed ill effects and an LD 50 was obtained.
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Mice died 24 hours after receiving either

28 x 108 organisms or 5.6 x 108 organisns, whereas
none died after receiving 0.22 x 108 ana
0.04 x 108 organisms. It was found that
mitochondria prepared from injected animals
possessed a lower respiratory ectivity than

those from uninjected animals. In addition, the

Pseudomonas fraction, PF 2, inhibited the in vitro

respiration of mitochondria from both sources, Figure 53.

Testing of urine samples from mice injected with

Pseudomonas aeruginosa.

Mice were injected i/p with 1.3 x 108 organisms;
urine samples were tested at 2, 5 and 24 hours after
inoculation using Hema~Combisgtix; urine samples
from uninoculated mice were used as controls. NHo
differences were observed in urine samples from
uninoculated or inoculated animais.

The effect of PF 2 and PF 30 on guinea pizgs.

Guinea pigs were injected intraperitoneally
with PF 2 or PF 30 and intramuscularly with PF 2 or
PF 30, but no ill effects were observed during the

four week test period.



Legend for Figure 53 overleaf

1, mitochondria from mice injected with
Pseudomonas aeruginosa + PF2

2., mitochondria from control mice + PF2

3., mitochondria from mice injected with
Pseudomonas aeruginosa + control fluid

4, mitochondria from control mice + control fluid
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Figure 53 The respiration of mitochondria prepared from mice

injected with Pseudomonas aeruginosa
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PF 2 and PY¥ 30 werz sterilised for use in this
experiment; however, the sterilised fractions
inhibited the uptake of oxygen by mouse liver
nitochondriaj a similer result to that showm

in Figure 36 was obtained,

(viii) The respiration of mitochondria prepared from

mice injected with pyocyanin or l-hvdroxyphenazine

(chemi.cal preparations).

The mice injected i/v with 0.2 ml pyocyanin
(containing 6.6mg) or l-hydroxyphenazine (containing
2mg) died within two minutes of injection. The
livers were removed and mitochondrial suspensions
were prepared, An interesting point to note was that
on centrifuging the disintegrated liver the
supernatant fluid was pale green, in the case of
pyocyanin injected animalé, and a brownish-yellow,
in the case of animals injected with l-hydroxyphenazine.

The mice injected i/ﬁ with 0,1lml l-hydroxy-
phenazine {containing lmg) or i/§ with 0,2ml
1-hydroxyphenazine (containing 2 mg) showed no ill-
effects immnediately after injecfion. However, these
mice were killed by cervical dislocation three hours
after injection, their livers removed and mitochondrial

suspensions were prepared.
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The mice injected i/p with 0.2 ml pyocyanin
(containing 6.6mg) died within ten minutes of
injection, and again mitochondrial suspensiong were
prepared.,

The mice injected i/p or i/v with 0.2 ml diluent
showed no ill-~effects after injection and were killed
three hours later and mitochondrial suspensions were

prepared,

The xespiration of the various preparations
of mitochondria were tested in the polaropgraph and
the 02 uptake per minute was calculated, Table 32,

The majority of mitochondrial suspensiong showed a
similar oxygen upteke to that 6f the control, However,
i/v injection of pyocyanin or l-hydroxyphenazine
caused a reduced 02 uptake\by mitochondria,
particularly those treated with 0.,lml i/v l-hydroxy-
phenazine where 02 uptake was halved,

The effect of pyocyanin or l-hvdroxyphenazine on

the respiration of macrophages prepared from a

guinea-pig injected with sterile paraffin-oil.

The respiration of macrophages utilising
0.2 M sodium succinate was measured in the polaregraph,

As shown in Table 33, 0.15ml pyocyanin or l-hydroxy-
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phenazine had no effect when added to respiring
macrophages, However, preincubation of the

macrophages with pyoecyanin or l-hydroxyphenazine
(biological or chemical preparations) for 1 hour
at 370 resulted in the 02 uptake per hour being

halved,
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DISCUSSION.
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The oxripkinal aim of this research project

was to determine whether species of the genus

Pseudononas, in particular Pg,aernginoga, produced
a factor or factors which affected the electron
transport system of host animals, and thus could

be inplicated in the pathogenic process,

FACTORS CONTROLLING THE PRODUCTION OF MITOCHONDRIAL

RESPIBATORY INHIDBITODRS,

Initially, experiments were carried out using

six species namely, Ps,aerusinosa NCTC 6750,

Ps,aeruginosa MSU 143%88, Stobhill Hospital, and

Pseudononas spp. MSU 5306,Western Infirmary. The

other three gpecies, which were not asscciated with

pathogenie coﬁditions, included Ps.diminuta NCLC 8545,

Ps, hydrophila NCTC 7810 and Pseudomonas spp. NCIC 7452

. (achromogenic). Four methods of production of frachions
from Pseudomonas cultures, using three different media
were used (see pages 70-74). Three of the six organisms,

namely, Ps.aeruginosa NCTC 6750, Ps.aeruginosa AMSU 14388

and Pscudomonas spp. MSU 5306 produced a diffusible

pigment, Table 30, The culture supernatant fluid from
these organisma caused a 90-100% inhibition of oxygen

