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OBJECT OF THE RESEARCH

Although the production of a diffusible blue—green pigment,

pyocyanine by Pseudomonas aeruginosa is one of the common place

observations of bacteriology, many aspects of the phenomenon remain to

be explained.

Burton, Fagles and Campbell (1948) and Ingledew and Campbell (1969a.)
showed, with the ATCC 9027 strain, that phosphate deficiency in the culture

medium is one of the factors which induce pyocyanine synthesis.

The objects of this investigation were :

(a) To confirm the earlier work on the role of phosphate deficiency
and to explore the effect of altering other constituents of the
medium. This was done with NCTC 6750, the type strain of

P. aeruginosa.

() To attempt to explain how the phosphate level of the medium
regulates pyocyanine production.
(c) To investigate the possible role of pyocyanine in the metabolism

of the parent organism.

To provide a chemical basis for the investigation, pyocyanine
and some related phenazines were synthesized and considerable effort taken
to characterise their absorption spectra in the ultra-violet, visible and

infra-red regions.
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SECTION I : PYOCYANTNE

A. Original Observation of Fyocyanine

The observation of blue green pus in infected wounds was made some

years before Pseudomonas aeruginosa itself had been characterised.

Pyocyanine was first isolated from Pseudomonas cultures by Fordos in 1860.

He achieved this by adding ammonia to cultures of 'Bacillus pyocyaneus'

and then extracting the blue pigment with chloroform. He demonstrated
the alkaline nature of aqueous pyocyanine solution after evaporating the

chloroform and harvesting the long blue needle shaped crystals.

Gessard (1882 and 1890) improved the extraction procedufe by
shaking the chloroform solution with agueous acid. The red aqueous layer,
after restoring the blue pigment with alkali, re-~extracted with chloroform
to yield the purified blue pigment. Cessard (1890) showed that two
substances were responsible for pigmentation of ‘the culture supernatant,
namely
() Pyocyanine :~ a bluish green, non-fluorescent compound formed in
peptone medium. It was water--soluble and, from alkaline solution, could be
extracted into chloroform;
(v) Fluorescin*:m a greenish yellow fluorescent compound formed only in

the presence of phosphate. I% could not be extracted into chloroform.

Gessard noted that some of the cultures were achromogenic.

Jordan (1899) studied seven strains of P, aeruginosa and found that one

produced only pyocyanine, five produced both pyocyanine and fluorescin and
the remaining one gave only fluorescin. He reported that fluorescin

production required phosphate and sulphate while pyocyanine required neither.

* This is distinect from Fluorescein, which is the oxidised form of Fluorescin,




Usiﬁg synthetic media he noted in old cultures the formation of dark
degradation products and yellowish brown pigment whose origin he ascribed

to the oxidation of fluorescin.

B. Properties, Synthesis and Structure

Wrede and Strack (1924) showed that pyocyanine, allowed to stand
in dilute alkali exposed to air, changed colour from blue to red. The
product of this change was not chloroformesoluble. Addition of acetic
acid to this liquor followed by concentration gave yellow needle-shaped
crystals ags precipitate. Addition of mineral acid caused the colour to
revert to red. This yellow compound was identified as ‘hemipyocyanine’?
(wrede and Strack, 1928) and was also obtained by heating dry pyocyanine.
The empirical formula was glven as CleBONZ' 'Hemipyocyanine! and
'leucopyocyanine' were described as the‘oxidation products of pyocyanine
in alkali exposed to air. In an effort to determine the structure of the
pigment, Ledderhose (1880) had synthesised the first derivative, the
picrate, and determined the empirical formula Cl4Hl4ON2‘ Little further
investigation took place till McCombie and Scarborough in 1923 synthesised
a series of different salts and concluded that the formula for pyocyanine
was C28H2803N4' Wrede and Strack (l929a) revised their proposal and
invoked the existence of a dimeric structure having the formula 026H20N204'
Earlier work (1924) had shown that glucose or dithionite could be used to
reduce the pigment to a colourless 'Leucopyocyanine! which was reoxidised
readily by the atmosphere. Their suggestion of a dimeric form stemmed
from their evidence that reduction with hydrogen over platinum, followed by

benzoylation, gave a compound ClSHllONZ (C7H50). Insight into the

structure of the aromatic nucleus of pyocyanine was derived f{rom the



isolation of the tricyclic nitrogenous base, phenazine, following
distillation of 'hemipyocyanine' with zinc dust (Wrede and Strack, 1925).
Later Wrede and Strack (1929b) achieved the first chemical synthesis of
pyocyanine and showed that ‘Yhemipyocyanine! was in fact, l-phenazinol,
the l-hydroxy derivative of phenazine. An identical synthetic route was
described in greater detail by Surrey (1955) and, as will be described

in Materials and Methods (see page 47 ), was used in this investigation.

Although the molecular weight estimations of McCombie and
Scarborough (1923) implied that pyocyanine existed as a dimer, Michaelis
(1931) pointed out that this was unnecessary and ocutlined the presently

accepted formula according to the scheme of reactions as follows :

OH f o o |
Q0 2200 ~ LD
N oo | '\|‘+ ‘]’4
| CHs CHg

[ hzmipyocyqnine] resonance forms of

| hemipyocyanine pyocyanine

l reduction

'II CH
@[”(5
t\‘lf

CH3

leucopyocyanine



The degradation of pyocyanine to l-phenazinol has a parallel in the

oxidative demethylation of methylene blue in alkali (Swan and Felton, 1957)

N .
(CH3)2N:M’©S:©\N(CH3)2 methylene blue

The relative position of the methyl and hydroxyl group on the
pyocyanine molecule was established by Hilleman (1938), employing the oxalyl

chloride treatment of l-phenazinol to give a cyclic addition product thus

'ty

Resonance hybrid structures have been proposed for pyocyanine

confirming the structure.

from dipole moment measurements (Jensen and Holten, 1949). This dipolar
bond character may have been the cause of erroneous estimation of empirical

formulae quoted earlier.
Co Isolation and Determination

Spectrophotometry of pyocyanine in solution is the basis of
reported methods of detection, although solvent and calibraiion material
varies With different workers. Barly literature on spectrophotometry of
pyocyanine included the work of Babes (1890) who noted two spectroscopic
absorpitions at 350 and 660 nm. Cluzet (1921) reported a UV maximum at
377 nm and Ehrisman and Noethling (1936) found A max values in alkaline
solution at 326 and 660 nm. These values répresent incomplete studies
and more recent repbrts dating from the work of Kurachi (1958b) are
compared in Table VIa (see page 69) with those Amax values found in this

investigatione.



Pyocyanine can be detected by its broad absorption in the 700 nm
visible region but there is variation in their exact Amax position @
690 nm (Kurachi, 1958b) and 740 nm (Corbett, 1964)0 The two methods
normally employed by workers in the>field are as follows @

a) (MacDonald, 1966 and Ingledew and Campbell, 1969a)  Exhaustive
extraction with chloroform outlined in Figure 5 (page 49 ;
based on the Wrede and Strack meﬁhod, 1924), followed by
spectrophotometric standardisation (E69O) against pyocyanine
perchlorate (€= 34OQ)

b)  (Xurachi, 1958b) Spectrophotometry (E690) of a bacteria free
agueous alkaline solution followed by calibration with freshly

prepared pyocyanine ( €= 4100).

Both methods of assay avoid the possible interference, suggested
by Kurachi (1959c)v which may arise from the oxidative demethylation of
pyocyanine to give l-~phenazinol at low redox potentials. The extraction
procedure in (a) removes l-phenazinol through its insolubility at acid
pH and in (b), Kurachi demonstrated that E690 is not influenced by

contamination with l-phenazinol.
D. Biosynthesis of Pyocyanine

Studies on the biosynthesis of pyocyanine have been hampered by
the fact that the labelled substrate is catabolised before its incorporation
into pyocyanine. The work outlined in Table I is based on the study of
the percentage of 140 incorporated into pyocyanine relative to the

quantities found in cellular or respiratory components,

The problems of precursor metabolism were circumwented by the work



TABLE I

Literature reported Biosynthesis Studies on Pyocyanine

Author Main Conclusion

Blackwood and Neish (1957) 14C-glycerol most effect substrate
giving labelled pyocyanine.,  Other
substrates were glucose, fructose, alanine,

leucine, pyruvate and acetate.

Frank and De Moss (1959) Lo alanine grown cells gave labelled
pyocyanine. After transfer of these cells
to "cold" alanine, unlabelled pyocyanine was
produced indicating direct use of amino acids.

Mixed 14

C-alanine plus pyruvate or glycerol
changed the percent incorporation as did
variation of phosphate concentration and

growth, lwphenazinol—14c was not a

pyocyanine precursor,

Kurachi (1959&) Some strains increased pyocyanine production
when anthranilic acid was added,. In
cultures where growth was inhibited by
acetanilide, supernatant accumulation of
anthranilic acid occurred plus 'labile!
compound. (not characterised). 'Labile?
compound stimulated pyocyanine production
by other strains. Suggested as Ch erismic

acid derivative.




@

Author Main Conclusion

Millican (1962) ' 14Cmshikimic acid substrate gave high
activity pyocyanine and extensive

"gerambling',

MacDhonald (1963) Substrates providing more pjoayanine carbon
than cellular carbon were fructose, ribose,
a~keto-gluconate, glucose, glycerate,
N-acetylglucosamine, shikimic and quinic acids.,
Glycerol was shown nct to provide pyocyanine
building blocks directly. Most pyocyanine
carbon was derived Irom guinic acid
although it was also best substrate for
growth. Amino aclds, malonate and acetate

were not directly condensed to give pyocyanine.



of Ingledew and Campbell (1969b) using a ?Q negative? strain (one which
could not metabolise quinate or shikimate). Competition experiments
using labelled 2-ketogluconate and shikimate or quinate revealed that 98%
-and 44% of pyocyanine carbon came from the two ar§matic acids respectively.
The assignment of precursor status to either shikimate or quinate was
prevented by the detection of labelled shikimate in cultures supplied with
quinate-l4c. The latter wés shown to be in equilibrium with dihydro
shikimate and dihydro quinate, any of which could act as building blocks

for pyocyanine.

Assuming a methionine donation of the N-methyl group (Kurachi, 1959a
and Shiek and MacDonald, 1964), Ingledew and Campbell (1969b) proposed <the
bioéynthesis of pyocyanine to occur via the condensation of two nitrogenous
derivatives of shikimate. Ingledew suggested the participation of a
precursor from the branch point between dihydroquinate and ch orismate

outlined in Figure 1 .

Other workers have proposed the condensation of hydro aromatic
compounds anthranilate (Carter and Richards, 1961) and of kynurenine
sulphate (Hollstein, Burton and White, 1966) from the degradation of

tryptophan shown below :

‘ 2

6 4 co5
: - NH,
CC@ kKynurenine
Ly Y — %
N™  NH3 Thi , \\\& )
CHO /'i CO,
NN +
NH
tryptophan N-formyl anthranilate

Kynurenine



Figure L

Biogsvnthetic pathway leading to Aromatic Amino Acids

(from Ingledew and Campbell, 1969b)
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Such schemes are analagous to the biosynthesis of the actinomycin

chromophore (Katz and Weissbach, 1962) :

//N
™ l @)
which has been shown 1o result from the condensation of two molecules of

4=methyl—3=hydroxy anthranilate.
B Oxidation Reduction Potentials of Pyocyanine

The structure of pyocyanine ig such that it is autoxidisable
i.es capable of undergoing reversible oxidation and reduction, the structures

involved having Eo values and colour changes recorded in Figure 2

According to Friedheim and Michaelis (19%1), the redox reactions
of pyocyanine fall into two categories. At pH above 6 it behaves as a
normal quinoid type dye, two elecirons being added in the reduction process
(route l) and the blue oxidised form changing to colourless reduced pyocyanine,
At pH below 6 the oxidised form exists as the red protonated cation,
Reduction is achieved by the one electron steps (23) and (2b) through the
green semiquinone form to the colourless reduced compound. Michaelis (1932)
suggested that pyocyanine could function in a manner similar to the NeQ=
isoglloxazine ring of riboflavine, the prosthetic group in flavoprotein,

reacting via a onew~electron intermediate product (semiquinone).

(Bo! ~ Standard Reduction Potential for autoxidisable couple when
the molar concentration of oxidised and reduced species at
PH 7 are the same. According to thermodynamics the
electron flow is from the negative (reducing) to the

positive couple wntil equilibrium is attained).



Eqo volis

Oxidation-Reduction potentials for Pyocyanine at various

pH_values (from Freidheim and Michaelis, 1931)

- OH
& Nar™
+0O-3 +
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H
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The structural similarity is illustrated below ¢

Ff iy R m
BeESdwstsdmases
oxidised semiquinoné | reduced
Re=ribose

This aspect of pyocyanine activity has not yet been demonstrated in
biological systems although Zuagg (1964) detected pyocyanine semiquinone

at low pH.

The prediction of'biological activity of a redox couple from its
Eo' values is complicated by binding and permeability effects in an in vivo
situation (Hewitt, 1950). In further consideration of the redox activity
of pyocyanine, it is useful to compare its Eo' = ~0,034 volis with those
of reactions occurring in the mitochondrial system (Figure 3 ). The
potential in volts (on ordinate) shows the correlation of electron transfer
to oxygen in the respiratory chain. It should be noted that the flavo=
protein (o' =-0,30v) is lower than free riboflavine (Ho' = -0.20v) and that
pyocyanine (Eo' =-0,0%v) is in a similar position to the fumarate-succinate
couple. Zuagg proposed that chemical associgtion of pyocyanine with the

enzyme~substrate complex or with the lipid phase of the reaction could lead

10 stabilisation of the free radical intermediate.
¥, Biological Activity of Pyocyanine

Pyocyanine prepared by synthesis has been shown to affect a variety

of biological systems. Table II contains a sumnary of the observations



Figure 3

Oxidation~reduction potentials in respiratory chain carriers
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(from Hawker and Linton, 1971)
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Literature reported biological activity of Pyocyanine

Author

Date

System being

Effect of Pyocyanine

investigated
Ehrismann 1934 Variety of Bacterial Respiratory stimulation which
Cells was not counteracted by '
cyanide or fluoride. Catalysis
of respiration in acetone dried
cells.
Friedheim 1934  Tumour Cells Stimulated oxygen uptake of
cells suspended in glucose.
Effect not seen in glucose-
bicarbonate medium,
De Meio, Kissin
and Barron 1934  Tumour Cells Restored respiration of cyanide
and fluoride inhibited systems,
Runngstrom and
Michaelis 1935 Haemolysed Blood Hexose phosphate synthesis
Preparation from added glucose and NAD or
glucose and pyocyanine.
Dickens 1936 Tumour and Normal Stimulated oxygen consumption
Cells and depressed aerobic
glycolysis.
Weil-Malherbe 1937 Brain Tissue Cells Stimulated a-keto glutarate
utilisation.
Young 1937  Cerebral Cortex Glycolysis and respiration on

glucose accelerated, followed
by irreversible inhibition.



System being

Author Date investizated Effect of Pyocyanine
" Dickens and 1938 Tumouxr Cells Respiratory rate of hexose
MeIlwain : monophosphate system
stimulated while aerobic
glycolysis decreased.
Anaerobic glycolysis inhibited.
Pyocyasnine was a less
efficient electron carriex
than FAD. Lactate and malate
dehydrogenase activity
gtimulated., Evidence
suggested structural association
between enzyme substrate complex
and pyocyanine,

Lennerstrand 1938  Phosphate buffered Pyocyanine competed with
solution containing acetaldehyde and more phosphate
glucose/apoenzyme/ became organically bound,

NAD and acetaldehyde
giving phosphoglyceric
acid. '

Fazekas, Colyer, 1939 Vhole animal (cat) Cerebral oxygen consumption

Nesin and Himivich increased and central nervous

system disturbed.

Soresina 1939  Chick Bmbryo Rate of growth stimulated.

Kharchenco, 1947 Whole animal (rabbit) Increased respiratory rate

Ryabushko and and depressed CNS zsctivity.

Petrukhova

McIlwain 1950 Tissue Cells Pyocyanine accumulation

within the cell,
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Systenm being

Auvthor Date investigated Effect of Pyocyanine
. C?Se anq ) Mitochondria Stimulated respiration and
Mellwain 1951) £ lowered the yield of
Judah and ~rom phosphorylated products of
Williamg~ brain and liver metabolism,
Ashman 1951)
Owen Jr.,
Karlson and
Zellexr 1951 Mycobacteriagl Inhibited oxygen consumption.
L—amino acid
oxidase
Campbell,
Mac@uillan,
Bagles and
omith 1957 Glucose catabolism Substrate oxidation was
of P, fluorescens stopped at 2-keto gluconate
and Pr. vulgaris stage. Lactate and malate
oxidation was inhibited at
pyruvate and oxalacetate
respectively. Succinate and
fumarate oxidation was stopped
at oxalacetate.
Hill and 1959 Chloroplasis Increased phosphorylation
Walker suggested as arising through

participation of free radical
form of pyocyanine.
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System being

Author Date investigated Effect of Pyocyanine

" Marcus and 1962 I~amino acid oxidase Inhibition of respiration
Feeley from snake wvenom explained as reduction of

PAD-enzyme complex to less
active form. Activity was
substrate-dependent, actively
metabolised substrates being
most inhibited. Inhibited
substrates were less alfected
as their concentration
decreased. Findings were
interpreted as pyocyanine
involvement, not at substrate-
enzyme site but at flavoprotein-
oxygen contact. Semiquinone
of flavoprotein at high
concentration was most
inhibited through conversion
by pyocyanine to an inactive
reduced form.

Landau, 1963 Rat liver sglices 14Cmg1ycerol utilisation

Hastings and stimulated to increased CO,

Zotter production and incorporation
of ¢ into glycogen and fatty
acid,

Harman and 1963 SDE from brain Inhibition of SDH activity
MacBrinn tissue and rat showing pyocyanine concen—
liver tration dependency which was
taken as evidence for dual
wite of action (a) enzyme
flavoprotein and (b) cyto-
chrome chain.
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made on whole animals, isolated organs, dispersed mammalian and bacterial
cell suspensions and isolated enzyme systems from mammalian sourcese. It
can be seen that in most systems, pyocyanine stimulated oxygen consumption

and/or substrate utilisation.