uptake by mouse liver mitochondria., The other three
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species produced no pigment, even after 72 hours
inéubation, and at no time did the culture supernatant
fluid from any of these organisms inhibit the uptake

of oxygen by mouse liver mitochondria. Irom these
results, it would appear that a factor, active in the
inhibition of oxygen uptake by mouse liver mitochondria,
was preoduced but only when & diffusible pigment was
alao produced, This observation was supported by the

fact that a culture supernatant fluid from Pg. aecruginosa

NCTC 6750 caused 90-300% inhibition of oxygen uptake by
mouse liver mitochondria, when the organism was

producing a blue-green diffusible pigment, Hewever,

Ps.seruginosa  NCTC 6750 cen temporarily or
permanently lose the power to produce this pignment,
and the culture supernatant fluid from such strains
caused no inhibition of oxygen ubtake by mouse liver
“mitochondria,
The varibus wethods of.production of

fractions,I to III,were carried out to determine
the conditions necegssary for maxirmm pigment
production. In addition, the maximum inhibitory
activity of culture supernatant fluids was determined,
Both sloppy ager King,Ward and Raney medium A, for
pyocyanin (page 70) and sloppy agar standard medium

(page 70), method I, stimulated good pigment production
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by Ps.aeruginosa NCTC 6750, in 24 hours, and the

supernatant fluids e¢f cultures grown in these

media gave 90-100% inhibition of oxygen uptake

by mouse liver mitochondria, Figure 28, An
interesting point was that the particular pepione
used-in the King,Ward and Raney medium A, was crucial
with regard to pigment production, Various peptones
were separately incorporated into different batches
of thig medium, These included Oxoid peptone,

Evans peptone, Eupeptone, Difco Neopeptone and

B.D.H. peptone., The various batches of medium A

were incculated with Pg.aerueinosa NCTC 6750 and it

was found that the colour of the pigment varied from
a pale yellow-green with B,D,H, peptone to the
typical deep blue-green with Oxoid peptone,
Culture supernatnat fluids from the latter source
caused 90-100% inhibition of oxygen uptake by
mouse liver mitochdndria, The inhibitory
activity of supernatant fluids from cultures
grown in the medium containing different peptones,
was related to the degree of pigment formation,
This observation also confirmed an association
between pigment and the mitochondrial inhibitory

factor,
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Statie ligquid cultures of Pg,aerugincaa NCTC 6750,

method II, resulted in neither pigment production
nor production of a mitochondrial inhibitory
factor,

Shaking Jiquid cultures of Ps,aeruginosa NCTC

0750, method III, required 48 howurs incubation
before pigment production was evident and the associated
inhibition of oxygen uptake by mouse liver
mitochondria was low, in the region of 50%, even
after the 48 houré incubation,

Disintegrates of pseudomonas organisms, methed
IV, did not cause inhibition of mitochondrial
respiration; it would appear that the factor respohsible
for the inhibition was extracellular and not an
endotoxin moiety, This result agreed with the
previous work carried out by Liu, Abe and Bates (1961)
and by Elrod and Braun (1941) who showed that the

dead cells of Ps.aerncinoss were non-—toxic to mice,

Lin,Abe and Bates (1961) believed that the toxicity
was primarily due to the slime layer on the surface

of Ps,aeruginosa cells,

Since maximum pigment production and
inhibitory activity was obtained using method I,

page 70, it was decided to prepare all biological
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fractions by this procedure, In addition,
further study of the mitochondrial inhibitory

factor was carried out, unsing Ps.aerusinosa NCTC

6750, which constantly produced a deep blue-green

pigment. Pgeudomonas spp. MSU 5306, which produced

a red-browvmn pigment, was & variant of ?s.aeruginosa,
which instead of producing pyocyanin, directly
produced a breakdown product of pyoeyanin,
l-hydroxyphenazine, This was confirmed by
acidification of the red-brown supernatant fluids,
which led to the deposition of the yellow ncedles

of l~-hydroxyphenazine, It will be shown later that,
in itself, this result partially reveals the nature of

the active factor, see page 183,

CHARACTIRISATION O A FACTOR PRODUCED DY

PS,AFRUGINOSA, INHIIBITING THI MAMAMALYAN ELECTRON

TRANSPORT SYSTIM.

Methanol precipitation (page 75) of
pseudomonas culture fluids, PF 1 and PF 36,
yielded preparations which did not inhibit oxygen
uptake by mitochondria. No mitochondrial inhibitory
activity was found in the supernatant methanol

fractions, probably due to dilution, since the
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active principle was shown to be concentration
dependent, TFigure 29,

Extraction of supernatant f£luids from
pseudomonas cultures showed that the factor
respousible for inhibition of oxygen uptake by
mitochondria was chioroformmsoluble; no activity
was found in the chlorofoxm-insoluble portion,

Figure 36, Schoental (1941) showed that chloroform

extraction of Ps,seruginosa cultures or dried bacteria

yielded three antibacterial substances, pyocyanin,
a~oxyphenazine and a colourless bacteriolytic
subgtance, It could therefore be tentatively
suggested,at this stage, that the factor responsibie
for the inhibition of oxygen uptake by mouse livexr
mitochondria might also be one of these three
substances, |

Further study of chloroform extracts
was attempted by fractionation of these extracts
on en alumina column (page 78). Three fractions
PF 33 (yellow), PF 34A(green) and PF 35(blue) were
separated and eluted with chloroform, When these

fractions were added to mouse liver mitochondria

it was found that most of the activity was eluted

in the yellow fraction (PF 33), Figure 37. However,

there was still some inhibitory activity in PF 34
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and FI' 35, This was expected since, as shown in
Tigure 21, the solubilities of these fractions in
varioug solvents, in particular chloroform, was very
gimilar, Complete separation of PF 33, PI" 34 or

PT 35,using chlovoform, was therefore impossible,
However, this result is very interesting since
Schoental (1941) produced o~oxyphenazine by
chloroform extraction of an old culture of

Ps.aeruginoga ; the extract was passed through a

column of aluminium oxide on which a yellow substance
was separated, Ilution of this substance with
alkali, acidification and purificationresulted in
“the yellow crystals of c~oxyphenazine being obtained,
This was the first indication daring the present
investigation that an agsociation existed between
a~oxyphenazine, or one of its derivatives, and the
factor responsible for the inhibition of oxygen
uptake by mouse liver mitochondria,

At this stage, an attempt was made t6
determine the molecular weight of the mitochondrial
inhibitory factor by Sephadex gel filtration of

supernatant fluids from Ps.aeruginosa cunltures,

Three series of coloured fractions from G 10, G 15

and G 25 Sephadex columms were obtained - PF 36
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(browvn), PP 37 (colouriess) and PI" 38 (blue). The
inhibitory activity was eluted in P 36, Figure 38.
Three sets of fractions were also obtained from a

G 75 Sephadex column ~ PP 39 (colourless), PF 40
(brown) and PF 41 (green). Most of the inhibitory
activity was eluted in PF 41, although some activity
remained in P 39 and PP 40, Results obtained by
this method are invariably inconclusive, due to

the difficulties of calibrating columns for molecular
weight determinations, Substances of low molecular
weight often deviate in behaviour from theoretical
gel filtration, in fact, many aromatic and
heterocyclic compounds will be retarded in a
Sephadex colwmn owing to their molecular structure,
This retardation is largely unaffected by the
elution medium, In addition, hydroxzyl ions are
also retarded because of complex formation, The
results obtained in this investigation might
indicate that a low molecular weight substance
was\responsible for the inhibition of mouse liver
mitochondrial respiration, If so, this would
strengthen the hypothesis that l-hydroxyphenazine,
or a derivative, is responsible for the inhibition

of oxygen uptake by mouse liver mitochondria,
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Fractions PP 2 (supernatant fluid from
a. culture grown in King,Ward and Raney sloppy agar
nedium A) or PF 30 ( chloroform extract of PI 2)
were resistant to 100° for 30 minutes and to 121°
for 15 minutes, There was no difference in
mitochondrial inhibition between heated and unheated
fractions, Schoental (1941) showed that both
pyocyanin and o~oxyphenazine were resistant to
boiling (page 22). In 1924, Wrede and Strack showed
that dry-heating or boiling of pyocyanin resulted
in the production of l-hydroxyphenasine., Thig
heat resistance provided further evidence for the
chemical nature of the factor responsible for
mitochondrial inhibition, since i{ would be expected
that if the fgetor were an enzyme, the activity would
have been destroyed during the heat treatment., This
obgservation was borne outd By the results obtained
after dialysis of PF 2, Neither diaslysed PF2 nor
-dialysing solution inhibited the oxygen uptake by
mou;; liver mitochondria, These two fractions when
combined had no eifect on the respiration of
mitochondria, Since the dialysed fraction was

inactive,the active fraction was dialysable and




' T =Ll

therefore not a protein, Paper chromatography of

the pseudomonas fractions also iudicaﬁed the non-

protein nature of the active principle since no

trace of awino acids was obtained with PF 30

(chloroform extract of PF 2) or with PF 30 trypsinised.
Treatment of PF 2 or PF 30 with

trypsin or pepsin did not affect the inhibitory

activity of these fractions on mouse liver

mitochondrial respiration; inhihition was in the

order of 90-100%., When PF 2 or PP 30 were treated

with proteinase, it was feund thal the inhibitory

activity was slightly reduced, Figure 31, This

result is relevant if the active inhibitory factor

is l-hydroxyphenazine, since it is possible that

proteiﬁase binds to the hydroxyl group of l-hydroxy-

phenazine thus reducing the inhibitoxry activity.