Various atltempts have been made to explain the physiological
significance of pyocyanine tohits parent organism, From the date of
identification of its redox activity, pyocyanine was given the role of
accessory respiratory catalyst (Stheeman, 1927). Friedheim (19%1) found

that the oxygen consumption rate of P, aeruginosa cells grown in non-

pigmented culture was stimulated when pyocyanine was added. He attributed
the effect to increased utilisation of substrates provided by cell lysis.,
Lichstein and Sauie (1944) showed that azide inhibited respiration of

P, aeruginoga was counterbalanced by pyocyanine.

In 1960 Kurachi, interested in the extracellular production of a
proposed respiratory catalyst, investigated the problem using a variety of

P aeruginosa cell preparations. F'reshly harvested glucose~grown cells

were washed and stored (16 h). Their endogenous respiratory activity was
uwnaffected by addition of pyocyanine, However cyanide-~inhibited endogenous
metabolism was stimulated after addition of pyocyanine. Pyocyanine addition
did not affect the rate of metabolism of the cell suspension when exogenous
substrate was provided. Kurachi considered it unlikely that pyocyanine

played any active part in P. aeruginosa respiration unless the cytochrome

chain was inhibited (e.g. by cyanide).

Kurachi showed a more striking effect with the products of cell

autolysis in non~pigmented 4 day cultures of P, aeruginosa. On addition

of glucose; lactate or succinate the autolysate failed to consume oxygen,
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but a2dding pyocyanine resulted in measurable respiratory xate.

A similar stimulation was reported with acetone-dried preparations
from glucose and glycerol—grown cells, With glucose-grown, acetone~dried
cells, respiration with gluconate substrate and pyocyanine was twice that
with glucose under similar conditions. The lack of respiratory activity
~in the acetone~dried cells was thought to be due to the removal of NADP+
and FAD dvring sample preparation., As pyocyanine could substitute for
tﬁese coenzymes, a “bridging" function independent of flavoprotein was

inferred. Kurachi concluded that P, aeruginosa cells could acquire energy

anaerobically through the use of pyocyanine as an electron coupler in

glucose oxidation and in fumarate reduction.

Kurachi also demonstrated an aspect of pyocyanine action other
than that of hydrogen acceptor. Although the oxidation of lactale by
acetone~dried cell preparations could be stimulated by pyocyanine and by
methylene blue, the lower activity of the latter was not reflected in
comparing dye colour reduction rates. This was regarded as evidence of an

alternative mode of respiratory catalysis by pyocyanine.

In further examination of pyocyanine activity using cell free
lysate preparations, Kurachi found that gluconate and giucése both reduced
pyocyanine under anaerobic conditions and that this reaction could be
coupled to the reduction of fumarate to succinate. Reduction was not
observed under aerobic conditions. Thig reaction was also demonstrated
with glucose=b6-phosphate and the malate/laotate couple, This was cited as
evidence of a function for pyvocyanine a) under anaerobic conditions where
the reduction in cytochrome system was inoperaéive, or b) where phosphate—

deprivation led to a shortage of FAD or MNAD.
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G Other BacterialvPhenazines

Pyocyanine is one of many naturally-occurring phenazine
derivatives. Thoge which have been reported in cultures of strains of

P. aecruginosa are presented in Table IIL . Although they are suspected

of having a common biogynthetic origin (Chang and Blackwood, 1968)
~ interconversion is not thought probable. The breakdown of pyocyanine in

agelng alkaline cultures has already been discussed.

The types of phenazine derivatives produced by the family
Pseudomonadaceac include the general class of 5, lO~dioxides the parent
structure of which, 1,6-phenazinediol = 5,10-dioxide (Jodinin) has the
numbering system shown below, (Clemo and McIlwain, 1938) i

O
9 10 | i QF
SLOs G
|
7 N 3 {\1 7

Hydroxy phenazine derivatives have been isclated from P, aureofaciens

(Levitch and Rietz, 1966)

H
[::j:Nf[::J/XD 2-hydroxyphenazine
N/

.2~hydroxyphenazine
and COH

H
# ‘ h%sz:{’() 2-hydroxyphenazine=le
Xy ~NF

carboxylic acid

Phenazine derivatives are also produced by other micro~organisms,

For example Streptomyces griseoluteus produces Griseolutein A and B

(Wakamura, Maeda and Umezawa, 1964)
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CEE% OCHB
) Ny Griseolutein A
N~ (
l-methoxy-4- hydroxyacetoxy-
C Hzoci‘CHQOH v

methyl ~9=-carboxy phenazine)

and Griseolutein B (l-methoxy=4,6,7,12=~tetrahydro~b-hydroxy=6-hydroxyme thyl-

2H~0xazino 5,4,3~d,e phenazine~ll-carboxylic acid).

The most recent novel phenazine obtained by Hanson (1968) from a

Sorangium strain is lehydroxy-6-methoxyphenazine 5,10-dioxide (Myxin).

OH

~

O=Z

OCH
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Phenazine derivatives produced by Pseudomonas aeruginosa

Structure Colour Systematic (common) Reference
' name
OH Yellow 1l-hydroxyphenazine Swan and Felton (1957)
~-N
N (1--phenazinol) Gerber (1967)
ANF
CI%J* Yellow  phenazine-l-carboxylic Toohey, Nelson and
. ]qj[:%j acid Krothov (1965)
E::];v’ & (tubermycin B) Gerber (1969)
CIDh”iE Yellow  phenazine-le—carbox- Takeda and Nakashini
N (oxychlororaphine)
CC%}% Red Seme thyl=T-amino Holliman (1957)
Ny phenazine-lecarboxylic
N:I::j\Tq acid
|+ }%2 (aeruginosin A)
CHy
Red Heme thyleT=amninowl=- Herbert  and Holliman

carboxy phenazine-
%=gulphonic acid

(aeruginosin B)

(1969)
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SECTTON TII :  PSEUDOMONAS AERUGINOSA

A. General Characteristics of the Organism

[ S st

'false monad!. The same Greek root has been used for the family

Pseudomonadaceae and the order Pscudomonadales to which the organism

. belongs. The characteristics and nomenclature of the type specles were

described by Migula (1900): Pseudomonas aeruginosa (Schroeter). He also

used the name Pseudomonas pyocyanes (1895)9 Barly identification was

[rtyavhiavarmree Y

LA Il

aeruginosum. The name 'ageruginosum' arose from the Latin meaning 'copper
rust! because of the organism's green pigment. Befeore Migula's classific—
ation the orgenism was isolated in pure culture by Gessard in 1882. He

used the name Bacillus pyocyaneus or commonly 'blue pus' organism due to

its not infrequent occurrence in wounds.

The detailed analysis of nutritional spectra of P, aeruginosa

was made by Stanier, Palleroni and Doudoroff (1966) and represents the
acceplbed taxonomic guide. The organism is Gram-negative and monotrichous,
the polar location of the flagellum being included as a criterion for
identification. Agar colonies are large and spreading with a translucent
irregular edge and gréyish dark centre. The culture normally imparis a
green or brown pigment and fluorescence to the medium and a characteristic

odour of Z2-amino-acetophencne is detected.

Many strains on nutrient ager undergo svontanecus lysis giving
irridescent erosions on the surface growth. The mechanism of these so-

called 'autoplagque' formations (Berk, 196%) is unknown and participation
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of bacteriocins, phage or asutolytic enzymes are not considered responsible
(Berk, 1966). Growth in broth is turbid and a thick pellicle is formed.
Pigment descriptions range from yellow green to blue with fluorescence,

the colour changing to brown with age.

The characteristic pattern of biochemical activities (Cowan and

Steel, 1965) is as follows:

catalase positive; oxidase positive;
oxidative metabolism in Hugh and Liefson test (1953) positives
common sugars not fermented (Wilson and Miles, 1964):
glucose oxidised to gluconate and 2-ketogluconate (Haynes, 1951);
nitrates reduced to nitrite, ammonia or free nitropgen

resulting in a facultatively anaerobic metabolism

(Robinson, 1932);

gelatine liquefied, milk peptonised but indole not formed.

To distinguish P, aeruginosa {rom other fluorescent aerobic

pseudomonads the ability to grow at 4200 and at 400 are used as differential

characters.,

The organism lacks a complete Fmbden=fteyerhoff system (Stern, Wang
and Gilmour, 1960) and glucose metabolism proceeds via the Entner-Douderoff

pathway (1952). When P, seruginosa is grown on tricarboxylic acid

intermediates it has a low level of the Entner~Douderoff enzymes gluconate-
f-phosphate dehydrogenase and KUGP aldolase and of the oxidative part of the
Pentose Phosphate Pathway. (Hemilton and vawes, 1960; Von Tigerstrom and

Campbell, 1966; Mg end Dawes, 19673 Lessie and Heidhardt, 1967).

Investigations into the extracellular products found in cultures
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of P, aeruginosa include the observation of slime formation (Brown and

Richards, 1964). This was a substrate-dependent property and has been
implicated in the mechanism of the organism's pathegenicity by Liu and
lercer (1963). The diffusible metabolic products regarded as characteristic

of P, aeruginosa in specific media, are pyocyanine and fluorescin. King,

Ward and Raney (1954) devised synthetic media, Medium A and B, to promote
separately the formation of these two pigments. The major difference in
these media is the phosphate concentration, a higher than optimal level for
pyocyanine resulting in improved yield of fluorescin which was not produced
in the absence of phosphate, The conditions for fluorescin production

have been investigated by King, Campbell and liagles (1948) but the literature
contains no investigation of its metabolic significance. Fluorescin has
been characterised spectrophotometrically by its intense UV absorbance over
the range 350 to 200 nm (Zanker and Peter, 1958) and has the structure

shown below:

HO

The significance of pyocyanine has been discussed in the previous
section. TFor pyocyanine detection Brown and Foster (1970) have proposed
the use of defatted miik medium to illustrate the pigment against a white
background, The uvse of chromogenic ability as a criterion of identification
under normally pilgment-producing conditions of growth must be viewed in the
light of MacDonald's (1966) demonstration that subculiuring can lead to loss

of pigment production,



26

B. Pathogenicity and Resistance

Ringen and Drake (1952) investigated the occurrence of P, aeruginosa

and reported its presence in various environments including sewage and the
intestinal tract. It is carried by 12% of healthy individuals (Shooter,
Walker, Williams, Horgan, Parker, Asheshav and Bullimore, 1966) and is
regarded as being an‘Opportuhistio pathogen, causing septicaemia, bacterial
endocarditis and infections in burn wounds and in the respiratory tract
(Curtin, Petersdorf and Bennet, 1961). The use of broad spectrum anti-

biotics may facilitate its growth in patients (Koch, 1956).

Investigations into the pathogenicity of P. aeruginosa date back

to 1899 when Emmerich and Low demonstrated the proteolytic ability of
culture filtrates of the organism, The presence of toxic extracellular
enxymes contributes significantly to pathogenic activity (Fisher and Allen,
1958). Cell products which may be important are haemolysin, lecithinase
and other protease and these have been linked with the destruction of
leucocytes (Liu, 1966),  Johnson, Morris and Berk, (1967) showed that
elastase production was involved in tissue necrosis. The breakdown
product of pyocyanine, l-phenazinol, has been implicated in the inhibition

of mitochondrial respiration (Armstrong and Stewart-Tull, 1971).

Problems in the treatment of infections caused by P. aeruginosa

arise from its drug insensitivity and its ability to utilise a wide range

of carbon compounds as nutrients. It is resistant to sulphonamides and
penicillin, and at present the effective antibiotics are Polymyxin, Colistin
and Gentamicin (Carrod and OfCrady, 1968). There is no satisfactory

explanation Tor the general resistance although an ability to inactivate
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some antibiotics has been demonstrated (Doi, Ogura, Tanaka and Umezawa,

1968).,
Ce Respiratory System

The regpiratory chain in P. aeruginosa according to Yamanaka and

Okunuki (1964) is outlined below 3

NADH dehydrogenase -- cytl 05 eyt ¢ oxidase-a;-()2

24
\ /

eyt ¢ 551
or

Blue

Protein\\

Succinate dehydrogenase-afcyt c560 Nitrite reductase : cyt ¢, cyt a
NG2

This scheme does noi consider the part played by the ubiguinone

and naphthoguinone components shown to be present in P, aeruginosa by Bishop,

Pandya and King (1962). The ubigquinone was present at higher concentration
and the levels of both were unaltered by growth of the organism under
anaerobic conditions with nitrate as the terminal acceptor. The presence
of ubigquinone and naphthoguinone has been demonstrated in_El_gg£i_(Kashket
and Brodie, 196%) and they are thought to act Between the dehydrogenase and
the cytochrome system. The oxidation-reduction activity of the cytochromes

in P, aeruginosa has been shown to act along with the enzyme cytochrome c:0

2

oxidoreductase (Azoulay and Couchoud~Beaumont, 1965). In nitrite reductase;
cytochromes a and ¢ have been found (Horio and Kamen, 1961),  Another
component of the respiratory chain is the copper-containing blue protein,

with one atom of copper per protein of molecular weight 17,000, It has
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maximum absorption at 630 nm in the oxidised form (Sutherland and Wilkinson,

1962; Ambler, 1963).

The dehydrogenases which have been shown té be associated with
fragments of cell envelope are aldehyde dehydrogenase (Heydeman and
Azoulay, 1963%) and alanine and succinate dehydrogenases (Campbell, Hogg
and Strasdine, 1962; Norton, Bulmer and Sokatch, 1963). As with the
mitochondrial system, flavine nuclectides as prosthetic groups have been
inferred from the suitability of artificial electron acceptors (Kornberg

and Phizackerley, 1961).

In general the respiratory chain enzymic activity is bound to
envelope particles and the following cytochrome-~linked systems have been

found :

succinate oxidase, Bently and Schlechter (1960)
glucose oxidase, Campbell et al., (1962b)

D-alanine oxidase, Norton et al., (1963).

The cytochrome content of the cells has been shown to vary with the

cultural conditions and with the phase of growth of the culture, increases
being detected after the maximal growth period (Gibson, 1961). Depletion
of oxygen in the medium can lead to utilisation of available nitrate via

the nitrite reductase system (De Ley and Kersters, 1964).

The literature contains no report of intracellular pyocyanine

acting in the respiratory chain described above,
D, Antibiotic Products

Tne antibiotic activity of pyocyanine is one of the oldest
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examples of a microbial product which is antagonistic to other bacteria
(Emmexrich and Low, 1899). These authors made ten~fold concentrated

culture supernstants which were lytic for Vibrio cholera and Bacillusg

anthracis. This type of activity was later atiributed to the 'enzyme

pyocyanase'. Klimoff (1901) refuted its enzymatic nature because it was

heat stable and the preparation was shown to be heterogeneous,

Schoental (1941) was the first to characterise several antibiotic

factors in P, aeruginosa cultures based on the comparigon with synthesized

compounds., Pyocyanine, l-phenazinol and a colourless oily fraction given
the name fpyccyanic acid' were described. These were considered to be

components of 'pyocyanase'.

To date, little more is known about the mechanism of P, aeruginosa

antibiotic activity. Literature reports are confined to observations of
bacteriostatic or bactericidal action and of respiratory inhibition. The
various investigators include Schoental (1941) and Waksman and Woodruff
(1942), and their results are characterised by variation in the reported
inhibitory concentrations,. Waksman and Woodruff also demonstrated that
pyocyanine activity varied accecrding to the method of growing the test

organism,

PRSI e

binding of pyocyanine to thiol structures such as cysteine -~ an associztion
which has been demonstrated. However, addition of the thiol did not reverse
the effect in bacteria treated with pyocyanine (Cavallito, 1946).

Schoental (1941) considered that l-phenazinol obtained from 10 day old

cultures of P. aeruginosa was a strong ‘bactericidal agenif., By wvisual

comparison of the growth of treated organisms I, coli and Strep, faecalis
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were among the few resistant species. Stokes, Peck and Woodward Jr.,
(1942) examined the bacteriostatic activity of 1—phenazindl in the growth
medivm, In evaluating these results it must be kept in mind that uniform

inocula were not used., S. auvreus, Strep. lactis and L, coli were

sugceptible although the concentration of l=phenazinol required was twice

that of pyocyanine causing a similar effect.

Other antibiotic products of P, aeruginosa were classified under

the general term 'pyo' compounds (Hays, Wells, Katzman, Cain, Jacobs, Thayexr,

Doisy, Gaby, Roberts, Muir, Carrol, Jones and Wade, 1945) having the basic

structure shown below:

OH

N CH2)nC Hy
n=234..
These compounds were active against both Gram—-positive and Gram-negative

organisms.
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SECTION ITTI ¢ INFLUwHNCH OF CULTURAL CONDLITIONS ON PYOCYANWINI PRODUCTION
A. Components of the Medium

Various synthetic and semi-synthetic media have been used in the

gtudy of pyoccyanine production by P. aseruginosa. Using his own isolates,

Gessard in 1890 studied minor biochemical differences, such ag the rate of
gelatin liquefaction, to distinguish his strains and noted their pyocyanine
production in various liquid media. He found that beef bouillon and egg
albumin encouraged both fluorescin and pyocyanine production and that

optimum pyocyanine production was achieved using peptlone solution gupplemented
with glycerol. The yields of pigment in agar were inferior. The

hydrolysis of zlbumin increased its uwtility as a growth and pigment
supporting substrate. Gessard (1890) was the first to show that ioss of

pigment production by a strain might occur spontaneously.

Jordan (1899),in his experiments to find the optimum conditions

for pyocyanine production used seven strains of P, aeruginoss isoclated by

other workers who had not explored their pigment preducing charascter.
Solutions containing asparagine or ammonium salts of lactate citrate or
acetate were successful media for pigment production, Only two pyocyanine
producers gave pigment on succinate. Tartarate, oxalate and formate
allowed the growth of all strains but did not give pyoccyanine, Nutrient
gelatin and beel broth were superior media in this respect and inorganic
growth factors such as PO43", 8042" Na+, Kt or Mg2+ had no stimulatory or
inhibitory efifccts on pyocyanine synthesis. Cne of Jordan's strains was
described as having spontaneously lost its chromogenic capacity and a

gsecond was made to do s0 by serial transfer in the pigmenit—producing medium.

The pyocyenine sysitem of the latter culture could not be regenerated. This
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brought Jordan to the conclusion that
"the pyocyanogenic property was sometimes spontaneously lost".

An interesting aspect of the work was the demonstration that noi
2ll cells of the one strain were equally chromogenic; plating out allowed
the selection of subcultures of non-pigmented cells which were identical
in all other respects. The problem was considered to have arisen through

the use of artificial media resulting in chromogenic loss and
"more degraded scions of a vigorous parent stock".