This phenomenon has been observed with substances

like phenol which destroy the.activity of certain

enzymes\by binding to the protein through the hydroxyl

group, A similar result was obtained with PF 2

absorbed with mouse liver mitochondria and added to

respiring mitochondria, Figufe 35. It would appear .

that the active constituent was taken into the mitochond;i

during the period of absorption in an irreversible
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manner, Indeed, there was no evidence of
reversibility of inhibition, when mitochondria were
exﬁosed to the action of the inhibitory factor for
" periods of time up to two houvs,

Acid hydrolysis for 18 hours at 105° of
PFr 2, PF 30 or PF 30 trypsinised removed most of
the inhibitory activity of these fractions, It is
probable that this result was due 4o the action of
the heat alone; both the control fluid and the
pseudomonas fractions were affected; TFigure 33,

Pyocyanin (PF L2) and l-hydroxyphenazine

(PF 43) were prepared biologically using a
modification of the method of Wrede and Strack
(1924,1928), page 82, When thesc were tested on mouse
liver mitochondria it was found that l-hydroxy-
phenazine comfletely inhibited the uptake of oxygen
regardless of the concentration tested, Figure 40,
Pyocyanin showed é lesser inhibitory effect on oyxgen
uptake but the effect was concentration dependent.
Similar results were obtai;ed with biological
preparations of pyocyanin (PF 44) and l-hydroxy-
phenazine (PF 45) obtained from Dr R Schoental, The
ultraviolet spectra of these compounds were obtained

using methanol as solvent. Pyocyanin (both_PF L2
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and PP 44) showed a peak at 320 nm and 1-hydroxyw
phenazine (PF &3) showed & peak at 297nm and Y-
hydroxyphenazine (PF 45) showed a peak at 205nm,
Figure 25, Corbett (1964) shoved that the peak for
pyopyanin in methanocl was at 325nm and for
l—hydroxyﬁhenazine.it was at 2065 nm, However,
l-hydroxyphenazine in 0.1 M NaOH in 50% aqueous
methanol showed a peak at 295 nm; it is pogsible that
the technique used to prepare l-hydroxyphenazine
influenced the wavelength of maximum absorption,
Mass spectrometry of the samples PF L2 to PF 45
indicated that none of them were chemically pure.
In fact, the samples of pyocyanin were found to
contain l-hydroxyphenazine, which would account for
the slight inhibitory activity observed with
biological pyccyanin. It would also account for
the increase in the inhibitory activity when the
concentration of biological pyocyanin was increased
to 0.25 mg/ml, Figure 40, Since impurities were
found in biological preparations it was decided to
synthesisé pure chemical preparations of pyocyanin
and its derivatives in order to ensure a couplete
characterisation of the inhibitory factor. Four

chemical compounds were synthesised, namely,
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pyrogallol monqmathylether, PF 46, l-mcthoxy-
phenaziney, FI 47, l--hydroxyphenazine, PF 48 and
pyocyanin, PF 49, by the method of Surrey (1946) -

see pages 83-89 and Figure 17. The effect of these
preparations on the oxypgen uptake by rmouse liver
mitochondria wes tested by Warburg manometry, it was
found that these fractions, at a concentration of

0.08 mg/ml, 0.1l6mg/ml or 0.25mg/ml, caused

inhibition of respiration., Since oxygen uptake in
biological systems can be monitored more accurately
using the polarograph, it was decided to compare the
results obtained by polarography with those 6btained
by Warburg manometry, Both the biological aud

chenmical preparations of l-hydroxyphenazine, PI" 43

‘and PF 48 respectively, completely inhibited mito-
chondrial respiration at a concentration of 0,025 mg/ml
oxr 0,033 mg/ml (Figure 50) whereas biological
preparations of pyocyanin, PF 42 or PF 4k, (Figure 51),
caused no inhibition at a concentration of 0,0106mg/ul,
little inhibition at a concentration of 0.033mg/m1

and marked inhibition at & concentration of 0.05 mg/ml.
The iphibition was insignificant with the chenical
preparations of pyrogallol monomethylether, PF 46,

l-methoxyphenazine,PF 47, or pyocyanin, PF 49, at
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concentrations of 0.016mg/m1, 0.033mg/m1 or O.GBmg/ml,
The ultravielet spectra of these chemical
préparations was obtained using methanol as solvent,
As shown in Figures 20 and 27, the peaks for
pyocyanin, PP 49, lmhydréxyphenazine, PF 48,
l-methoxyphenazine, P¥ 47 and pyrogallol monomethyl-
ether, PF 46 was at 320nm, 263nm, 260nm and 208nm
respectively., These figures compared favourably

with the values published by Corbett (1964). Mass
spectrophotometry of the chemical preparations, ie.

PF 46 to Pr 49, indicated that they were chemically
pure. Accurate molecular weights were obtained,
namely 140 for PF 46, 210 for P¥ 47, and 196 for

PF 48, An anomally was found for pyocyanin, FF 49,
gince the expected molecular weight was 210 and the
mags spectrometric analysis indicated a molecular
weight of 224, However, pyocyanin can form an unstable
dimer, which could break down in the mass spectrometer
with no significant pegks in the higher regions. As
the compound breaks down to give the monomeric form,
molecular weight 210, stabilisation would occur and
peaks would be visible, This could account for the
difference in molecular weights even though the
ultraviolet spectrum of the preparation agreed with

published results, As a final check on the sample,
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the ultraviolet spectrum was read in 0,1 M HC1

in 50% aqueous methanol; a peak was obiained at

338nm which agreed with the published figure of

387mm (Corbett, 1964), It would thercfore appear
that the preparation of pyoeyenin was also pure.
Consequently, the resulis indicate that pyocyanin

had no effeet on the uptake of oxygen by mitochondria,
A biological preparation of pyocyanin showed inhibitory
activity at high concentratien; this could be |

due to the presence of l-hydroxyphenazine in the
preparation as shown by mass spectrometry, It was
also shown that addition of 0,22%mg/ml CaC0 to
mitochondria in a Warburg assay, along with
erystalline pyocyanin,did not increase the activity
of the pjocyanin on mitochondrial respiration;
inhibition was insignificant. Since the addition

of calcium ions to mitochondria would partially
remove the permeability barrier to N-alkylphenazonium
dyes shown by intact Qitochondria, see page 55, the
inactivity of pyocyanin was not due to its inabilitly

t0 enter mitochondria.

Experiments pregented in this thesis
have proved, for the first time, that the factor

produced by Ps.zerucinosa responsible for the
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inhibition of oxygen uptake by mouse liver

mitochondria was l-hydroxyphenagzine (o~oxyphenazine,

a=hydroxyphenazine oxr l-phenazinol),

SITE OF ACTION OF J1-HYDROXYPHINAZINE

IN TillE FLECTRON TRANSPORT SYSTIM,

Although the experiments devised to
characterise the active compound produced by

Ps.aeruginosa showed that mitochondriel respiration

could be inhibited by l-hydroxyphenazine, they did
not reveal the site of activity in the electron
transport chain, A preliminary experiment was
carried out t{o detefmine whether there was any
difference in inhibitory activity if the pseudomonas
fractions were preincubated with mitochondria, tipped
at zero time or tipped on to respiring mitochondria,
Figure 29; +the inhibitory action was immediate in
all instances, This suggested an immediate block

in the electron transport chain, or an "electron
shunt"”, Warburg manometry experiments fevealed

that the l-hydroxyphenazine was acting at a site

corresponding to ubiquinone ( CoQ) or (CoQ.cyt b),

No inhibition of succinic dehydrogenase or cytochrome
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oxidase was observed. When Cof} was added to mitochondria
inhibited by l-hydroxyphenazine the uptake of oxygen
was restored to a level comparable with that in the
control flasks; this restoration lasted for 20 minutes,
However, attempis 110 proltect mitochondria by adding
excess CoQ before the addition of l-hydroxyphenazine
were inconclusive, It was decided to repeat these
experiments in the more sensitive polarographi it
wag found that the addition of CoQ to mitochondria,
inhibited by l-hydroxyphenazine, restored
regpiration, Figure 50, To some extent, CoQ could
also protect the mitochondria from the inhibitory
effect of l-hydroxyphenazine, Figure 52, This
indicated that l-hydroxyphenazine acted at a site
corregponding to CoQ or CoQ.cyt b in the electron
transport system, It also appeared that the relative
concentrations of l-hydroxyphenazine and CoQ were
important; since it would seem that CoQ and
l-hydroxyphenazine compete for the same site in the
electron transport chain, As stated previously,
page Hl, some phenazines because of their semi-
reduced state can act as transfer agents or electron-
carriers for oxygen in the metabolic processes of

biological systems, It is therefore possible that
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l--hydroxyphenazine might act as an"electron shunt”
at the site of CoQ, ie., it would accept electrons
from coriplexes T and IX and transpoxrt them to a
'dead end' since it could not transfexr them to
cytﬁchrowe ¢ and the rest of the chain, see page 46
and Figure 8, This hypothesis was tesited by the
fact that CoQ protected mitochondria, to some
extent, from the inhibitory effects of l-hydroxy-
phenazine. In other words, the preliminary
addition of an excesgs amount of Cof} to the
mitochondria, would saturgte the site in the electron
transport chain and prevent all the electrons
being"shunted off'"by the l-hydroxyphenazine., A
relatively large amount of CoQ (0.lmg/ml) was
required in comparison to l~hydroxyphenazine
(0.025mg/m1 and 0.033mg/ml) which ﬁight suggest
that the latter was more active than CoQ in
competing for the site on the electron transport

chain,



THE EXFLCT 0F PSEUDOMONAS FRACTIONS ON

TISSUL CULTURL CELLS,

Preliminary experiments were
carried out to test the effect of pseudomonas
fractions on L"S" and BII{ tissue culture cells,
since these cells simulate, to some extent, the
permeability harrier which often exists in the
animal body. However, the limitations of the
synthetic medium and the effects of the glass
on cell monolayers must be borne in mind, as must
the varying properties of cellg from different
tissue sources,