While investigating the minimum inorganic requirements for growth

of P, aeruginosa, Robinson in 1932 found that PO 5= and Mg2+ were

4

- 2~
s C1 , SO, were not. The best synthetic medium

4

for pigment production contained MgSO

. SN
necessary, while Na , K

KH2P04, NH , Cl with citrate and

4’ 4
acetate as carbon sources, No pyocyanine was produced under anaerobic
conditions even when I\IO:;-~ vas added to permit growth. Hobinson concluded
that pigment production reguired the same factors as were needed for growth
and that bacto-peptone liguid medium gave the best yields. As will be
appreciated later, it is interesting to note that phosphate was kept at a
low level to augment pyocyanine formation. Robinson stated the need,in

future work,for consideration of the concentrations of components and of

the level of disgolved oxygen in the medium.

Seleen and Stark (1943) in their investigation into the nutritive

requirements of P, aeruginosa isolated 37 pyocyanine-producing cultures

from selective media containing NaCl or KCN, They found glycerol peptone
agar the optimal medium for pyocyanine production. The effect of

temperature on pyoccyanine production paralleled its effects on growth with
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optimum at 37OC‘ Lack of homogeneity among sirains of the species is
exemplified in Seleen's work where 37 out of 199 strains of fluorescent

P, aeruginosa produced pyocyaniné. This type of observation coupled with

the spontaneous loss of pigmeni producing ability, probably represents the
reasons for the lack of information on the detailed requirements for

pyocyanine production up till 1947.

Burton, Bagles and Campbell in 1947 investigated the suitability
of various amino acids as sources of carbon and nitrogen. The strain of

P. aerucinosa used, ATCC 9027, provided consistent results and it has been

the strain most frequently used for the study of pyocyanine production by
Burton and his co-workers. Leucine and alanine were found to be suitable
gources of nitrogen, and in combination with glycerol and the salt solution
gpecified in Table IV , the medium gave optimal pyocyanine yield in
stationary liquid culture. Later Burton, Campbell and Eagles (1948)
analysed the inorganic requirements for pyocyanine production. The best
results were ob%ained-with particular concentrations of MgSOd,

Fe30 . The phosphate concentration was optimal at 0.04 g percent, lower

4

levels giving no growth or pyocyanine, while higher levels gave reduced |

KQHPO4 and

pyocyanine yields. Mg2+ added as the chloride and 5042" as sodium sulphate, .

illustrated the simultaneous stimulation of growth and pyocyanine by

magnesium and the selective promotion of pyocyanine by sulphate.

Burton's medium has been used to the present day for biosynthesis
studies on pyoccyanine production. Minor variations have been suggested and
these are outlined in Table IV . Hellinger (1951) suggested adding CaCO3
to overcome the inhibitory effects of lowered pH.

The absolute amounts of pyocyanine pfoduced in the cultures were
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measured by MacDonald (1966) under the conditions specified by the
original autheors quoted in Table IV . Pyocyanine was determined by

chloroform extraction and spectrophotometric (B, ,.) measurement according

690
to Kurachi (1958b)° The gquantities for ATCC vary from 100 te 300 ug/ml

depending upon the conditions of inoculation and incubation employed.

It was on the basis of Burton's work that Xing, Ward and Raney (1954)
formulated the diagnostic Medivm A for the identification of 107 strains

of P. aerusinosg whose chromogenic property was difficult to demonstrate.

The medium was made up of K2804,

used because of its low phosphate content.

MgClz, glycerol and bacto peptone wasg

The manipulation Qf the chemical components of the medium is only
oné asgpect of the problem. The physical conditiong of the culture have
been assumed varying degrees of importance depending on the strain and the
substrate, Grossowicz, Hayat and Halpern (1957) stated that acration of
liguid culture failed to stimulate pyocyanine production but that ophimum
production depended upon the volume of medium and the vessel, Kurachi
(19582 ) compared static and aerated liquid cultures and found the latter
gave 30% more pyocyanine. However the divergence of viable cell numbers
and pH change caused by the aeration,could have played a part in pigment
synthesis, A Kurachi found a temperature optimum of 3700 and noted a maximum

in the graph of pyocyanine produced versus substrate concentration,

MacDonald (1966) emphasized the difficulties in generalising about
the effect of cultural conditions. However he concluded that greater
congistency of pyocyanine yield was obtained in shaking cultures. The level
of phqsphate was critical in shaking cultures, 0.0l g percent giving maximum

pyocyanine wnile 0,005 and 0,04 g percent gave half the maximum,
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A technical problem in this work was illustrated by the use of two
atrains subecultured from the original ATCC 9027 strain of Burton et al.,
(1948), TFrom freeze-dried stock, using subcultures of fewer than three
transfers on Difco Maltose Broth, Machonald obtained the parent 9027 strain.
Strain PRIF20 cawme originally from the parent, but had been subcultured
extensively. Under identical conditions of inoculation and growth .these
two strains exhibited marked differences in their ability to produce pigment.
Machonald concluded that consistently high pigment producticn was not
possible unless the complicating effects of the past history of the organism

vere carefully controlled.

The work just described laid the foundation for the most recent
cul tural procedure, vhich was developed by Ingledew and Campbell (l969a)
and which has been used extensively in this investigation. The essential
feature of the procedure is that two media are used. The first is a
medium which supports heavy growth, but in which the cells do not produce
pyocyanine., Stationary phase cultures of this medium are used as the
inccwlum for the second medium, "Resuspension Medium" in which production of
pyocyanine occurs. The Resuspension Mediuwn ig nutritionally complete
except for the total absence of phosphate (see page 103). The carbon
gource; 2-ketogluconate,was the same in the growth medium ahd during
incubation of the cells in idesuspension Medium. Low levels of phosphate
were detécted in the supernatant after pyocyanine synthesis had started and
were ascribed to the breakdown of ribosomes in the organism. Some growth,
as measured by O.D. increase, accompanied pyocyanine production in the
Reguspension lMedium. Ingledew proposed that phosphate depletion acted as

a "frigger" for initiation and maintainance of pyocyanine synthesis,
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B. Condition of Inoculum

so far, the metabolic state of P, aeruginosa cells at the ongset

of pigment synthesis has not been established. From Table IV it can be
geen that the time for pigment production to reach a maximum varies
considerably. There is disagreement on whether the cells of the organism

are dividing during the phase of pyocyanine production.

=t

non-proliferating cells, The inoculum was taken from a 24 h nutrient agar
plate culiture and transferred, after washing, to a liquid medium containing
glutamaté as earbon and nitrogen source, MgSO4,and phosphate buffer at pH
7.4.. Maximum pyocyanine yield was obtained using an inoculum of 2.6 mg
dry weight of cells per ml. Lower levels of inoculation xreduced the

pyocyanine production but doubling the inoculum gave no more,or less, pyocyanine.

Frank and de Moss (1959) attempted 4o reproduce the results of
Grogsowvicaz using strain ATCC 9027. The same procedure for preliminary
growth of the cells, followed by washing and transfer to fresh medium was
adopted. The optimum inoculum was recorded as 1 x 109 viable cells/ml
and pyocyanine production was shown to be inhibited by phosphate levels
higher than 6 x 10m4 M, Frank and de Moss recorded a five-fold increase
in the viable cell count and a similar increase in bacterizl protein during

pigment production,

Halpern, Teneh and Grossowicz (1962) published a re-affirmation of
the non-proliferating nature of their pyoccyanine producing cell suspension

and no further work has been rewvorted 4o clarify the problem.
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In conclusion, pyocyanine production is strain dependent and can
take place in either simple or complex media. As shown by MacDonald
(1966), subculturing can lead to changes in the cultural requirements for
pyocyanine production or to apparent loss of the chromogenic ability. The

level of phosphate is one of the important variables.

It is noteworthy thaf most of the recent work has been done with
strain ATCC 9027 and comes from the laboratory of J.J.R. Campbell who was

an early collaborator of Burton.
C. Inhibition of Pyocyanine Production

Fujita (1L957) was the first to investigate the effect of

chloramphenicol on P. aeruginosa which had been subcultured in the presence

of the drug to induce resistance,while maintaining the pyocyanine production,
The MIC for non~resistant strains of the organism was 60 pg/ml.  The
concentration of chloramphenicol required to prevent pyocyanine production
by the resistant straiﬁ was 1,000 ug/ml. Avreomycin, terramycin and

streptomycin did not inhibit pyocyanine production.

In the resting cell system of Grossowicz et al., (1959), cyanide
and azide (lO"'5 M) reduced the amount of pyocyanine produced by 603%.
Todoacetate had a similar effect but azide at 1072 M had no effect on
pyocyanine production, Using cell inoculum levels below those which gave
optimal pyocyanine production, growth was observed and was found to be
inhibited along with pyccyanine production on trestment with penicillin,
gureomycin and chloramphenicol, Grossowicz concluded that the selective
inhibition of pigment synihesis required a respiratory poison. The

obgerved azide insensitivity was not rationaliscd. Frank and de Moss (1959)
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confirmed the inhibitory activity of chloramphenicol on pigment production.
Although they had previously recorded cell growth, a link between

pyocyanine production and protein synthesis was invoked.

Using structural analogues of metabolites Kurachi (1959d), whose
experimental system required anthranilate as substrate, found that

ace -tanilide and aniline blocked pyocyanine synthesis.,

An indication of inter-sirain wariation in the effect of
antibiotics was obtained by Sphneierson, Amsterdam and Perlman (1960).
Standard inocula of young cells of four pathogenic, pigmented strains whose
chloramphenicol MIC was 100 pg/ml, were all found to yield less than 50%
of the normal level of pyocyanine in the presence ofA2O ug/ml of the drug.
Erthromycin (50 pg/ml) and tetracycline (5 mg/ml) were effective in the
inhibition of pigment production with four and two strains respectively.
Growth was reported as being unaliered, although visual comparisons only
were made. The above observations could be due to bacteriostatic activity
of chloramphenicol, selection of particular mutants, or the direct

action on the pyocyanine synthetic system.

Espinosa, Hidalgo and Portoles (1972) tried to solve the problem
by comparing the response of normal and antibiotic-resistant strains to
80% of the MIC. Both exhibited the similar inhibition of phenazine
synthesis by chloramphenicel and oxyitetracyclin, even although no inhibition
of growth occurred. The estimates of pyocyanine production were based on
dry weight estimations on the supernatant ligquor and assumed other
extracellular products to be constant. o quantitative data on viability

were includede.
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The, activity of the respiratory inhibitors F , CN, NB" and

iodoacetate remains unexplained. The inhibitory activity of chloram-

phenicol implicates protein gynthesis during pyocyanine production although

the bacteriostatic effect has not been properly explained.




MATERIALS AND METHODS
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SECTION I : BACTERIOLOGY

A Culture of the Organism

1, Strain of Pseudomonas_aerugzinosa

The National Collection of Type Cultures (WCTC) 6750 P, aeruginosa,

type species of the genus Pseudomonas was used throughout. For

maintainance of stock cultures, ampoules of cells which had been freeze

dried in Mist Desiccans (3 parts serum plus 1 part 30% glucose nutrient
broth) were opened and plated on to Trypticase Soy Agar (TS4; BBL,

Bioquest: Appendix 1 ). Single colonies from the pigmented growth

were transferred to nutrient agar slopes which were incubated for 18 h at 370
and stored at 400. iach slope culture was opened only 4 times and was

discarded after 4 weeks.
2 Medig

a. CGrowth Medium of von Tigerstrom and Fazzell (1968)

Details of the Yeast-Tryptone growth medium are given in
Appendix 1 . The medium used here differed in certain respects from

‘that of the above authors -

(i) Only disodium succinate was used as carbon source, although
von Tigerstrom and Razzell described a variety of strains
as having different optimal carbon sources. The cell

yields obtained-compared well with the 1 gm dry weight reported.

(ii) The ferrous sulphate solution was sterilised by filtration

through a 0.22u 'Millipore? membrane. von Tigerstrom and
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Razzell added this component before the medium was

sterilised by autoclaving at 15 1b/in2.

(iii) The addition of ethanol after 10 h incubation was usually
omitted. The few occasions on which ethanol was added
gave higher cell yields but not sufficient to justify a

10 h period in the laboratory.
Bereinafter this medium is referred to as Y-T medium.

be Resuspension Medium (after Ingledew and Camphell, 1969a)

Resuspension Medium was designed to stimulate pyocyanine production

by P. aeruginosa. The following salis (g/lOO ml) were dissolved in 50 mli

Tris buffer (Appendix 2 ) at pH T.4 1~

0.02 MgCL,.6H,0

0.047 KC1

0.05 TH,C1
. 5 4

0.10 1,80,

1.0 Disodiuwm Succinate

This medium differed from that of Ingledew and Campbell in that
godium 2-ketogluconate was replaced by an egquivalent weight in disodium
succinate. (Distilled water was used in all cases). Tﬁe medium was
dispensed in 90 ml quantities in 250 ml Erlenmeyer flasks, with indentations
to assist aeration,; and was sterilised by autoclaving at 15 lb/in2o The
cultures were incubated at 3700 on an IH-~-400 Gallenkamp Orbital Incubator
at 150 r.p.m. To minimise contamination all flasks were filled with

glass distilled water; autoclaved and rinsed before use.
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Co Inoculum for llesugpension Medium

The inoculuvm for the resuspension medium wa.s obtained by
harvesting the stationary phase cells from Y-T growth medium. This had
an optical density of 3.8 = 4.2 at 490 nm vhen measured on an SP600
spectrophotometer (Iye Unicam, Cambridge) in cells with 10 mm light path,

Where the O.D.490 exceeded 0.4 the cell suspension was diluted with

0.85% saline to give a reading in the range 0.1 = 0.4. Distilled water

was used as the blank.

The stationary phase cells were harvested and washed by
centrifugation (12,000 x g at 4°C for 20 min) in sterile saline. They
were‘resuspended in sterile Tris at 10 times orig;nal concentration and
2.5 ml of this suspension was transferred to the Resuspension Medium before

it was made up to the final 100 ml volume,

The Incculum Suspension (IS) had been less than 2 h removed from
the growth medium and was retained, after washing at 4°q for no more than
%0 min before incculation into Resuspension Medium, Incubation was under

the conditions described for the growth culture,

e Measurement of Bacterial Growth

Se Opacity of Cell Suspension

0.D. measurements were made at 490 nm using suitable dilutions of
the cell suspension, The latter was. prepared from 1 -- 5 ml alicguots of
culture and removing the cells by centrifugation (12,000 x g at 400 for
20 min). The pellet was evenly resusvended to iis original culture volune

and, if necessary, diluted with saline,
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be . Viable Cell Count

The number of wviable cells present during the incubation in
Resuspension Mediwn was determined by the surface piating method, Tene
fold doubling dilutions (1 ml in 9 mi sterile saline) were made down to
J_Omlo concentration using fresh pipettes for each dilution, Using a
calibrated Pasteur pipette,oabQ ml of each dilution was spotted onto the
surface of gz TSA plate. Individual plates contained 4 spots and two
plates were used for each dilution. After 24 h incubation,the total
number of colonies on each pair of plates showing separate colonies was
recorded. Dilutions giving a colony count in the region of 100 per plate
were considered best for estimating the concentration of wviable bacteria in

the original sample.

C. Bacterial Dry lMass

The dry weight of sedimentable bacterial matter was estimated at
intervals throughout the incubation period in Resuspension Medium,
Triplicate 10 ml volumes of evenly dispersed culture were centrifuged and
washed as described above. The washed cell pellets were spun down in
tared centrifuged tubes and all supernabant liquid carefully drained off.
The cell weight was determined by drying for 48 h to constént weight in a

vacuum desiccator over phosphorus pentoxide.

SKCTTON II ¢  BIOCHINISTRY

A, Preparation and Assay of Pyoecyanine

1. Synthesis of Pvocvanine and Phenazines according to Surrey (1955)

The geries of reactions involved is given in Figure 4 The



starting material (pyrogallol monomethyl ether) was first prepared by
oxidation of 2-hydroxy-3-methoxybenzaldehyde shown in reaction 1, Using
PbO2 to generate the oxidised species (reaction 2) the presence of '
o~phenylenediamine leads %o a condensation reaction yielding l-methoxy-
phenazine. The latter is demethylated with HBr {to yield lephenazinol.
Alkylation of the latter with methyl sulphate (reaction 4) gives pyocyanine.

The details of individual steps are as follows:

2o Synthesis of Pyrogallol monomethyl ether.

The apparatus consisted of a three necked ¥Quickfit? flask
(2 1 volume) fitted with a nitrogen gas inlet system, a thermometer and a
reflux condensers 60.8 g of 2-hydroxy-3-methoxybenzaldebyde was added, in
finely ground aliquots, to 200 ml of oF NaOH. Stirring was continued
throughout and the temperature was kept at 370Co Through the {thermometer

opening 280 ml of 6% aqueous HEO solution was added stepwise, to keep the

2
temperature around 45 - 5000. After the reaction mixture had cooled, it
was saturated with NaCl and then extracted (4 x 100 ml) with ether. The
combined ether extracts were dried over anhydrous sodium sulphate and the
ether was removed by vacuun distillation. The product was purified by

distillation under reduced pressure and was collected as a yellowish oil at

1350C and 22 mm pressure.

be 1-Methoxyphenazine

200 g of lead dioxide (PbOZ) were added to a solution of 10 g of
pyrogallol monomethyl ether in 200 ml of dry benzene in a 2 1 Erlenmeyer
flaske. After shaking for 15 min, the resulting reddish brown solid was

removed by filtration on a Buchner funnel.
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To the filtrate was added, with stirring, 6 g of o-phenylene-
diamine in a mixfture of 80 ml of glacial acetic acid and 200 ml of benzene,

This solution was left for 90 min before being washed as follows 3~

5 times with H,0 (100 ml)
2 times with 5% NaOH (100 ml)

once with H,0 (1.00 m1)

The benzene solution was shaken with 5 g of Norit and 50 g of
anhydrous Na2603 and then filtered on a Buchner funnel. The yellow benzene

solution was stirred with 50 g of activated alumina and filtered. The

alumina cake was washed with benzene to remove the residual product.

After removal of the benzene by vacuum distillation the light
yellow solid was recrystallised from ethanol and water. The air~dried

crystals had a melting point of 16700.