When L"S" cells were fespiring on
succinate the uptake of oxygen was inhibited
by either PF 2 (supernatant fluid from a culture
grown in King,Ward and Raney medium A) or PF 30
(chloroform extract of PF 2), whereas the respiration
of these cells respiring on glucose was not inhibited
by either PF 2 or PF 30, These results were compared
with the effect of Wood 46 ( o ~toxin + SOF) and
SOF on the uptake of oxygen by cells respiring on
either glucose or succinate, because of their known
activity in the electron transport chain. The

uptake of oxygen by L"S" cells respiring on
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either glucose ox succinate was nol inhibited

by the addition of SOF alone, whereas treatment

of L"s" ceils with Wood 46 resulied in a greater
inhibition of oxygen uptake when the substrate
wag glucose, than when the subsirate was
succinate, These memuliss suggest that SOF alone
could not penetrate the L"S" cells, but when
a-toxin was also present SOF could enter the

cells and inhibit electron traunsport, The
inhibition of L"S" cell respiration by Wood 46,
when glucose wag the substrate, was probably due
to cell damage as well as inhibitiop of electron
transport, because Wood 46 is known to cause
cytolysis, When BIK cells, respiring on glucose,
were treated with pseudomonas fractions, Wood 46
or SOF it was found that they were resistant to
Wood 46, and that a lag period was observed before
pseudomonas fractions or SOF inhibited oxygen
uptake because gthe glucose must be broken down before
- these compounds can‘act. These results indicate

that the fractions prepared from Ps.aerugincsa

can penetrate both L"S" cells and BHK cells end

inhibit electron transport,
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THE BFRLCT OF PSEUDOMONAS FRACTIONS

IN VIVO,
When mice were injeeted

intraperitoneally with a culture of Ps,aeruginosa

NCTC 6750, containing 40 x 1()8 organisms per ml,
the mice died within 12 hours., At post mortem,
there were no apparent lesions in the internal

organs and no Pseudomonas organisms were isolated

from swabs of the heart, liver and kidneys. This
result agreed with the previous work of Elrod and
Braun (1941) and Liu, Abe and Bates (1961) who

showed that the cells of Ps.aeruginosa were nRoe

toxic,y ie, the pathogenicity of this oxganism

was not dve to an endotoxin moiety but is due to
products of the organism other than this cell
component, Liu, Abe and Dates (1961) showed that

an extracellular slime (Table 7) was the most important

fraction in the pathogenesis of Ps.aeruginosa,

although both the h&emolysin and extracellular
enzymes (eg. lecithinase, proteage and lipase)
were contributing factors.

In order to determine whether there
had been any mitochondrial inhibition during the

period before death, mice were injected with
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8 . .
1l x 107 organismg of Ps.aeruginosa , and

mitochondrial suspensions werevprepared from
sacrificed animals at two,four and seventeen

hours after injection; thesc mitochondrial
suspensions possessed a lower respiratory activity.
However, PF 2 caused further inhibition in vitro,
Figure 53;. in other words the quantities of
l-hydroxyphenazine produced in vivo were too small
to inhibit the electron transport system to any
significant extent, so that the in vitro

addition of l--hydroxyphenazine potentiated the
inhibitory effect,

Results obtained when mice or guinea—
pigs were injected intraperitoneally, sub-
cutaneously or intravenously with erude pseudomonas
fractions, l-hydroxyphennzine (0.25 mg biological
preparation) or pyocyanin (0.25mg biological
preparation) were inconclusive, The animals were
not affected by any of these preparations, However,
it is possible that the quantities of pyocyanin
and l-hydroxyphenazine injected were too small,
Polarographic results revealed that the effect

of l-hydroxyphenazine was concentration dependent,
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and it was considered to be essential to inject
larger quantities of the preparations in order to

defermine whether the lethal effect of

Ps.aeruginosa was to cause a generalised bleock

in mitochondrial respiration, using chemical
preparations of pyocyanin and l-hydroxyphenazine,
These were injected into mice either i/v or i/pq
The mice died within two minutes of i/v injection
of pyocyanin (6.6mg) or l-hydroxyphenazine (2 mg),
and when mitochondria were prepared from the livers
of these mice, it was found that thexre was a
| ) reduction in oxygen uptake even efter sush a short
period of exposure, Table 32, There was evidence
that these chemical preparations had reached the
livers, since, on centrifugation of the mitochondria
the supernatant fluids were seen to he green (in
the case of pyocyanin) and yellowish-bLrown ( in the
cagse of l-hydroxyphenazine),

Mice injected i/v with l-hydroxy-
phenazine (lmg) did not die. after injection, These
mice were killed three hours after injection and
mitochondrial suspensicns were prepared; it wés

found that the rate of oxygen uptake by the
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mitochondria was halved. Intraperitoneal
injection of pyocyanin (6.6mg) caused the death of
mice within 10 minutes, but mitochondria prepared
from the livers of these enimals showed a similar
level of oxygen uptale as the controls, In
addition, i/p injection of l-hydroxyphenazine
(2 mg) neither caused death of the animals now
inhibition of oxygen uptake by mitochondrial
suspensions prepared three hours after injection,
The results ohtained after in vivo
injection of living organisms indicated that
insufficient l-hydroxyphenazine was synthesised
to cause a éignificant inhibition of mitochondrial
respiration, At first sight; this would eliminate
l-hydroxyphenazine as an important factor in the

pathogenicity of Ps,aerupinosa, since it would be

unreasonable to propose that vast amounts could be
synthesised during an infection, However,

subsequent in vivo experiments showed that there

was less inhibition of mitochondrial respiration
after the injection of large quantities of l-hydroxy--
phenazine, even though the animals died. On the

other hand, the injection of smaller quantities
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of l~hydroxyphenazine caused a greater inhibition

of mitochondrial respiration due to the prolonged
exposure of the liver cells to the action of the
chemieal, Therefore, it is reasonable to propose
that during an infection there would be a cumulafive
effect caused by the slow release of l-hydroxy-

phenazine,

THR EFERCT OF PYOCYANIN O 1-YDROXY-s

PHENAZINE ON MACROPHAGES OBTAINED FROM GUINEA-PIGS,

Macrophage cells are the first line
of defence when bacterial cells invade the animal
body. It was therefore decided té test whether
pyocyanin or l-hydroxyphenazine released by

Ps.aeruginosa would inhibit the mitochondria of

macrophage cells and thus interfere with the animal
boﬂy.defenceso

When the macrophage cells, obtained
by i/p injection of guinea-pigs with sterile paraffin
0il, were preincubated with biological or chemical
preparations of pyocyanin or l-hydroxyphenazine
(0.025mg) for 1 hour at 37°, the rate of oxygen

uptake was halved, Table 33, Addition of either
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preparation to respiring mitochondria had no
effect, This result indicates that a time lag
occurs to enable the absoxrption of the chemical

by the macrophage after which there is inhibition
of respiration., Symington (personal communication)
has shown that the respiration of Krebs 2 ascites
tumour cells is inhibited by preincubation with
Streptolysin S; there was little effect on
actively respiring cells., At this point, it is
interesting to note that pseudomonas fractions
will inhibit the respiration of Krebs 2 ascites
tumour cells, It would seem that there is no
perneability barrier to lehydroxfphenazine and that
macrophages may well be destroyed in large numbers

during a. Ps.aeruginosa infection,

A POSSIBLE MECHANISM OF THIS PATHOGENIC

ACTION OF PSEUDOMONAS ABRUGINOSA,

Many alternative theories for the

mechanism of pathogenicity of Ps.aeruginosa have

been put forward, The earlier workers (from

Bouchard, 1888 to Young,l947) laid great emphasis
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on. the antibacterial properties of products
from this organism (see pages 19-22)., The
importence of these propertieg was not realisgcd
with respect to the pathogenic action of

Ps.aeruginosa. It is possible that in vive,
.

competing bacteria in an infection would be
eliminated, thus allowing the unimpeded growth

of Ps.aeruginoga, Schoental (1941) extended heyr

work to show that the antibacterial products of

Ps.aeruginosa exertved a strong bactericidal

action towards both Vibrio cholerae and

Staph,aureus, when tested manometriecally. It
was stated that chloroform extraction of

" Pgs.aerucinosa cultures yielded three anti-

bacterial substances, namely,pyocyaning & -
oxyphenazine and a celourless bacteriolytic
substance, However, as shown in Plates 1 -0,
Schoental's work was not confirmed in this thesis,
since it was shown that the antibiotic effect was n
associated with the chloroform extract of a

culture supernatant fluid of Ps.acruginosa, Pr 30,

but was associated with the crude pseudomonas
fraction, P¥ 2, and the chloroform-insoluble
fraction, PF 32, In addition, results shown in

Plates 5 and 6 indicated that a pyocine, as




described by Osman (1964) was not associated
with these chemical coumponents, since there was

no inhibition of growth of Pseudomonas specieg,

Recent investigations into the

mechanism of pathogenicity of Ps.aeruginesa

favour the pathogenic role of extracellular
enzynes or extracellular toxing, Liu, Abe

and Bates (1961) believed that an extracellular
slime, haemolysin and extracellular enzymes were
responsible for the overall pathogenic process of
this organism, 1In 1963,_ Liu and Mercer stated
that the relative resistance of man to infections
wvas probably due to both passivé immunity acquired
via the placenta and active immmnity acquired
through exposure to latent infections, although
this would seem to be a doubtful hypothesis,
Gaines and Landy (1955) reported that antibody

titres to the lipopolysaccharide of Ps.aeruginosa

increased as an individual aged., Liu and
Mercer (1963) believed that the virulence of

Pg,aeruginosa depended both on its ability to

grow in the serum of animals and its ability to

‘produce various types of extracellular toxins,
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eg. lecithinase and protease, No strain of

Ps.aeruginogsa lacking either of these characiteristics

was ever found to be virulent to animals., These
authors also believed that thce susceptibility of

animals to infections with Ps.aerurinosa varied

considerably depending on the ability of the sera of
these animals to inhibit the growth of the organism,
This also depended on the content of specific antibodies,
to each serological typé of surface antigen, in the
sexrum,

Liu (1966a) separated the lacithinase and

protease of Ps,aeruginosa and showed that the

lecithinase was primarily responsible for oedema and
liver necrosis, and that the proiease was responsible
for the haemorrhagic lesions of the intestines and
lungs. Liu (1966b) also demonstrated the in vive

presence of a lethal toxin,produced by Ps.aeruginosa,

which appeared to beﬂprotein in nature, It was
suggested that the lethal effect of pseudomonas
infections involving a large area of skin was probably
due to absorption of the lethal togin produced in the
skin, and not due to the effects of the resultant

bacteraemia,
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Jones, Jackson and Lowbury (1966)
believed that the failure of antibiotic therapy

in the treatment of Ps.aeruginosa burn infections

was due to the irreparable damagé (cellulitis,
invasion of the walls of small blood vessels
and septicaemia), which had often occurred by
the time the infection was diagnosed. This
would also tend to suggest that extracellular
products are of great significance in the