Ce l-Phenazinol

A solution of 4.2 g of l»methoxyphenaiine in 125 ml of 55%
hydrobromic acid was placed in a 250 ml round bottomed flask fitted with a
reflux condenser. The flask was heated on an oil bath for 3 h at 110°¢.
The cooled reaction mixture, diluted with 125 ml of distilled water, was
neutralised with approximately 100 ml of 10K NaOH and exhaustively extracted
using two portions (25 ml) of 2N NaCH. The extract was made acid;using
acetic acid,and the product was extracted into 50 ml of ether. Anhydrous
sodium sulphate was used fto dry the ether extract and the solvent was
removed by vacuum distillation. The solid residue was recrystallised from
ethanol and water to yield orange-yellow crystals with a melting point of

150°¢c.
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Tigure 4

Reaction scheme leading to Pyocyanine

OH
H
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&, Eyocyanine

A solution of 2.0 g of l=phenazinol in 13.4 g'of freshly distilled
methyl sulphate was placed in a 250 ml roundmbottoﬁed flask fitted with an
alir condenser and an anhydrous calcium chloride drying tube. The reaction
mixture was heated for 10 min at 1OUOC and, aflter cooling, 75 ml of ether
was added. The solid produat was filtered and waghed with 100 ml of
ether. The dry methogulphate was dissolved in 30 ml of water and made
alkaline by the addition of 2 - 3 ml of 10% NaOH. The blue agueous
solution of pyocyanine was purified by the extraction procedure given in

FPigure 5 .

The combined chloroform solutions were dried over anhydrous soaium
sulphate and decanted. The chloroform was removed by air evaporation and
the solid pyocyanine recrystallised from hot water (60°C).  The product,
wvhen dried over calcium chloride in a desiccatorymelted at 15500. To

avoid photocatalysed decomposition the desiccator was kept in the daxk.

2e Identification

8o Thin Layer Chromatography

Thin layer chromstography (TLC) plates were soaked in Decon 90
washed in distilled water and oven dried before being coated with 0.25 mm
thickness of Silica Gel G (Merck). The plates were activated by heating

in a dry oven at 11000 for 30 min before use,

The samples examined by TLC were (1) standard solutions of
synthesized compounds, (2) freeze~dried bacteria-~free culture supernatant
and (5) chloroform extracts of culture supernatant. Optimum resolution

was achieved using chloroform:methanol (9:1) as the developing solvent,
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Figure 5

Purification of Pyocyanine

Agueous pyocyanine solution

(blue coloured at alkaline pi)

Ixhaustive CHCl3 extraction
(4 x 20 ml)

| |

agueous layer organic layer
(colouriess) (blue)
2 HC1 extraction
(4 x 20 ml)
|
aqueous layer organic layer
(pyocyanine red coloured (colourless)

in acid solution)

Made alkaline to phenolphthalein

using 58 NaOH

blue aquecus solution '
IExhaustive CHCl5 extraction
(4 % 20 ml)
{ l

aqueous layexr orgonic layer

(colourless) (purified pyocyanine, blue colour)
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Plate development in the chromatography tank (Shandon, London)
was considered complete when the solvent front had travelled 14 cm. The
dried plates were observed for visible spotls and alsovunder UV light before
spraying with 50% sulphuric acid. The plates were dried at 100°¢ for

1 min and re-examined.,

be Ultra-violet and Vigible Spectrophotometry

The UV and Visible Spectra were recorded using an SP 800A
spectrophotometer (Pye Unicam, Cambridge, England). Matched quartz cells
of pathlength 10 and 2 mm were employed. Phe slit width was 0,06 mm and
all spectra were recorded using solutions free from noticeable turbidity.
Ixcept where otherwise stated, the blank cuvette contained distilled water.
Before use, the base line of the recorder was set using distilled water in

the sample position.

Ce Infra-red Absorption Spectra

IR spectra were recorded on a Perkin-Elmer Model 257 spectrophotometer
over the range 4000 to 625 cm“l. Samples were prepared either as KCl discs
(1 mg/% mg) or as solutions in carbon tetrachloride and tetrachlorethylene,

The pathlength was O.) mm.

He Asgay Procedures

a. xtraction and Gravimetric Estimation

Pyocyanine concentration in supernatanis was estimated gravimetrically
after exhaustive chloroform extraction and purification procedure outlined
in Figure § . Triplicate samples were taken and the mean dry weight of

the residual blue crystals was recorded,
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be Spectrophotometric Estimation according to Kurachi (1958h)

The intensity of the blue colour as measured by E has been

6390
shown to0 be proportional to pyocyanine concentration, A gtandard solution
of pyocyenine in Tris allowed calibration of the 690 nm absorptions. The

validity of this method is discussed later (page 83 ).

B. CELLS AND CELL ENVELOPHS

1, Biochemical Measurements on Bacterial Cells

a. Protein

The modification by Lowry, Rosebrough, Faerr and Randall (1951)
of tﬁe Folin reaction was used to estimate bacterial protein (Appendix 4 ).
Crystalline bovine serum albumin was used as standard and the values of
E750 were recorded after correction for ﬁhe reagent blank containing no

protein,

To estimate protein in the bacterial cellsg, the cell pellet was
suspended in O.1M NaOH containing 2% Na2CO3 and solubilised by sonic
vibration at 0°C. This was followed by heating the suspension in a

boiling water bath for 10 min to give a clear soluticon.

e Livopolysaccharide

LP5S was extracted by the phentl-water procedure of Vestphal ,
Lgderitz and Bister (1952) and purified by ultracentrifugation at 100,000 x g.
The packed cell yield from 2 1 of culture in Resuspension lMedium (approxn
1l g dry weight) was suspended at a concentration of 0,0l g/ml in water,

An egual volume of 90% (w/v) phenol was added.
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The mixture was stirred at 65-68°C for 30 min, chilled 4o 2°C and
centrifuged’ (10,000 x g for 20 min at 400). The opalescent supernatant

was decanted and the residue was extracted once more by addition of an

equal volume of water. The combined,; opalescent agueous supernatanis

were dialysed against rumning water for 4 days and finally against distilled
water for 24 h. The extraect was concentrated by pervaporation against
polyethyleneglycol to 20 ml. = The suspension was subjected to high speed
centrifugation (100,000 x g for 6 h at 4°C)s  The opalescent pellet of LPS
was ‘taken up in distilled water to give a final 5 ml volume. An aliquot

was removed for estimation of nucleic acid contamination at B The

260°
suspension was made up to 50 ml with 0.1 M NaCl and recentrifuged to give

a final LPS suspension with essentially no absorbance at 260 nm, indicating
the absence of any contaminating nucleic acids An aliquot of the suspension

was removed for estimation of total organic matter by Jolnson's method

(below).

Co Total Organic Matter

The concentration of LPS was measured by the dichromate oxidation
method of Johnson (1949; Appendix 4 ) using glucose as standard.
Aqueous dilutions of the LPS suspension in 0.8 ml volumes were added tith
shaking to 1.0 ml Johnson reagent. The reaction mixture was heated for
10 min and ccooled prior to the addition of 10 ml of water. Solid Na2803

(10 mg) vas added to the blank previously treated in the same way and the

E440 of the sample was measured against the reduced bhlank.

d. Lipid

Extractable lipid was estimated according to Folch, Lees and Stanley
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(1957) . The cell yield from 500 ml of Resuspension Medium was shaken
wifh 50 ml of chloroform~methancl (2:1) contqining 2 ml of 0,085 agueous
calciwn chloride. Vhen the emulsion had separated the aqueous phase was
removed and 4.8 ml of CHClﬁmMéthanoleQOS% Ca012 (3:48:47) was added and
shaken. The upper layer was carefully removed and the interface washed
with 2 volumes of 0,5 ml of the above solution. The isolated organic

layer was evaporated to dryness under a stream of nitrogen.

€, Total Phogphorus

Phosphorus was determined by the Allen method (19403 Appendix 4 ).
Samples of lipid extract were boiled with H202 (BO%J for 20 min to oxidise
the organic matter. Periodic addition of H202 was hecessary t0 prevent
drying out of the sample. To the contents of the cooled tubes 2.5 ml
Amidol reagent plus 1.5 ml ammonium molybdate solution were added. The
standards consisted of oven dried K2HPO4 dissolved in distilled water and

o} .
stored over chloroform at 4 C. Standards and reagent blanks were run in

parallel with samples and E6 readings made at exactly 15 min after the

40
addition of the reagents.

f. Deoxyribonucleic and Ribonucleic Acid

The Munro and Fleck procedure (1966) based on the Schneider (1957)
technigue of pentose analysis wasg used to determine nuecleic acid. DNA
vas estimated by the colour reaction described by Burton (1956) involving
diphenylamine reagent (Appendix 4 ) for ithe deoxy sugar. RilA detection
depends upon the conversion of purine~bound ribose to furfural which is

sensitive to the orcinol reagent (Appendix 4 : Schneider, 1957)c

The preliminsry trcatment of the freshly harvested Resuspension
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Medium cells was the same for both procedures. The cell yields from

“triplicate 5 ml volumes were made 0.25 M with respect of HCl0, and held

4
at 2°¢ for 30 min. They were then centrifuged (10,000 x g for 20 min at
400) and the supernatant, containing free extracellular nucleotides, was

discarded. The cellular deposits were resuspended in 4 ml of 0,5 U HCIO4

and heated at 7500 for 25 min to solubilize the nucleic acids.

Supernatants from this treatment provided the samples for assay.

IFMA estimation required 1 ml of supernatant +to which 2 ml

diphenylanine reagent was added. Blanks containing HC10, without sample

4

and standard solutions of DNA were ireated in ﬁarallel. After incubation

for 20 h at 3000, the 0cDo values at 600 nm were recorded.

For the RNA estimation, 3 ml volumes of supernatant were mixed
with 0.3 ml orcinol reagent and 3 ml of acidic FeCL3. The samples were

heated for 45 min in a boiling water bath, cooled and E66 measured, A

0

standard solution of RVA was used for calibration.

g. Adenosine triphosphate

The ATP was assayed by the Luciferase method of Cole, Wimpenny and
Hughes (1967) based on that of MeElroy (1963) and modified by Holms,
Hamilton and Robertson {1972). ATP (di-sodium salt; Sigma grade),
glycylglycine and Firefly Lantern Extract (FLE-250) were obtained from

Sigma, London.

The FLE was reconstituted in arsenate magnesium buffer
by adding 25 ml of cold distilled water to a vial of lyophilised exiract.
The contents were constantly but gently mixed for 24 h at 400. Aliquots

were stored at ~10°C until required.
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ATP was extracted from the Resuspension Medium culture by transfer
of 4 ml into 1 ml 30% perchloric acid at OOCe After 10 min, 3 ml of 1 M
KOH at OOC was added,and the prccipitate of potass;um perchlorate was
allowed to sediment for lb min before centrifugation at 12,000 x g and 4OC
in glass centrifuge tubes. The cell samples were extracted from duplicate
culture supernagtants. Extracts of ATP were frozen immediately in a mixture
of golid 002 and ethanol and were stored at miOOC with internal standards

treated in an identical manner.

The analyses for ATP were made on volumes of extract between 10 and
100 pl and on standard ATP solutions, some of which were [reshly prepared,
" others which had been extracted at the time of sampling. All solutions
were added at 0°C %o 1 ml of distilled water at 0°C and 2 ml of buffer
(6 mM MgCl, and 75 nif glyeylglycine) at pH 7.4 and 37°C.  The temperature
of the resulting mixture was 2400, Then 20 pl of FLE was added and the
stopwatch immediately started as the components were mixed over parafilm
(Gallenkamp, London)., The cuvette was placed in front of a photomultiplier
tube and, precisely 15 sec after FLE addition; the number of light emissions
were counted on a scaler over a period of 10 sec. The count corrected for
background was proportional to ATP concentration over the range 1 - 50 p moles.
The photomultiplier tube was housed in a light tight box so that the cuvette
was placed in its precise position without introducing stray light. The
guartz (Spectrosil, Ross Scientific Co. Ltd., London) cuvettes were stored
in the dark and the entire apparatus was earthed to avoid static electrical

interference. (Theassay was performed at 24°C).,

2o Preveration of Cell-free ixtracts

Qo imzymatic Lysis

The lysosyme treatment was based on the method of Repaske {1958)



who found that EDTA and Tris buffer enhanced the digestion of Gram negative
cells by lysozyme. In a typicdl preparation, 10 g of frozen cells were
suspended in 300 ml of 50 mil Tris buffer (pH 7.4) and 48 mg of lysozyme was
added in 32 ml of EDTA (4 mg/ml), At the same time 10 mg of DNAase in 2 ml
of water was adaed. The mixture was stirred for 30 min at room temperature
during which time it went viscous and then mobile. The mixture was
centrifuged at 40,000 x g for 20 min at 400 to yield a pellet containing
cell envelopes, prétoplasts and unlysed cells. This was resuspended in

200 ml of Tris and recentrifuged at 40,000 x g. This washing procedure was
repeated. The final centrifugation consisted of 15 min at 4,000 x g to
remove residual intact cells, The preparations were examined by phase-
contrast microscopy and recentrifuged where necessary. The cell envelopes
were washed by centrifugation three times in Tris buffer and resuspended at

a concentration of 10~20 mg/ml,

b. Mechenical Liysis

Cell free extracts of P. aeruginosa were also obtained using the

X-press (Biotec, London) pressure cell, Cells were susvended at 100 mg/ml
in Tris and 0.1 ml DNAase (1 mg/ml) was added. 5 ml aliquots of the heavy
suspension were subjected to freezing in the chamber of the pressure cell
which had been precocled %o »1500 in golid carbon dioxide~ethanol mixture.

A pressure of 14,000 lbs/inch2 was applied to force the frozen paste through
the cell orifice. The unit was placed back in the cooling mixture before
each of the three passages applied to the 5 ml aliquots. The residual
whole cells were separated and the cell envelopes washed and resuspended as

described wnder the enzymic lysis,



%. Ilectron Microscopy

Ao Thin Sectioning

Bacterial samples werce taken after different periods of.incubatiOn
in Resuspension Medium and treated with glutafaldehyde t0 5%, The cells
were then sedimented by centrifugation (B,OOO x g for 30 min at 400) and
resuspended in fresh fixative in Veronal - acetate buffer (Kellenberger,
Ryter and Sechaud, 1958; Appendi‘xx 2 ), at pH 6,1 for 2 h., After
thorough washing in veronal-acetate buffer, cells were again fixed in
veronal-acetate buffered 19 osmium tetroxide for % h at room temperature.
The twicemfixgd and washed pellets were stained with 0.5% magnesium uranyl
acetate for 1.5 h at room temperature, washed once in veronal-acetate buffer
and embedded in 1.5% Bacto agar. Agar blocks (0.5 mma) were next dehydrated
in an ethyl alcohol series (25, 50%, 75%, 95%, 1009 v/v ethanol),
infiltrated and embedded with kpon (Iuft, 196Ll) as described for Araldite
(Glavert and Glauert, 1958). Sections (silver interference colour)' were
cut with a diemond knife on an LKB Ultratome IITI Model 88024, collected on
distilled water and heat stretched (Roberts, 1970) with a Polaron Eguipment
Ltd. heat pen. After collection on formvar~covered, carbon-corded grids,
sections were stained with lead citrate according to Venable and Coggeshall

(1965) before examination.,

b Megative Staining

Vashed cell envelope preparations were examined by the negative
staining method of Brenner and Horne (1959) using ammonium molybdate.
Samples vere diluted with 255 (w/v) ammonium molybdate P 5.2 to yield a

slightly turbid suspension. Yith a capillaxry pipette the suspension was
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applied to grids covered with carbon-coated formvar and the excess removed
using a filter paper point. The grids dried within a few seconds and were
examined immediately after preparation on a Philips EM 300 lilectron

Microscope at operating voltage of 60 kV.

4. Polyacrylamide Disc Gel Electrophoresis

The procedure for electrophoresis in the presénce of 1% sodium
dodecyl sulphate (SDS) was a modification of the method of Davis (1964).
Gels contained 11,7% (w/v) and 7.05% (w/v) acrylamide (B.D.H., Poole) and
0637% (w/v) NN'~methylenebisacrylanide (bis; B.D.H,, Poole), Stacking
gels were mechanically strengthened by a modification of the method of
De Vito and Santome (1965) omitting EDTA and containing 4% acrylamide and
l%_Bis. The gels and buffer system (Appendix 3 ) were made 1% with
respect to SDS. The gel tubes T x 0.5 cm were run in Tris glycine buffer
containing 4 drops of 1% Bromophenol blue as track dye. Flectrophoresis
wag performed at 1 mA per tube unitil the track dye added to the cathode
compartment had migrated to within 1 cm of the bottom of the gel, at which

time'the current was boosted to 5 mA per tube,

The cell envelope fractions described above were diluted 1:10 and
solubilised by sonication at 0°c for 15 mine The semples were made 1% with
respect to SDS and, prior to application of 0,1 ml, 3 drops of glycerol were
added to prevent mixing. A maximum of 200 ug of protein was applied and in
some cases B~mercaptoethenol 1% was added to the sample,as described by

Grula and Savoy (1971) to improve the resolution of the bands.

After elecirophoresis, gels were fixed and stained overnight in a
solution containing 1% (w/v) amido black, 1% (v/v) acetic acid and 50 (v/v)

methanol. Gels, prior to electrophoretic destaining, were rehydrated in Tk



59

(v/v) acetic acid., Rf values were determined by comparison with bromophenol
blue. The molecular weights of resolved components were standardised
according to the method of Shapiro et al., (1967) using the following marker

proteins electrophoresed under identical conditions =

bovine serum albunin (Sigma Chemical Company, St. Louis,

Missouri, Us.ScAs),

molecwlar weight = 67,0003

ovalbumin (Koothight, Colnbrook, Bucks.),
molecular weight = 45,0003

yeast hexokinase (Sigma Chemical Company, St. Louis,

-

Migssouri, U.S.A.),

molecular weight = 45,0003

bovine pancreatic chymotlrypsinogen (Miles Seravac, Maidenhead,
Berks. ),

molecular weight = 25,0003

sperm whale myoglobin (Koch-Light, Colnbrook, Bucks.),

molecular weight = 17,8003

and horse heart cytochrome ¢ (Koch~Light, Colnbrook, Bucks.),

molecular weight = 12,400,

C. BIOCHEMICAL ACTIVITILS OF PYOCYANINE

1. Oxyegraph measuremnent of Respiration

Qe The Biological Oxygen Foniton

The change in concentration of dissolved oxygen in agueous solution

was measured using a polarograph electrode, The diffusion of gas acrogs an
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oxygen permeable membrane was recorded,under constant voltage?as a
conductivity change in the sensor system, The sensoxr consisted of a
platinum anode and a silver cathode immersed in potassium chloride
electrolyte enclosed within the membrane. The sensor was exposed to tegt
golutions in an airtight cuvette surrounded by a thermostatied jJacket

and provided with a magnetic stirrer. The Biological Oxygen Monitor
(Yellow Springs Instrument Co. Inc.) was employed according to the method

of Billiar, Knappenberger and Little (1970).

The buffer in which the electrode was immersed and in which enzyme
reactions were studied was 50 mif Tris which was established as having a
capacity for dissolved oxygen, at the ambient temperature of 57009 identical
to that of Ringer's solution. The latier when fully saturated at 3700

contains 5 pl of dissolved oxygen (Eastabrook, 1967).

As 5 ml volumes were routinely used in the Oxygraph a reduction by
half in the dissolved oxygen content of the solution over a period of 1 h

represents a rate of consumption of

5 x5 x 50 = 12,5 pl/h,
100

be Endogencus Respiration

The rate of oxygen consumption without added substrate was
determined as follows. The cells from 1 ml of culture in Resuspension
Medium were sedimented (12,000 x g for 20 min at 400) and washed % times by
centrifugation as above, in 10 ml of sterile saline. The packed cells
were stored in 50 mi Tris buffer at 400 for 12 h at 10 times the original
concentration in order to stimulate endogenous respiration (Campbell,

Gronlund and Duncan, 1962), Volumes of this stored suspension (0.1 =~ C,% ml)
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were transferred to 5700 prior to making up to 5 ml with Tris,equilibrated
against air at 57OC,and were placed in the Oxygraph sample chamber, The
trace of the decreasing dissolved oxygen content of the solution was
recorded over a 20 min period, Where the effect éf adding pyocyanine was
monitored, the system was first allowed to establish a linear rate of
oxygen consuaption (10 min) before the addition of pyocyanine (C.1 - 0,3 ml
volumes) with a microsyringe. This addition was done without exposing the
sygstem to the atmosphere which would interfere with the trace of oxygen
consunphtion, The regspiration in the presence of pyceyanine was measured
over the linear part of the trace. The Oxygraph gave an almost immediate

response to pyocyanine and was linear down to 40% dissolved oxygen.

Ce Succino~oxidase Activity

The cell envelope preparation (l_ml volumes) vas found to have a
negligible rate of respiration when no substrate was provided. The
addition of 0,2 M di-sodium succinate solution (0.1 to Q.5 ml) enabled the
succino~oxidase enzyme systlem, demonstrated to be envelope~bound by Cempbell
et al., (1962b)to change the dissolved oxygen of the suspending buffer.
The effect of adding aliquots of pyccyanine to the reaction after stabilisation
was tested as described under endogenous respiration. As the Oxygraph was
being used to monitor relative rates of oxygen ccnsumption‘of celle
associated enzymes, the sensor was calibrated with 5 ml volumes of air

equilibrated 50 mi Tris at 37°C.

2 Succinate Dehydrogenase Assa
\ E=NA

The cell envelope preparations of P, aerusinosa were examined for

dehydrogenase activity towards succinate, malate and lactate, Only
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succinate dehydrogenase was described by Camphbell et al., (l962b)and$in

agreement,the other substrates tested here gave no reaction,

The assay procedure was based on the spectrophotometric metnod of
Eils (1959). ‘The phenazine methosulphate (PMS) served as intermediate
electron acceptor at the site of FAD mediated succinate dehydrogenase,
As the terminal oxidase was inhhibited by added cyanide, the final electron
acceptor 2,6-dichlorophenol~indo~phenol (DCIP) is reduced. The change
from blue to yellow was monitored as a decrease in the absorbance at 600 nm
and was recorded in a Pye Unicam SP 800A spectrophotometer fitted with a

BOOC controlled cuvette holder and a slave recorder.
The test cuvetie- (10 mm pathlength) contained the following reagents s~

0,06 ml of 2,5 mll - DCIP
0,30 ml of 10 mM -~ KCN
0.15 ml of FMS (3 mg/ml freshly prepared)
0,60 ml of 20 mM di-sodium suvccinate
(or equivalent mM of aliternative)

and 0.1 = 0.2 ml of the envelope suspension,

Tris buffer was added to give a final 3.0 ml volume. All reagents except
PMS were present in the blank cuvetie so that only the redﬁction of DCIP
via PMS was bheing measured. The envelope suspension was brought rapidly
from 0°C to assay temperature and the reaction was initiated with substrate.
Possible effects of pyocyanine were tested by adding it to both reaction and

blank cuvettes.

The reaction velocity was measured by Aﬁgoc/min over a linear part
which occupied the initial 50% of the reaction. To minimise photo reduction

effects the cuvettes were covered with aluminiuvm foil until initiation.



RESULTS
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SECTION T ¢ SYNIHESIS AND IDENTIFICATION OF

PYOCYAWINE AND OTHER PHENAZINES

A, Yields and Melting Points of Pyocyanine,

l--Fhenazinol and l-Methoxyphenazine

Despite the fact that pyocyanine is a relatively simple orpganic
compound it is not commercially available. A probably reason for this is
its instability,. leading to its partial conversion to l-phenazinol, The
water of crystallisation in pyocyanine promotes this degradation which is

not entirely prevented by storage in vacuo over phosphorus pentoxide.

Barly in this investigation it seemed desirable {to prepare
synthetic pyocyanine to act as a reference material. A survey of the
literature indicated that the four-stage synthesis starting from 2-hydroxy-
3;methoxybenza1dehyde as described by Surrey (1955) was the most suitable.
This route had the advantage of providing l-phenazinol which was also of
interest in this investigation. The alternative source of pyocyanine was
the degradative route of MacIlwain (1937). His starting material was
phenazine methosulphate, the photo-catalysed oxidation of which yields

pyocyanine only.

Three separate batches of pyocyanine were prepared by the method
of Surrey, except that the preliminary step of oxidation of 2-~hydroxy-3-—
methoxybenzaldehyde to pryogallol l-monomethyl ether was not monitored for
yiéld. Constancy of boiling point during distillation under reduced
pressure (136~138°C/22 mm) was used as the criterion of purity as reported
by Surrey. The three steps leading to phenazine products are summarised

in the following seguence of reactions :
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1) Condensation of pyrogallecl l-monomethyl ether with

o-phenylene diamine to yield l-methoxyphenazines

2) Demethylation of l-methoxyphenazine with hydrobromic

acid to give l-phenazinol;

3) Methylation of lephenazinol with methyl sulphate to

yield pyocyanine.

A slight modification was introduced into the scheme in that '
l-methoxyphenazine was recrystallised from ethanol and not pyridine as

described by Surrey.

Table V  shows that the yields of intermediates varied at
different reaction steps and that the principal losses occurred in the
preparation of l-methoxyphenazine. These latter losses occurred mainly
during the isclation of the product from the reaction mixture. The yields
obtained were similar fo the published values. Table ¥V also shows the
melting points of the compounds (after three fecrystallisations) and a

comparison with the literature values.
Be Chromatography of synthesized compounds

The synthesized compounds were examined for purity by thin layer
chromatography on Silica Gel G using chloroform-methanol (9:1) as solvent.
The compounds were resolved as homogeneous spots and the results will be
described in a later scction (page 95 ). The Rf values of pyocyanine,
lephenazinol and l-methoxyphenazine were respectively 0.38, 0.64 and 0.58
and in a mixture of the three compounds, the séparated components were

identified by their colour as described in Table V .,



Table V

Yields eand properties of synthesized Pyocyanine and other Phenazines

65

Pyocyanine l=Phenazinol l-Methoxyphenazine
Appearance Dark blue Orange Yellow
needles solid needles
Melting Point (0°C) 125126 152-15% 169170
(133)®
b - .\D b
(133) (154) (168)
(124~128)°
Yield® 51 5 25
a Y-
(58)° (70) (33)

# Yield {mole %) from immediate precursor
The values in brackets are those reported by
() 1MeIlwain (1937)
(b)  Surrey (1955)

(¢) Corbett (1964) using the route described by Surrey (1955)
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Co Ulira=violet and visible spectrophotometric

characterisation of synthesized compounds

Having obtained pure preparations of pyocyanine, l-phenazinol and

lemethoxyphenazine all ‘three compounds were examined specltrophotometrically.

FPirgt it should be stated that the absorbance characteristics of
pyocyanine and its phenazine precursors have been investigated in a variety
of solvent systems by numerous workers. Table VIa and VIb present the
reported wavelengths of maximal absorbance ( Amax, nm) and their

- . o N . R R .
associated molar extinction coefficients ( €, l.mole ~ cm ~) expressed as

loeg e of pyocyanine obtained either by extraction of P, seruvginosa cultures

or by synthesis.

The solvent chosen in this investigation was 50 mM Tris (pH 8.5)
although 0.1M HCL and O.1M NaOH were also used. Emphasis was given to
characterising the compounds in Tris because this buffer was used in the

culture media {or growth and pyocyanine production by P, acruginosa. The

absorption spectra from 200 to 700 nm in Tris, HCl and NaOH are presented
in the series of figures 6a 1o 6f . The blank in each instance was a

cuvette containing solvent,

Pigure 6a shows the ultra~violet and visible spectrum of pyocyanine
(0.38 mi)., Note that the A max values in the ultra-violet are at 238 nm,
speétrOSCOpically designated the $ band, and at 312 nm and 375 nm, termed
p band absorptions. The band designations refer to the type of electron
“transition that is responsible for the absorpiion. The associated molar

extinction coefficients are 17,800, 25,200 and 5,900 respectively.

The visible spectrum, arising through an n-m* +type transition is
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characterised by a broad absorbance with Amax at 690 nm, € = 3,300, For
comparison the spectrum of 0.45 mM pyocyanine in acid solution (OolM HCl)

is shown in Figure 6b ., The § band at 240 nm, €= 12,600 is not changed
in position although its intensity is reduced. However it tends to he
masked by one of the p band peaks Amax 280 nm, € = 42,000, which has shifted
t0 shorter wavelength and is increased in intensity. The other p band
peak, Amax 387 nm, €= 17,800 shows less shift but its extinction is almost
three times that in alkali. The visible absorbance undergoes a red shift

to Amax 520 nm and is reduced in intensity €= 2,200,

The spectra under acid and alkaline conditions show close corres—
pondence with those reported by other workers (Table Via ), The use of Tris
does not lead to differences in the M max or ¢ values from those reported(
under other alkaline conditions. The range of molar extinction coefficients
for the ne-7n" Tband is 3,100 to 4,000, This variation may be due to

differences in purity of the natural and synthetic products.

Turning now to l=phenazinol, Figure 6e records the ultra-violet and
visible A max values of 0,21 mlM lephenazinol in 50 mM Tris, The B band with
A max 260 nm, € = 3%,000 is the largest absorbance. The p band absorbance
occurs as a complex series of peaks, the main Amax being at 370 nm, e= 5,950.
This peak has shoulders at 350 nm and 340 nm. The pale yellow colour of

lephenazinol in Tris corresponds to a visible A max at 420 nm, e= 2,200,

The spectrum of 0,22 mM l~phenazinol in 0,1M NaOil containing 50%
methanol is that of the anionic form of the molecule (Figure 6c ), The B
band occurs with Amax at 295 nm, € = 41,000 which is a shift to longer

wavelength of 35 nm from its position in Tris. However the p band peaks

are found in the same position as those in Tris with Amax at 364 nm and
D
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375 rme Their intensity, €= 3;040 and €= 3,160 respectively is a
reduction to almost 50 of their former level. The red, anionic form of
l—phenazinol has a broad visible'nmﬂ% band with A max at %20 nm, &= 2,%00,
Although the coiour changes from yellow to red with increasing pH, the

strength of the absorption is not affected.

In 0.1M HCL1/50% methanol, 0.1 mM l-phenazinol has absorption peaks

in the ultra—~violet region which correspond closely to those observed in Tris;
The major peak has A max at 268 nm, € = 40,000, The complex p band
absorption peaks occur as one major A max at 385 nm, € = 16,000 with a
shoulder at 37% nm, € = 11,000, These peaks are more intense ‘than the p band
peaks in otheg solvents. The lephenazinol is ionised in strong acid

solution to form a cation and a similar shift of visible absorption, as
observed in strong alkali towards the red, is found. The n-7* broad

absorption has a )\ max at 505 nm, ¢ = 1,800 (cf A max 420 nm in Tris).

When the absorption spectra of lephenazinol in strong acid and in
strong alkali are compared with those reported in the literature, close
agreement is found. The spectrum in Tris pH 8.5 is significantly different
from that in the above sclvents. The A max values and molar extinction
coefficients are very similar to these reported by Corbett where methanol
was used as solvent (see Table VIb ), The characteristic peaks observed

in both methanol and Tris are

B band, A max 260 nm
'p band, A max 370 nm and
¥

n- 7" bhand, A max 420 nm corregponding to a yellow coloured

soluticon,.
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Figure 6a: Ultra~violet and visible specirum of Pyocyanine

(80 pg/ml) in 50 mi Tris, pH 8.5
(a) 10 mm path
() 2 mm path

() 2 mm path

Figure 6b: Ultra—~vioclet and visible spectrum of Pyocyanine

(95 wg/ml) in 0.1M HCL/50% MeOH;
(a) 2 mm path

(e) 2 mm path, 1:2 dilution
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Figure 6e: Ultra~violet and visible specirum of l-Thenazinol

(42 pg/ml) in O.1M NaOii/50% MeOH;
(a) 10 mmn path

() 2 mm path

Figure 6d: Ultra=violet and visible spectrum of lePhenazinol

(20 pg/ml) in 0.1M HCL1/50% MeOH;
(c) 10 mm path

(@) 2 mm path
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Figure be:

Pigure 6f:

Ultra-violet and visible spectrum of leFPhenazinol
(40 pg/ml) in 50 mM Tris, pH 8.5;
(a) 10 mm path

b 10 mm path, 1:2 dilution
4

Ultra—~viclet and visible spectrum of l-Methoxyphenazine
(38 pg/mi) in 50 mM Tris, pH 8,53
(a) 10 mm path

(b) 2 mm path
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As there is no evidence for the occurrence of l-methoxyphenazine

in P, aeruginosa culbtures, this spectrum was not investigated in such detail.

Figure 6f shows the absorpltion peaks of a 0,16 mM l-methoxyphenazine
solution in Tris at pH 8.5, The most intense peak, the B band absorption,
has A max at 260 nm, ¢ = 44,000, The complex series of peaks with N\ max
368 nm, ¢ = 7,200 and two shoulders with A max 368 nm and 350 nm, € = 6,400
and 5,500 respectively give an uwltra-violet spectrum which is similar to
that of l~phenazinol. The visible absorbance has a shift to shorter wave=-
Jength giving N max at 410 nm, although the extinction of the peak is

gsimilar to that of l-phenzzinol in Tris.

The l-methoxyphenazine spectrum in Tris is closely similar to that

reported by Corbett using methanol as solvent.

D. Infra red absorption spectra of synthesized

compounds

As an additional criterion for the purity of synthesized pyocyanine
and other phenazines the infra-red spectra from 4000 to 625 cm“l were
recorded using the KBr disc method. This method allowed comparison of the

spectral characteristics reported for purified preparations by Corbett (1964).

The infra-red spectrum of pyocyanine is shown in Figure Ta . The
region between 4000 cmm1 and 3000 cm“l is characterised by a sharp peak at
5500 cmml and a closely situated broad peak at 3400 cmml. Where additional
information was required the spectrum was recorded in a solvent which was
transparent in the wavenumber region of interest. For example, the spectrum
of pyocyanine.in carvon tebracnloride demonstrated that the two peaks

mentioned above were absent in solution. They correspond to the broad slope
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Figure Ta:

Infra~red absorpition spectrum of Pyocyanines
(a) KBr disc, 1 mg/3 mg
(b)  3500-2500 en™F, 5 mg/ml in cCl,, 1.0 mn path

' 10 mm

(c¢)  1600-1600 em™, 2 mg/ml in cHel,

path offset
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observed in the solution spectrum over the 4000 cmml -~ 3500 cmml region and

are due 0 moigture of crystallisation in the sample.

Both the solid and carbon tetrachloride solution spectra show
peaks alt 3050 cmml and 2950 cmml, those in the liguid being much more
distinct, Peaks in this region correspond to { -~ H stretching of aromatic

and aliphatic type respectively.

Below 1650 cmwl is the fingerprint region of the spectrum, a
characteristic of the molecule. Major peaks were noted at 1620, 1600,

1553, 1485, 1455, 1440, 1160, 760 and 736 om™ .

The offset part of the spectrum at 1700 cmml shows the absorpticans
of pyocyanine in chloroform solution. The form of the molecule in golution

gives a strong peak at 1670 cmml and a smaller one at 1650 cm"l.

] , . . , : -1
For ease of comparison the abgorption pesks in the region 3050 ecm
. -1 . . . 5 . ; -
to 625 em , investigated as a KbBr disc preporation by Corbett, which corres-
pond with those found in this investigation are arrowed in the spectrum,
The major peaks quoted by Corbett with his assignment of vibration type are

resented in Table VIIa and close agreement is observed.
-

The spectrum of lwphenszinol, given in Figure Tb is separable into
two regions : those absorptions occurring above 3000 cmml, and those in the

fingerprint region between 1650 crnm:L and 625 omml.

The spectrum of the KBr disc sample has a broad absorption between

.- -1 e . . -
3400 and 3100 cm ~. This corresponiés to the region of (0 - H) stretching
and in this case 1t almost completely masks the aromatic C - II absorption

at 3020 cm"l. Using tetrachlorethylene as solvent the l-phenazinol solution
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Figure Toh: Infra-red absorption spectrum of l-Phenazinol;
"(a) ¥Br disc, 1 mg/3 mg

(b)  3600-2800 cm™", 1 mg/ml in C,Cl A
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spectrum, given as an inset between 3500 and 3000 cmml shows that the broad
absorption is sharpened to a peak at 3400 cmml. The absorption at 3060 cmml
is more clearly resolved and observed to be a set of three closely situated

peaks.

The fingerprint region of the spectrum has major absorptions
which occur at the following‘wavenumber values (cmml): 1623, 1555, 1510,
1470, 1420, 1390, 1350, 1300, 1220, 1170, 1160, 1100, 759 and 736. TFor
the KBr disc preparation the absorptions according to Corbett are presented
in Table VIIband the close correlation observed with those in spectrum

is illustrated by the arrowed peaks.