pathogenicity of Ps.aeruginosa,

However, these theories do not take
into account the precise biochemical action of

certain products of Ps.aernginosa in vivo. As

lalready mentioned, l-hydroxyphenazine an extra-

cellular product of Ps,aerupginosa, inhibits the

electron transport system at a site corresponding
to CoQ or (CoQ ~ ¢yt b), probably due to
competition for this site in the chain. The
relative concentrations of l-hydroxyphenazine

and CoQ were found to be important in in vitre
expe:imentsg This was confirmed in the series
of in vivo experiments carried out during this

investigation, Phillips, Hoppner, Murray and
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Campbell (1969) studied the ubiquinone levels

in the liver of healthy and diseased individuals,
They found that age influenced liver ubiquinone
content, At birth, the ubiquinone level was low
and increased during the first year of life,

This interésting finding could account for the
extremely high susceptibility of premature

infants to fatal Ps.aeruginosa infection, see

pages 3 to 7, Ubiquinone levels in lifer
from children (over one year) and adults did not
show a difference between healthy and diseased
individuals ( causes of death studied included
accidental, heart and coronary diseases, cancer
and respiratory diseases)., These results might
indicate that the levels of ubiquinone in
premature bébies would influence their

susceptibility to Ps.aeruginosa infections, but

they would not account for lethal infections
caused in children, over one year, and adults,

" Nelson and Berk (1960) suggested that
the-development of lesionsg involved an alternation
between toxic destruction of cells and bacterial

maltiplication, This hypothesis could explain
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why Ps.aeruginosa lesions persist even after

antibiotic treatment, since an unspecified
toxie substance would be unaffected by the anti-.
biotics and could cause cytolysis with consequent,
lesions., Thus the release of l-hydroxyphenazine
or of pyocyanin, which breaks down to l-hydroxy-
phenazine, could cause cellular damage, even
while antibiotic treatment was being carried out,
One of the most serious problems

of Ps,aeruginosa infection is that of burn wound

sepsis, often leading to fatal complications,
In 1968, it was shown by Atik, Liu, Hanscn,
Amini and Rosenberg that a lethal exotoxin from

Pg,aeruginoga caused two types of reaction in

the dog, an immediate anaphylactoid reaction
from whiech the dogs usually recovered, and a late
hypotensive reaction which persisted and slowly
progressed to death in 24 hours in untreated
dogs. The circulatory and biochemical changes
studied in aésociation with this exotoxin shock
were similar to those described for endotoxin
shock, These authors postulated that the

pseudomonas organisms grew in superficial
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wounds, secreting into the blood stream the
exotoxins which caused shoclk and death., Thus
patients suffering from diabetic gangrene or
burn wound sepsis, together with a pseudomonas
infection may go into shock and die.
'Studies on tissué.culture cells,

~ascites cells and guinea-pig macrophage cells
showed that pseudononas fractions could epter
intact cells and inhibit the uptake of oxygen.
In vivo experiments indicated that an i/v
injection of a sublethal dose of l-hydroxyphenazine
(1 mg) into mice caused a 50% impairment of
oxygen uptake by mouse liver mitochondria,
whereas a large lethal dose killed animals but
did not affect the‘oxygen uptake by their liver
mitochondria to the same extent, In addition,
incubation of macrophage cells with l-hydroxy-
phenazine or pyocyanin for 1 hour at 37° resulted
in a 50% impairment of oxygen uptake by these

cells,
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AN HYPOTHESIS TO BXPLAIN SOME ASPECTS

OF PSEUDOMONAS AFRUGINOSA PATHOGENICITY,

It is possible to postulate that
in a superficial wound or burn infected with

Pg.aeruginogsa, first, l-hydroxyphenazine would

be produced which would cause an impairment of
efficiency and possibly death of macrophage
cells; thus removing the first line of defence
of the body., Secondly, this would be followed
by the further desiruction of tissue cells and
finally l-hydroxyphenazine would be released into
the blood-strean. The l-hydroxyphenaszine,
produced by the organisms at the site of infection,
would reach the liver, and accurmlate in ever-
increasing quantities in the liver cells.
Eventually, the liver mitochondria would he
totally inhibited with subsequent cytolysis

and death of the animal, This hypothesgis may
‘not account for the total pathogenic activity

of Ps,aeruginosa, since there are many extra-

cellular substances produced which may play some
part in such a compiex mechanism, However, the

sequence of events, which have been outlined,
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would certainly explain why pseudomonas

infections are so persistent,

Pseudononas acruginosa, a primary or secondary

invader?.

As mentioned in the review of the
literature, the definition of primary and
secondary invader is rathexr tenuous, 1In a

mixed infection, Ps,aeruginosa, because of its

ability to synthesise amtibacterial compounds,
would gradually dominate other pathogenic

bacteria, eg, Staph.aureus, Consequently, it

would appear that the psendomopas infection
was secondary even though small numbers could
possibly have existed with other organisms for
a much longexr time, Therefore, in the opinion

of the author, the designation of Ps,aeruginosa

as a secondary invader would seem Yo be invalid.
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