Turning to le-methoxyphenazine the solid state spectrum (KBr disc)
and solution spectrum in tetrachlorethylene are presented in Figure 7o .
Absorptions above 1650 cm""l occur only in the region 3100 cm“l +to 2800 cm“l
and are observed in the solid phase at wavenumbers (cm’l) 3080, 3040, 3000,
2970, 2950 and 2860, The solution spectrum was recorded to monitor for the
possibility of absorptions above these values which were not observed in the
golid phase. Kone was found. The wavenumbers (cmml) of the aromatic
C ~ H vibration type are 3100, 3040 and 3000 with aliphatic C = H peaks at
2980, 2930 and 2880 cmﬂl, The solid state spectrun of l-methoxyphenazine
has peaks which are in close agreement with those reported by Corbett. The
literature values corresponding to those observed in the present investigation
are-arrowed in the spectrum shown in Figure Tc . The wavenumber wvalues
(cmml) for absorptions below 1650 cm“1 are ag follows: 162%, 1603, 1550,
1520, 1480, 1460, 1350, 1290, 1280, 1230, 1210, 1132, 1098, 760, 745 (doublet)

and 710,

It will be noted that by selecting the distinct infra~red features
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Tigure Te: Infra-red absorption spectrum of l-Methoxyphenazines
(a) KBr disc, 1 mg/3 ng

(b)  3500-2800 cm”l, 2 mg/ml in 02014
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of pyocyanine, l-phenazinol and l-methoxyphenazine it is possible to confirm
the identity of individual samples. Levels gf pyocyanine contamination
with l-phenazinol of the order of 10% could be detected in solution spectré
at 3400 omml, This aspect is useful for confirming the purity of pyocyanine

preparations,.

SECTION TT ¢ THE EFFECT OF CULTURAL CONDITIONS

UPON PYOCYANINE PRODUCTION

A, Pyocyanine production by P. serusinosa using solid

and liquid media

During the early part of this investigation P. aeruginosa was

grown on nutrient agar or peptone agar, both being media in which readily
visible pyocyanine production occurs. Cells harvested from these media

were not, however, suitable for the metabolism experiments described in a
later section (see page 159)‘because of +their high rate of endogenous
respiratory activitye. v This activity depends upon the utilisation of intra-
cellular reserve material identified as protein and RNA by Gronlund and
Campbell (1963). In an attempt to reduce this the cells were grown on a
simple defined zgar medium containing glucose and ammenium sulphate

(Appendix 1), Such cells had a reduced rate of endogenous respiration

as hoped for, but unexpectedly it was noticed that pyooyanine was npt produced
by this culture. This was not due to lack of growth which, in fact, was just

as abundant on the glucose-~ammonium sulphate as on the pepitone agar.

To explore these effects more fully it seemed desirable 1o change

from solid to ligquid media and initially the Yeast~Tryptone medium (Y-T) of

vonn Tigerstrom and Razzell (1968; Appendiz 1. ) vas chosen. Cell rrowth
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in Y-T medivm invariably gave high opacity cultures (O.D‘ 490 of between
7,8 and 4.2) but a problem was encountered in consistenconf pyocyanine
production. For example, early subcultures of newly opened ampoules of
NCTC 6750 produced.pyocyanine but later subcultures did not. Even early
subcultures gave variable yields of the pigment for no obvious reason. A
typical series of manipulations and the variable results cobtained is
illustrated in Figure 8 . It will be noted that the amount of pyocyanine
as judged by the colour of the oxidised supernataﬁta was affected by the
length of storage of the stock culture, inoculum size and other unidentified

factors.

After these and other unsuccessful attempts to obtain regularity
of pyocyanine production in Y-T medium the difficulties were overcome by
groving the cultures in two stages as described in a contemporary paper

(1969a)by Ingiedew and Campbell.

B. Pyocyanine production and determination

in Resuspension Medium

1o The Resuspension Medium

The technigue of Ingledew was found to give satisfactorily
consistent yields of pyocyanine in liguid medium. The two stage procedure

which wag evolved for strain ATCC 9027 consists in

(a) - preparation of washed cells from a culiure grown
to the stationary phase in Y-T medium
(b) incubating these cells in Resuspension Medium - a

definsd medium notable for its total lack of phosphate,

Ingledew's technique was therefore applied to the P. aervsincsa
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Mow diagram of a typical series of manipulations leading to variation

in Pyocyanine production

STRALN NCTIC 6750
Ampoule opened and. plaied onto Nutrient agar (NA)
Growth fér £4 hours at 3700
Typical pigment~producing co{onies were subcultured on to WA
‘ !

Culture stored for less than 4 weeks at 400. Growth suspended.

in 1 ml sterile saline. Subcultured on NA. Growth for 24 hrs at 3?00

Several colonies transferred to Plate stored at 400 for less
Yeast-Tryptone liquid medium (Y~T) than 2 days
Growth (a) after 24 hrs centrifuged I
| : l Several colonies transferred
Green Cells resuspended to Y-T. cgizgiﬁ‘agger 24 hrs
Supernatant in 10 ml sterile ¢ v

mmmmmm saline and fraction I

(% of yield) l

inoculated into Y-T Colourless
' Supernatant

Cells waghed 2 times Cells washed 2
in saline by o times in stexile
centrifugation at 4 C saline by
before 10% inoculation centrifusation
in Y-T at 4°C before
! | I 10% inocculaticn
15 10% 20% . in Y-

Growth centriiuged after 24 hrs

l
Colourless Brown Colourless Variable Colourless
supernasant Supernatant surernatant Green -~ Colourless Supernatant

Cells plated on KA, Growth of isolated colonies after 24 hours exhibited

characteristic diffusible green pigment.



gtrein uvsed in this investigation, WCTC 6750, to determine its suitability.
However one difficulty was the fact that Resuspension Medium contained
2-ketogluconate which was not commercially available,v The initial attemﬁts
1o reproduce Ingledew's conditions were done with succinate as an alternative
carbon source. The formula of this Resuspension Medium ié giveﬁ in

Table XTI . Tigure 9 npresents the culture technique for obtaining the
Inoculum Suspension from the non-pigment producing, stationary phase Y-T cells.
Before describing the results obtained with this medium, {the method of
measuring pyocyanine in culture supernatants had to be investigated and it

ig therefore discussed next.

2 Choice of method for measuring Pyocyanine

in culture supernatants

The determination of pyocyanine concentration present in
Resuspension Medium supernatants was made by two methods. The first was
based on the exhaustive exitraction procedure used by Ingledew and described
earlier (page 49 ). The chloroform extracts of supernatants were re-
extracted with 0.1M HCl to leave any contaminating l-phenazinol in the
organic phase. Pyocyanine was recognised as a characteristic red colour in
aqueous acid solution. Neutralisation with 1M Tris was followed by chloroform
extraction. The blue pyocyanine solution was evaporated ito dryness in air

and the crystalline pigment estimated gravimetrically.

The second method was based on the more rapid spectrophotometric
determination of Xurachi (1958b). The extinction of pyocyanine at the
visible A max of 690 nm (E69O) gave reliable estimates for fully oxidised,

optically transparent culture supernatants. B values were calibrated

690
against standard solutions of synthesized pyocyanine, Estimations by this

method will be discussed more fully in a later section (see page 90 ).
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Figure 9

Flow diagram for the preparaticn of the inoculum for Hesuspension

Medium

Nutrient agar slant, stored at 4QC for less than 4 weeks

Several colonies transferred to NA for overnight culture at 3700

I

Colonies transferred to Yeast-Tryptone medium : 100 ml in a 250 ml

Irlenmmeyer flask

[

Incubation at 3700 for 24 hours on Gallenkamp Crbital Incubator at
150 rev. per min
!
Stationary phase growth with optical density at 490 nm of between 3.8

and 4.2, Cells harvested by centrifugation at 4OC; 12,000 x g for 20 min.

Hon pigmented
Supernatant ’ Cell pellet resuspended in 100 ml sterile

saline at room temperature

|

Cells removed by centrifugation as above and
washed a further twice

: |
I

Cells resuspended in 10 ml of sterile 50 mM Tris bulfer pH 7.4 at room

temperature. This Inoculum Suspension (I.S.) was used to inoculate the

Resuspension Medium. Time elapsed since start of washing procedure - 2 h.
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The gravimetric method gave estimates for pyocyanine that were

within the range 90% ¥ 5% of the spectrophotometrically-determined value.,

% Consistency of obgervation of Pyocyanine in

Standard Resuspension Medium Supernatant

The yield of pyocyanine reported by Ingledew for duplicate flasks

was 95 pg/ml (i 256) e The use of a different strain of P, aecruginosa and the

substitution of disodium succinate for 2-ketogluconate made necessary ithe
manipulation of conditions which will be described later (see page 99 ).
The optimum conditions gave a so=called 'Standard Supernatant' and reliable
pyccyanine production. The range of pyocyanine guantities experienced in
several experiments are given in Table VIII ,  The mean of 80 pg/ml with a
range for duplicate flasgks of £ 5% are in close agreement with the results
reported by Ingledew. The fgreater variation in different experiments?
described by Ingledew was found in this investigatipn to give yilelds within

Ry .
a = 155 range of the mean,

4. Ultra~violet and visible absorption spectra

of Standard Supernatant

The ultra~viclet and visible spectrum of the optically clear and
fully oxidised supernatant is presented in Figure 10b with that of pure
pyocyanine at an equivalent concentration in Tris in FPigure 10a for comparison.
The gquantity of pyocyanine present in this Standard Supernatant was 70 ug/ml
(i 4) and this was used for calculating extinction coefficients., Eé of 1.1
corresponds to 70 pg/mi. Therefore 210 mg/ml or 1M Pyocyenine has E6

90 ~
3300,

!

It will be noted that the N max values in the supernatant spectmum




TABLE VIIT

Range of Pyocyanine levels estimated in "Standard Supefnatant" by E690

Flask
xperiment
a b
1 1.22 Y
2 1.36 1.42
3 1.28 1.40

4 1.12 1,22

Estimates for duvplicate flasks fall within the range & 5%

Levels produced in different experiments fall within range x 15%
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Figure 10a: Ultra~viclet and visible spectrum of Pyocyanine
(70 pg/ml) in 50 mM ‘Iris, pH 8.5;
(a) 10 mm path
() 2 mm.path

(¢) 2 mm path

Figure 10b: Ultra~viclet and visible spectrum of Standard
Supernatants
(d) 10 mm path
(e) 2 mn path

(f) 2 mm path, 1:2 dilution
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.690 nmy 375 nm, 314 nm and 2%8 nm correspond to those positions of maximum
absorption in pyocyanine. The supernatant spectrum had a new peak at N max
255 nm, When oalculafing intensities of these abgorptions the cell path
length ana dilutionsg must be congidered. It was most suitable to estimate
E69O with 10 mm path and undiluted sample althbugh it was shown that the

2 mm path gave proporiional estimates in the 500 - 700 nm range. 2 mm
pathlength cells were used below 450 nm and with supernatants, a 1 in 2
dilution was neccssary. The molar cxtinctions are given in Table IX and
for supernatant, are based on the molar concentration of pyocyanine (although

all are not ascribable to that molecule) for purposes of comparison,

Tt will be noted that the absorptions at Amax (nm) 690 and 314
have similar extinctions in both the supernatant and synthesised pyocyanine.
The peaks at 2%8 nm and 375 nn are increased relative to those of pure
pyocyanine to an extent of 13,800 and 3,600 molar extinction units, The
supernatant spectrum exhibits a new peak with A\ max 255 nm, ¢ = 38,400,
These divergencies are-presumably due to substances other than pyocyanine in

the culture supernatant,

5 Spectrovhotonetric detection of PPvocvanine

added to Standerd Supernatant

As an additional velidation of the spectrophotometric assay, pyocvanine
vas, added in measured quantities to Standard Supernatant in order to confirm
the source of the ultra~-vioclet and visivle avsorption peaks. Figure 11
illustrates the absorption changes occurring in a 1:2 dilution of supernctant
(a)?when pyocyanine was added to give a final concentration of 25 pg/ml
(b)'and 50 pg/ml {e).  The spectra above 560 am were recorded in 10 mm

pathlength cells and below 450 nm, 2 mm pathlength cells were used. After
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TABLE IX

Absorption Amax (nm) and extinction coefficients

for "Standard Supernatant" and synthesized Pyocyanine

Pyocyanine Standard Supernatant
‘ . el =l . wl =l
Amax nm s ¢ l.mole — cm Amax nm : € l.mole ~ cm
690 3,300 690 3,%00
375 5,900 575 9,900
314 25,200 %14 26,000
255 %8, 400

238 17,800 238 31,600




Pigure 1L

WAVELENG TH MANCOMETE

SUPERNATANT

o4k

FONVYBIOSaY
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Ultra-vioclet and visible spectra of supernatants with added Pyocyanine;

(a)
(b)
(e)
(a)
(e)
(£)

10 mm path, 1:2 dilution of Standard Supernatant
as (a) with 25 ug/ml pyocyanine added

as (a) with 50 pg/ml pyocyenine added

2 mm path, 1:2 dilution of Standard Supernatant
as (d), with 25 ug/ml pyccyanine added

as (d), with 50 pg/ml pyocyanine added
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arithmetic conversion of absorbance velues to the equivalent undiluted

sample and 10 mm pathlength, the increases which correspond to the quantities
of pyocyanine added are given in Table X o For,purpoées of comparison

the absorption at 314 rnm was chosen as 1005 extinction and the relative
strengths of the absorptions are quoted alongside in the Table X. The
extinctions of the peaks for supernatant and pyocyanine solution were

calculated in the same way.

The addition of pyocyanine caused absorption increases in the
gpectrum of the supernatant wﬁich were estimated from the absolute absortance
values. By comparing the relative extinctions for pure pyocyanine with the
relative intengities of pyocyanine added to supernatant, close agreement is
evident at four of the five tabulated A max values, The exception - the
255 nm absorbance ~ is not present in pure pyocyanine and therefore the
increases in absorbance at thig wavelength in supplemented supernatant are
not in proportion to the quantity added, viz. absolute increasecs in
absorbance of 1.5 and 1.6 at 255 nm. These increases are comparable with

those observed at minimum absorption values and are non-gpecific contributions.

In these examples the relative intensities of peaks at A max (nm)
690 and 314 i.e. 15,0 for 25 pg/mi addition, 15.5 for 50 pg/ml addition and
12,7 for standard supernatant, are close to that Observed in pure pyocyanine
(13.1), This was taken as evidence of a satisfactory correlation between
the extinctions at A max 690 and %14 nm and the concentration of pyocyanine

either in culture supernatant or in simple solutions of the pure pigment.

The relative abscrpiion at the A max 375 nm in supernctant (58,0)
is greater than the ratio for pure pyocvanine {2%.4) indicating a
£ M o 7 / ©

contribution from some cther component in the solution at this wavelengtn.
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Also the non-pyocyanine absorption at 255 nm overlaps with the pyocyanine
peak at 238 A max such that the intensity is greater than for pure pyocyanine.

(Supernatant relative intensity at 238 mm is 122 cf Tl in pure pyocyanine ),

In summary, pyocyanine can be determined without interference in
the supernatant at 690 and %14 nm. Peaks at 365 nm and 238 nm have
contributions from pyocyanine and other sources. The absorpition at 255 nm

is not directly related to pyocyanine.

6o Chromatography of culture supernatant preparations

By extracting 5 ml of the standard supernatant with chloroform, a
sample was obtained for chromatographic analysis on a Thin Layer Chromatonlate
adsorbed with 250 p thickness of Silica Gel G 'Merck!'. The exiract was
concentrated five-fold by evaporation and 50 pyl was applied to the plate
using a 10 microlitre pipette. Approximately 50 pl of a 5 mg/ml lyophilised
supernatant preparation in chloroform was also spobtted onto the plate.
Authentic samples of P&ocyanine9 1-Phenazinol and l«iethoxyphenazine (at 1
me/mls 50 pl aliquots) were applied to the plate as standards. A suitable
solvent system was chosen by applying a few drops of gltandard mixture to the
chromatoplate, Solvents of gradually increasing polarity were dropped on
t0 this spot until a circle of 2 cm diameter had developed. The solvent
giving the greatest number of concentric rings was the binary mixture of
chloroforn and 156 methanol, Trial runs indicated adequate resolution of the

standard compounds.

The development of plates spoitted with supernatant preparations

was stopped after the ascending solvent had movea 12 ¢m on the adsorbent.

The dried plates, before and alter spraying with 505 H,.380,, avpeared ag shown

274



Figure 12
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in Figures 12 The authentic samples were resolved as distinct

spots and their identity confirmed by colour changes on acidification z-

Pyocyanine, Rf 0.38, blve to red; 1l-~Phenazinol, R, 0.64, orange~yellow to red;

£

L=PMethoxyphenazine, Rf 0.55, yellow to brown. The culture extract contained
two visible spots, one corresponding in colour and Rf to pyocyanine and the
other similar to l-Phenazinol, ‘The lyophilised supernatant sample also had

two visible components, a faint blue region near pyoccyanine R. 0,3-0.35 and

f

£ 0.6~0.65 approximating to lephenazinol, 4 third

and faintly visible spol was detected only under UV light (Rf 098m0,85},

a sireaked yellow area R

Since the extraction procedure could have cauvsed degradative changes in the
sample, its value for identifying phenazines in the culture was limited.
The chromatographic technique was not pursuwed as its major benefit wag in

confirming the homogenesty of the synthesized compounds.

Te Spectrovhotonmetric detection of l-Phenazinol

added to Standard Supexrnatant

The possible contribution of l~phenazinol to the spectrum of
Standard Supernatant was considered because of the chromstogravhic evidence
for the presence of this component. Therefore l-phenazinol was added to a
suitable dilution of standard supernatant to give a final 10 ug/ml. The
effect on the supernatant spectrum is shown in Figure 13 ., As with the
pyocyanine spectra, 10 mn cells were used between 350 nm and 700 nm and 2 mm
cells in the ultra~violet. Increased abscrplion occurred in the visible
region between 400 nm and 500 nm although no peak was evident. The A max
690 nm of pyocyanine was unaltered in intefxsitya At The 375 nm peak, which
wvas recorded in boith pathlengtn cells, an inerease in intensity ifrom 1.0 to

1.4 was noted in 10 mm cells and 0,25 to 0,%5 in 2 mm cells, The abserption
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at 314 mn was unaltered by l-phenzzinel addition. A new peak appeared at
250 nm corresponding to an absorbance increasc al this position of 0.45 to
0,85, The combined peak at 259 om and 238 nm (shoulder) increased from 1.1

to 1.5 and from 0,9 to 1.2 respectively,

The posgition of the observed increases at N max 420, %75 and 260 nm
cerrelate with the xlnax values feported for lephenazinol in Tris (Figure be ),
The 290 nm absorption only finds an analogy where sitrongly alkaline pH 11.0
Asolvent was used to record the spectrum (Pigure 6c¢ ). The absorption peaks
at 290 nm could result from the interaction with other !'Standard Supernatant!
components through the metal chelating property of lephenazinol (Moos and

Rowen, 1953)c The presence of le-phenazinol did not lead to erroneous assesse

ment of pyocyanine at E6OO°
7

Ce Effect of changing the composition of

Resuspension Medium

1, Effect of Inoculum size on growth and Pyocvanine production

As the bacterial strain and substrate used here were different to
those employed by Ingledew in his original work with Resuspension Medium,
it was necessary to establish the conditions for maximum pyocyanine production.
To determine the optimum inocculum ratio of stationary phase culture into
Resuspension FMedium, & series of ilasks were set up in duplicate, containing
a range of volumes of Inoculum Suspension, After 20 h incubotion, when
production had reached its maximal level, pyocyanine concentration was

determined by % This was recorded on an opticzlly clear supernatant

690°

. o et s . o
(12,000 x g, 20 min, 4 C) containing a few drops of hydrogen pevoxide (30..).

The latter caused no change in the spectrum of the oxygenated culture
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supernatant and. m.s added, to ensure that all pyocyanine was in the oxidised
form. The cell pellet v;as resuspended in saline and cell suspension
opacity 0.D.*** determined. This wavelength was chosen because it marks

a point of minimum absorption in the pyocyanine spectrum,

A striking result of this experiment was the difference in colour
(Plate 1) of the cultures at the end of incubation. With an inoculum ratio
of 25 or 50/F the flasks showed the blue-green colour characteristic of
pyocyanine production. Higher inoculum ratios gave terminal cultures
which were brown and very small inocula, e.g. 3", showed no colour develop-
ment. The corresponding estimates of pyocyanine and cell suspension opacity

are presented in Figure 14 (mean of duplicate flasks).

Plato 1

The effect of inoculum size on the colour of P. aeruwinosa cultures
in Resuspension Medium; 1 - 200~; 2 - 100yo; 3 -

4 - 5 - 12*; 6 - 7 - 3% 8-1#

The figure illustrates a distinct maximum in pyocyanine produced by
inoculum level between 25 and 50# of stationary phase culture. An inoculum
equivalent to 100 of the stationary phase culture gave &Ofd6 of optimum

pyocyanine yield. 12# inocula gave 30# yield.
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" A correlation between pyoccyanine production and the change in cell
suspension opacity (initial relative to final) was detected. At 405
inoculum level no net change resulted. Lower inocula gave net increases

in opacity and highexr oncs, net decreases in opacity.

In conclusion, the optimum level of inoculation for Resuspension
YMedivm in order 1o achieve maximum growth and opbimum pyocyanine production
was 2556 This inoculum gave, after incubation and centrifugation, that which

will be referred to as 'Standard Supernatant'.

° Pagential and ~asgential 1 ents of Reguspension IMfedium
2 I ntial non ntial components of R T on IMed

As there is nc satisfactory explenation for the enviromnmental

conditions waich cause . aeruginosa to produce pignent, the inclugion of

components in the Resuspension Medium was based upon the combined empirical
findings of investigations described in the Introduction. Ingledew's madiun
wag distine® in having no phosphate although earlier workers gsuch as Burton

et al., (1948) suggested that an optimum minimal level was required.

“he necessity for all the components of Ingledew's system does not
appezr to have been investigated. It was therciore decided to identify

EN

the componentis of llesuspension edium essential for pyocyanine production,
As shown in ¥igure 8 (page 84 ), the Inoculum Suspension (from Y-T medium)
did not produce pryocyenine by transfer to fresh Y-T medium. Thus the

stimilus for pyocyanine oproduction muat reside in the illesuspension nediua,

the components of which have been given in Table XI

All the components listed have been reported necessary for vpyocyvanine

produaction by vorious auti.org, altnoush the concitions and the strain of

orgenism have varied. Addivional components cited by Burton et al., (1948)



103

Table XTI

Composition of Resuvspension Medium

Component mM
Ha't 88,0
.+.

NH 19,0
A 9
gt 6e%
Mg~ 0,98
Succinate 370
¢l 27,0

P
SO 1 (O
4 “
Tris 50.0

The medium was made up as disodium succinate 10g,

ME,C1 1.0g, KC1 0.47g, Wa,s0,

Mg012 Ge2g in 1 litre of 50 m¥ Yris

L.0g and
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Table XIT

Effect of changes in the components of Resuspension Medium on

Pyocyanine production and growth

Relative Pyocyanine Relative Cell

Medium Production (E69O) & Qpacity (E49O) a
Complete Resuspension Medium 100 100
Without KC1 70--80 1.20
Wi thout MgClé 90100 80
Without Tris . 40=50 120
Without Nay80, 1020 70
Without Succinate 10=-20 50
Without WH,Cl 10 60

FeS0, added 90~100 85
K AP0, added 10 140
FeS0, + K HPO, added 10 160

ay To serve as standard for comparison the control was arbitrarily

assigned the value 1005 for Pyocyanine anda final opacity level

The 10% reading in the presence of phosphate is not due to pyocyanine,
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. o 2 D - . . X
as being necessary are e and ?04) . Ity experiments were therefore of
two types: the effect of a) stepwise omnission of the components of
44 e WF A . RN v 2+ -, 3‘" I e e
Resuspension Medium and b) addition of Fe“" and/or r04 . 'The latbter

were added at 40 pM and 40 mM respectively, the concentratlicns present in
Y~T mediuvn. The effect on the pyocyanine produced under Standard Super—
natant conuitions was monitored after the deletion or addition of the various
components., All flasks were inoculated as for Standard Supernatant
production and had a final volume of 100 ml. The cell suspension opacity
and E69O of the clear supernatant were monitored as previously described,
giving the cstimates of growth and pyocyanine production which are recorded
in Table XII. The results are expressed relative to the values observed
in the ordinugy Resuspension Medium contxrol.

The following conclusiong were reached: Mg012 and XC1 are not
essential components of the Resuspension ledium. In contrast, Na2804,

svceinate and NH,Cl are all nccessary, as is the Tris buffer. Addition of

4
24

Te did not influence pigment production but addition of phosphate

complotely prevented pyocyanine from being made.

The opacity changes show no correlation with pyocyenine production
. . ; Nk 2+
although increases occurred in all cases. The addition of Fe~™ and phosphate

stimulated growth beyond that in the control.

In conclusion, the essential features of Resuspengion Medium sppear

to be ‘ris, La.S0, , succinate and NHACl and the absence of phosphate.

274 L

3 Ivocyenine production and grovih in Regusvension liedium
witil revlaced comnonents

The knowledge thot the essential components of the Resuspension
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Mediwn were NI, CL, Na,S0

4 4

the acceptability of alternstives for pyocyanine production. The

and disodium succinate led to speculation as to

components chosen as substitutes for the NH,CL nitrogen source were

4
(nim 4)250 40 1‘(1&0.5 end NH, 0. liCl.  The Na,S0 A component was replaced by
posgsible alternative sulphur sources, Na2803 and Na23203, In place of

succinate as a carbon gource, substitutes were selected from Krebs cycle
intermediates -~ citrate and glutamate and two other metabolites were
tested ~ glycerol and glucose. All substitutes were added at equivalent
mM concentrations to Resusvension Media that were otherwise as normal.
Stationary phase culture was used as a 25% inoculum in gll flasks and the

control was get up to gilve Standard Supernatant.

The effects of these substitutions are given in Table XIIT and are
expressed in terms of relative Pyocyanine production and growth. It will
be noted that none of the replacements gave better yields of pyocyanine
than the control aglfthough growth in some cases was substantially promoted.
By adding NH4+ and 8042“ as one component 60-65% of the normal level of
pyocyanine was produced. This indicates that the Na' is not the essential
ion of Na2804° Beither KNO5 nor NH2OHe HC1 gave good pyocyanine production
(25% and  10% respectively) and some cell lysis was Observed with the latter,

It scemed easier to supply alternative sulphur sources, as 8032“ and 5.0 e

273
gave fairly good pyocyanine yields (40-45% and 60-65%: respectively). Yidtn
these alternative sulphur sources, growth was improved relative to that

achieved by SO " in the comtrol.

4
The pattern observed with the replacement carben sources glycerol
and glucose is one of reduced levels of pyocyanine (509 and 30%) angd

proportionate increases in growth (190% and 260i¢).  Similarly for citrate
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Table XIII

Effect of replacing essential components of Resuspension Medium on

Pyocyanine production and growth

Component Replacement Relative Relative cell
Pyocyanine cpacity (E49O)a
produced '
o a
(Bgg0)
NH,Cl NH SO 606 100
4 (1,050, > .
KO, ' 20--25 100
NH2OH,HC1 10 80
Na2804 NazSO5 40=45 110
1\7&28205 6065 130
Succinate  Glycerol 45=50 190
Glucose 25=30 - 260
Citrate 65«70 180
Glutamate 60=55 120

3 To serve as standard for comparison the control was arbitrarily

assigned the value 100 for Pyocyanine and final opacity level
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and glutamate, reduced pyocyanine coincided with improved growth. Overall
it was evident that the factors promoting growth and those promoting

pyocyanine preduction are guite separate.

4. Spectrophotometric analysis of supernatants from

Resuspension Media with replaced components

The supernatants of Resuspension Fedium cultures with replaced
carbon, nitrogen and sulphur sources were examined by spectrophotometry in
the same way as described previously for Standard Supernatant. As ig
observed in Table XIVa and XIVb where the wavclength positiorsof the A max (nm)
values are given, there is good agreement with the peaks of Standard
éupernatant° The cultures produced pyocyanine in variable amounts although
at certain UV absorption peaks there were contributions from other compenents.
The estimation of pyocyanine by E69O was shown to ?e well founded in the
Standard Supernatant case. The extinction ratia ;éﬁg for Standard Supcr—

I

314
natant and pure pyocyanine falls within the raenge 12-155, and this is taken

ag evidence of spectral correlstion at these two peak positions. In all
cases quoted in Tables, the corvegpondence of absorptions at 690 nm and 314
nm with those of pure pyoccyanine is upheld. In the case of no pigment
production the ratio is not calculated.  With Standard Supernatant the
"foreign" absorption contributing to the peax at 375 mn woas reliably estimated
bk

by the ratio 3312'(58m42%0¢ The trend of this ratic towards thut found in

. 514 ,
pure pyoccyanine (23%-27%) gives a measure of the interference with lhe pure
spectrum. These ratios calculated for the gpectra in TeblesXIVare all
greater than 4%, Those closest to the conitrol value of 38-42% are the
carbon substitute, citrate and the nitrogen substitute (EH4)2604, and thoese
represent the best replacements for pyocyanine production. The increasing
values of this ratio correlate well with reduced guantities of pyocyenine

production given im Table XIIT,
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Absorbance valucs for visible and ultra~violet spectra of supernatants

from Resuspension Media with replaced nitrogen and sulphur scurces

Nitrogen om Absorbance velues at A max (xam) Beoo  Booe
Sulphur Source Colour ' E_im %-?ém& G
690 375 312 255 238 %14 514
Usual Blue~Green 1.1 3.4 8,02 12 10 13 4
(NH4)2304 Green 0.6 2.1 4T 8,5 Tud 13 45
KNO3 Green 025 1.3 1.8 %45 np 14 72
NH20H .,HC}“ Cleal‘ OeO 005 Oo5 290 :NP = bl
NaZSO5 Green 0e45 1.8 %e2 11 11 14 56
ia. S ) 5 5 y
ha25205 Dark Green 0,65 2.0 4.2 9.2 9.2 15.5 47

NP, No peak observed, Underlined absorbances quote background values

at N max position where no actual peak was observed.

indicates no meaningful estimate

Dash (=)



Absorbance values for visible and ultra-violet spectra of supernatants

Table XIVDb

from Resuspension Media with replaced carbon sources

110

Carbon Absorbance values at A max (xm) Feoo . Fas
Source Colour 7 % % 9%
690 375 312 255 238 314 514
Succinate Blue=Green 1.3 de3 10 15 14 13 42
(usual) ’
Citrate Blue~Green 0.9 362 7.0 10 10 13 45
Glutamate Blue 068 3.2 644 9.6 942 12,5 50
Glycerol Green 0.7 %40 5e2 11 NP 135 58
Glucose Green 0e3 a4} 2.4 18 NP 12.5 142

NP, No peak observed
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In suwmmary, none of these manipulations in the formula of
Resuspension Medium improved pyocyanine production; most of the alternatives
were strongly disadvantageous. The trend te reduced levels of pyocyanine
ig accompanied in the case of carbon substitutes by spectral changes in the
supernatant which cause the absorptions at 375 and 314 to change their
relative intensity. The spectra illustrating this trend away from the
spectrum of pure pyocyanine are showa in Figure 15 . The 10 mm pathlength
abgorptions at 690 nm are in agreement with the pyoccyanine level produced.,

The absorptions measured at 375 nm, 314 nm, 255 nm and 238 nm in 2 ma cells

B
show the change in the ratio = and the disappearance of an observablce peak
514

at 238 mm with glucose and glycerol,

5e Growth in Resuspengsion Medium under atmospheres of

hydrogen and nitrogen

To observe whether or not oxygen in the Resuspension liedium was
necessary for the synthesis of pyocyanine, cultures of the Standard Super-
patant type were incubated under hydrogen and nitrogen atmospheres (Table XV ),
No pyocyanine production was observed in the supernatants from incubation
under hydrogen or nitrogen (with or without added H202 prior to spectrophoto-
metry). Supernatants grown under hydrogen showed two abzorptions at 263% na
and 240 nm due to unidentified substances. The ccll suspensicn opacity
fell during incubation, indicating cell lysis. The supernatant from
cultures under the nitrogen atmosphere had a yellow fluorescence under UV
light and the spsctrum showed two minor peaks at 360 rm and 255 nm, The
change in cell suspension opacity from 1.0 to 1.2 during the 20 h incubation

indicated slight growth.
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D Pyocyanine production in Minimal fesuspension Medium

The combined results of the experiments in Section C indicate that
the minimum reguirements for pyocyanine production arc di-sodium succinate

(37 mb), 8H,C1 (19 mi) and Ha,, 50 A (7 m). One might therefore predict that

4
under the standard condiﬁions_with the 25% inoculum level, a medium of the
above composition should give substantial py&cyanine production. Accordingly,
a Minimal Resuspension Medium was made up with these components in 50 mhi

Tris. To determine the best conditions, the medium was inoculated with a
variety of volumes of Inoculum Suspension, The pyocyanine production and
growth which resulted are expressed in Table XVI ., The colour Vafiations
were qualitatively similar to those observed in the complete Resuspension
Mediwn experiment. However, the minimal medium supported at its best oaly
55% of the pyocyanine produced in Complete Resuspension Medium. This best
value occurred at an inoculum level of 25% which is the same as complete
mediwne. This reduced level of Pyocyanine was nevertheless accompanied by
improvement in growth reaching an 0,D. of 2.2 compared with 1.6 in the contral.
Higher than optimun inoculum levels in kinimal Medium gave net lysis in

agreement with the results shown in Figure 14.

The spectra of supernatants from flasks with various incculum ratios
are shown in Figure 16 . The corresponding abscrbance values for
undiluted sample in 10 mm cells are given in Table XVII . In considering
Figure 16 it must be remembered that for control supernatants and those
minimal cultures having 10%% and 2% inoculum levels, 10 mm pathléngth was

uged betveen 450 nm and 700 mia. Botween 200 nm and 450 rm 1:2 dilutions in

2 mm patialength gave the spectra recorded.

fhe lower part of FPijuvrve 16 shous the specira of supornaitants from
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Figure 16: Ultra—~violet and visible spectra of supernatants
from minimal media with different inoculum sizes;
(a) 10 mm path
(b) 2 mm ﬁathg 1:2 dilution
(¢) 20 mm path

(@) 2 mm path
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Table XVI
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Bffect of verying inoculum sgize in Minimal Resuspension Medium on

Pyocyanine procuction and growth

Inoculum Relative Change in cell
% Stationary Colouxr Pyocyanine opacity (Oh~¢*20h,
hase Lture production B a
phase culture P e 490)
690
Controlb Blue~Green 100G 0.3 1.6
10 Green 30 0.3 1,2
25 Blue~Green 55 0.8 2o
50 Blue=Grey 25 1.6 1.8
100 Red 13 3.0 2,6
200 Brown 10 6.0 5.2

a, To serve as stancard for comgpurison the control was arbitrarily

assigned the value 100% for Pyocyanine level

b, Inoculum of 25% in complete Resuspension Medium
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higher inoculuwn ratios. The pigment observed in these cases was of much
lower intensity and 20 mm pathlength cells were required'between 450 and
700 nm., 2 mm pathlength cclls'were suitable belog 450 nm although 1:2
dilution was necessary to record the 255 nm peak of 100% and 2005 inoculunm

ratios.

It will be observed that with 10§ and 25 inoculum ratios spectra

closely correlated with those of Standard Supernztant at all A max valucs.

. T .
The ratio of extinctions and - werce closest in these cases to the
h}l 4 11;5 14

standard value.

The higher inoculum ratios in Minimal Medium gave distincet visible
and ulira-~violet spectra. The 50% inoculum level retained the N max 690 1t
although a new peak at 560 nm was obscrved. The 100% inoculum level
caused % max 690 nm to decrease and the one at 530 nm to predcminate. Trhis
trend was more pronounced with the 2003 inoculum ratio, The measurementz ol
Pyocyanine by E69O in these cases can only express the maximum possible level
present.

SECTION III :  BICCARMICAL CiARACTIRISATION OF

P. ARUGIRCSA CLLLS

A, Kinetics of growth and Pyocyanine production

Having established that the use of Resuspension Medium gave
reproducible production of pyocyanine,; the next step was to compare the
growtn curve of LCTC 6750, uncer the defined optimal conditions of 258
inoculum level, with that reported by Ingledew and Compbell (1969a) for

strain ATCC 9027. Cultures in Resuspension FMecium were thereloxe set up



119

undér the optimal conditions and samples withdrawn at various times (Oh,

2h, 3h, 5h, Th, 11lh, 16h and 20h) for the measurenent of cell suspension
opacity, total bacterial mass, viable cell count, pH and pyocvanine production.
The results (¥igure 17 ) show that pyocyanine was first detected at 3h aften
inoculation of the Resuspension Medium. From that time its level increased
linearly until at 13h it reached a plateau level. Thereafter the concen-
tration of pyocyanine remained constant in the supernatant over the remaining
period of observation, In other experiments where measurements were made

after 48h, pyocyanine concentration had decreased by only 10

The cell suspension opacity (C.D. 0 of 1,0) at Oh changed little

49
over the lag interval of. pyocyanine production, At 3h the opacity began to
increase and the rate paralleled that observed for pyocyanine, The maximum
opacity was reached at Th and it remained congtent watil pyocyanine concen-—

tration was at the plateau level (16h). The decrease after this time was

confirmed by the value of 1,8 - 2°O“which was regularly obgserved at 20h.

The number of viable cells at Oh (2.4 £ 0.d) x 109 per ml
corresponded to a total bacterial dry mass of 0.,%1 mg per ml, The most
rapid increases in these two parameters occurred over the lag interval from
Oh to 3h,. Viable count increased from 2.4 to 3.4 x 109 cells/ml, This
increase in the viable count during the lag intervsl, in fact, represented
the only cell division cccurring in the culture. After 3h the vieble count
decreased within the next three hours to its original Oh count. This
point marks the 50% level ol pyocyanine production, Further changes occurred

only after 20h when the viable count fell -to much lower levels.

The decreasc wnich occurred in the viable count after 3n did no

[

cause the baclterial mass to stop increasing. The latter levelled off at a
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maximum 0.58 mg/ml after 8h. The decline in bacterial mass at 14h

corresponded to decreasing cell susnension opacity and started when pyccyanine
production had ceased. At the typical Observation.time of 20h the bacterial
mass had fallen to 0.45 mg/il. The pH changes over the course of pyocyanine

production showed a steady increase from T.4 at Oh to 8.6 at 20h,

The above results on pyocyanine production cell, suspension opacity

and pH show good agreement with those reported by Ingledew with ATCC 9027.

B. Changes in the chemical composition of cells and supernstants

There appears to be no published information on the chenges in the

chemical composition of P. acruginosa cells during pyocyanine production.

It was therefore decided to make a variety of chemical analyses on the cells
over the period of incubation in Resuspension rtiedium, The non~-pyocyanine
producing cells harvested from the initial growth medium were represented by
the Oh sample. Between Oh and 3h there is a phase of cell division and
after this 'pyocyaninellag interval'! the cells characteristicélly stert to
produce the green pigment. Cells at 3h werelremoved to record the changes
that had taken place. When pyocysnine had reached the plateau level (20h)
the cells were compared analytically with thoge at Oh and 3h to see what

changes had occurred.

It snould be remembered that the "trigger" lor pyocyanine production
in the Resuspension ledium as suggested by Ingledew, and confirmed here, vas
the total absence of added phosphate, Therefore in this series of experiments
“attention was focussed on determining the levels of phesphatewcontaining

macromolecules (DilA, 1K4, FL, LPS and ATP) in the pyocyanine-producing cells.

5
O

The assay procedure, excepl where stated otherwise, was carried out on




cell samples removed at Oh, *h and 20h from the Standard ilesuspension NMedium,
Sultable cell aliguots of different sizes were harvested from duvplicate

" . . . s " . 40 ) _ 0,
flasks, washed once with saline by centrifugation at 4°C and stored at -20°C

until reguired for anelysis.

The resulls are expressed in two ways :
1) as weight of component per flask, i.e., per 100 ml of culture in
Resuspension Medium

2) as percent conitribution of the component to the votal bacterial mass.

This second methed was included because of the 6050 increase in bacterial mass

during the first three hours.

Some analyses were alse done on culture supernstants [from the
Reéuspension Medium. Before analysis, these latfer samples were ultrafiltered
at 0% through a UM 05 grade membrane with g molecular weight exclusion limit
of 500 (Amicon Corp. Massachusetts)}, This was done primarily to remove
pyccyanine whosge colour would otherwise have interfered with the colour

reactions of some of the biochemical assays.

Qe Nucleic acid

Immediately after the cells had been harvested and'washed at 0°C in

0.25 N HCLO the nucleic acids were extracted., The DNA and INA spectro-

45
photometric assays were described by lMunro and rleck (1966) and are based on
the method of Shneider (1957). Hucleotides were acid hydrolysed and the

purine bound deoxyribose anc furifuvral derivative of purine bound ribose were
determined by their colour reactions with diphenylamine (E6OO) and with
orcinol (3660)respectively, Pyrimidine-bound nvclceotides do not react under

these conditions. Culture volumes of between 5 and 20 ml were used to
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estimate DA and 2 - 5 ml for RWA. Pigure 18 shows the weights of
polynucleotides in the cells at the three sampling timesu' The yields were
.calculated after calibration of the method using purificd samples of DNA
and RilA which had been treated in an identical manner. The percentage
contribution to the cell was based on the measured total bacterial mass as

described for the growth curve.

DHA increased in the first three hours from 1.2l to 2.05 mg per
100 ml, an increase wnich was sulficient to maintain its level in the cells
at 4.2 - 4.% percent. At 20h, when pyocyanine was on the plateaun level,
the DNA had returned to its Oh level of 1.25 mg per 100 ml of culture. At

this time the.supernatant contained 0,75 mg of soluble DHA per 100 ml,

In contrast to DHA, the increase in RNA during the lag interval
from 5;65 to %.48 mg per 100 ml was not quite in proportion to the increase
in bacterial mass and the percent value in the cells fell from 9.% to 7.1l as
a result, After twenty hours the cells from 100 ml culture contained the
equivalent of 1.85 mg of RNA which represented 3.9 percent of thc total
bacterial mass. The quantity of soluble RIA in the culture supernatant

vas 1.5 mg.
be Protein

Protein was estimated by the method of Lowry et al., (1951) using

e

bovine serum albumin as standard. Samples were prepared by sonicating the

. . e o . Q0 A
cells from 5 ml of Resuspension Medium in % ml of Lowry iecagent A at 0°C for

©10 min to obtain a clear suspension,

At Ch the cell-associsted protein measurced 15.4 mg por 100 ul as

shown in Pigure 19 . Growth during the lag interval gave a protein level



-

Protein mg/100 m Resuspension Medium

80}
g 0 T
ool b N
g "/
5 |
oprd
§ 40}
&
c 1
8 |
Q
o 20+ /E}
). Il ’
o
[—] l!:ll A 1 i I[:]—’J’//’:/ J, ]
4 8 2 6

Hours

Protein conient of cells and supernatant.
@, Values per 100 ml of Resuspension Medium

G, Percent contribution to cell mass

DO, Release of protein (mg/100 ml) into the supernatant.

125




of 3l.4 mg pexr 100 ml a2t 3h. This level appeared to remain steady through
the phase of pyocyanine production and was 34.5 mg per 100 ml at 20h. This
gsynlhegis of protein had the effect of increasing the conlribution of
protein to the cell mass from 55 to 65%,  The 20h fisure was 675,  Yhe
ohserved increase and retention of cellular protein over the 20h pefi@d

is thus different to the bhehaviour of the nucleic acids. . Neverthcless,
some protein was detectable in the supernstant, Over the fimst 13h there
was legs than L mg per 100 nml. Al 18h, protein had increased to 5 mg per

100 ml and by 20h to 10 mg per 100 ml in the supernatant.

The occurrence of the bulk of protein synthesis during the firgt 3h
correlates with growth as judged by wviable count increage during this
period. The release of protein into the supernatant after 18h is
cérrelated with nucleic acid release and the Qdecrease in the cpacity ol the

cell suspension in the later staze of incubstion in Resuvspension lMedium.
X [

Co Lipid and Thospholinid

Lipid analyses were done on cells pooled from two flasks (200 ml)
and lipids were extrected with chloroform-metnanol according to Folch et al.,
1957)0 Figure 20 records the range of increases measured in four
separate experiments. The dry weight of extracted lipid ﬁas 1.5 mg per
100 ml at Ch and increased to 5.% mg per 100 ml at 3h. After 20h the
value had fallen to botween 3,2 and 4.2 mg per 100 ml, The rangoe of
estimates was greater &t 3h and 20h than for the Oh sample possibly due to
the varying degree of extroctibility of the lipid. The mean estimates gave
the percent of bacterial mass as 5.5 at time of inoculation increasing to

9.0 at 3h. The value ot 20h was 7156
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Figure 21
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Although an increase in total ccll lipid was detected, the
phospholipid component as estimated by lipid phosphorus analyscs (4llen,
1940) did not show a puiallel change. The Ch level of 4.1% phespholipid

in P. acrusinosgs comnares well with that veported by Martin and hacLeod

(1971)° The phospholipid at 3h was 2% of the total lipid and the value fell

to only 1% after 20h in Resuspension Medium.

d. Lipopolysaccharide

The cell-associated LPS was extracted from the cells harvested fron
1,000 ml of Resuspension Mediuwn using the phenol-water procedure of Westphal
et al., (1952), The opalescent pellet of LIPS was monitored for nucleic acid
contamination by E260 and was rendered {ree of this contamination by two

cycles of uwltracentrifugation.

Amounts of LIS were measured by the Johnson dichromate oxidation
method with glucose as standaxrd. The values expressed in Fdigure 21 show
the range of estimates in three extractions, At Oh the level of LPS was
40 g per 100 ml of culture. This increased to 85 ug per 100 ml during the
first 3h, after which it fell 1o near the initial value. When conslderstion
is given to the changes in bacterizal mass, the percent contribution of LPS
remained fairly steady; Oh, 0.145%, 3%h, 0.2 and 20h, 0,13%. The latter
corresponds-to 60 ug per 100 ml. It should be remembered thot this estimate
was made on the cell pellet from Resuspension tedium at 12,000 x g and as

such may contain some sedimentable LPS from the supernztant.

€. Adenogine triphosvhate pcol

The level of ATY in the cells was thougnt to be a valueble inlicator

of cell response to the low phosphate environment of the Resuspension liedium.
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The assay procedure employed here is that described by olms et zl., (1972),

a modification of the method of Cole et al., (1967) based on that of

Llehilroy (1963) end using firefly lantern extract. The methed has been
shown by llolms to be a measure of intracellular ATP in bacteria. Samples
(4 ml) from duplicezte culturcs were extracted with perchloric acid, which
after neutralisation gave an agueous ATP solution. This was stored at
-20°C for not more than 48h. The possible instability of ATP at this
temperature was allowed for by observing stored stancdard ATP solutions which
had been extracted from complete medium and processed in parallel with the
unknown samples. Extracts were also made of cells from ¥Y-T medium to
detecl the effect of the washing during preparation of the Inoculum Suspensica.
At the time of the assay, standard ATP solutions in water werce used for
calibration. The values of ATP in the bacterial exlracts were corrected
for the slight decay of the stored standards and the determinations at times.
before and during Resuspension Medium growth are given in Figure 22 . In
the 48h between extraction and measuvrement the standards had decayed by less

than 5%.

The guantity of ATP in the equivalent cell weight of 1 flask at
Oh observed before the cells were washed was 108 ug. At time of inoculation
(On) the level was 45 pg. This increased over the lag in%erval to 6% pg per
100 ml at 3h, although in terms of percent of bacterial mass this represenis
a negligible change from 0.14 to 0,16, ATP gynthesis continued until it
reached a maximum at 10h, At this point it was 109 ug per 100 ml, almost
back at its pre-washing level and constituting 0,17 of the cell mass, viner
the cells had been in the presence of maximum pyocyanine for éh (ioe. QOh)

the ATP was 75 ug per 100 ml and O.d14j. of the bacterial mass.
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It was concluded that the ATP remained relatively constant, between

00,14 and 0,17% of the total cell mass, through incubation of P. aeruginosa

in the Hesuspension Medium,

C. klectrophoretograms of cell envelope proteins

Acrylamide disc gel electrophoresis was employed to examine the

pattern of cell envelope proteins at two phases of the investigation.

In early experiments, envelopes were prepared by the method of
Repaske (1958) using EDTA and lysozyme followed by DNA'ase addition.  Whole
cells were separated and the cell envelopes washed by centrilugation in 50 mif
Tris. Preparations were sonicated before use for 10 min at 0°C and 0.1%
SDS was added as dissociéting agent to permit the proteins to migrate
according to molecular size (neynolds and Tanford, 1970). Ilectrophoresis
was done in separating gels containing 11.7% (w/v) acrylamide (Davis, 1964)
and molecular weight estimates were made by running proteins of known daolton

value in parallel,

In later experiments pressure cell lysis (Bioteo) wvas used to obtain
envelopes in greater yield and at the characteristic time intecrvals for
sampling the Hesuspension lledium growth, The preparations were washed as
‘described for the lysozyme preparations. Meanwhile the literature at that
time contained a reference 10 an analysis of L, coli envelope proteins
(Starka, 1971) using a more porous T acrylamide gel system. It was deciced
to employ this under the conditions described for 11% gel. The modification
described by Grula and Savoy (1971) was also adopted, namely, addition of

0015t Bemercaptoethanocl to improve the scperation of the resclved bands.

Figure 23 shows the electrophoretograms of lysozyme preparation of
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Figure 23: Electrophoretograms of cell envelope proteins in
11.7% acrylamide gels. Cell envelope proteins were
prepared using cells removed from Resuspension Medium
at zero time (EO), 3k (®3) and 20nh (E20).
The standard protein mixture described in the text
was run in parallel (shown top): A = 12,400 daltons ;
B = 17,800 daltons ; C = 25,000 daltons ;3 D = 45,000

daltons ; B = 45,000 daltons and F = 67,000 daltons.,
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Figure 24:

Ilectrophoretograms of cell envelope proteins

in 7.0% acrylamide gels. Cell envelope proteins
were prepared using cells removed from Resuspension
Medium at zero time (H0), %h (B3%) and 20h (E20).
The standard protein mixiture described in the

text was run in parallel (shown top)s B = 17,800
daltons ;3 C = 25,000 daltons ; D = 45,000 daltons ;

B = 45,000 daltons and F = 67,000 daltons.



All
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cell envelopes run on the 11,750 gel system, The'major bands appeared at
molecular wéight 67,000 and o characteristic band was observed in all
samples at 25,000 daltons. In the Oh sawmple a band at 17,000 daltons was
a major component. This was lost aftef %h growth of the cells in

Resuspension Medium,

Tigure 24 gives the resolution achieved with the more porous 7,0%
gel, designed to improve separation of higher molecular weight components
obtained from the mecnanical rupiture of the cells. The complex pattern of
components in the 17,500 « 25,000 dalton region was essentially the same for
Oh, 3h and 20h samples, In all preparations the component at 17,500
remained the same. The complex of peaks at 67,000 daltons was well
resolved in the Oh and Eﬁ samples although in the 20h sample it was less

well defined.

A comparison of the two methods of preparation indicates that
enzymic lysis gave fragments of smaller molecular weight than those obtained
by mechanical rupture. The electrophoretic technique was used te detect
the possible synthesis of new proteins specific for pyocyanine production.
Since the results indicated degradation of components no further experiments

wvere done.

De lectron Micrographs of P, acruginosa cells

Cells harvested at different times from Resuspension lledium were
examined in the electron microscope both as thin sections and as negatively

stained preparations.

Control celleg which had been fixed in Y-1 medium appeared as

undamaged intact cells having dark stained cytoplasmic granmules similar to
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those reported as polyphosphate by Carrick and Berk (1971).

The waéhing procedure for the preparation of Inocculum Suspension
resulted in cells of irregular shape and the release of some cellular
components. The dark stained granules were absent. After the pyocyanine
lag interval the cells were similar to the control although incrcased
leakage was observed. The LPS released from the cell surface gave
sectioned profiles similar to thbse obtained by Shands (1971) in purified
LPS preparations isolated by phenol water extraction. Shands interpreted
the disc and doughnut shaped appearance as bi-layer formation; each half

consisting of core polysaccharide and covalently linked lipid.

At the end of incubation in Resuspension Medium the leakage and
LPS release had continued giving a higher proportion of empty cell hulls

observed as circular profiles.

The summary Table XVIIT compares the major anatomical characteristics
of control cells with those at Oh; 3h and 20h as observed in low magnification
survey micrographs. It was evident that cell leakage and disintegration of

LPS-Lipid-Protein complex was progressive with time of incubation.

All electron micrographs were kindly provided by Dr. J.H. Freer of

this department.
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Plates 2 = 3, Flectron micrographs of thin sectioned whole

cells of P. geruginosg fixed with glutaraldehyde in the ¥-T

growth medium before washing as outlined in Inoculum Suspension

preparation.

Plate 2 shows a low power survey micrograph of undamaged

whole cells from a stationary phase culture. X 34,500.
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Plate 3 showg the details of control cell structure. Note the
‘characteristic appearance of the chromatin (ch), the cell wall
(cw) and the cytoplasmic membrane (ecm). The darkly stained
areas of the cytoplasm probably represent polysomes (p) and the

larger densely stained areas are of unknoun composition,

Electron transparent areas in the cytoplasmic region of the cell
are often seen to be membrane bound ana probably originate from

invaginations of the plasma membrane. X 72,600.
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Flates 4 -~ 6, ¥lectron micrographs of thin sectioned whole

cells of P. aeruginosa fixed with giutaraldehyde in the

Resuspension Medium immediately after inoculation (Oh).

Plate 4 is a low power survey micrograph. Note the irregular
outline of the cells and the presence of several cells showing
extensive leakage. The nuclear material (n) appears more
fibrillar and localised than that observed in the control cells.
The cytoplasmic polysomes (p) are scen more closely packed than
in the control celis. The darkiy stained areas noted previously

vere largely absent, X 34,500,
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Plates 5 and 6 show cells from Oh at higher magnification.

Plate 5 shows evidence of LIPS peeling from the outer layer
of the cell envelope (1) and the presence of some free LPS

in the form of sheets (s) and vesicles (v}. X 72,600.
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Plate 6 illustrates detail of the cell envelope structure :
the outer triple layered profile of LPSuLipiduProtein.(llp)
complex is clearly visible whereas the plasma membrane
profile (pm) appears discontinuous presumably due to
fregmentation during lysis. The rigid layer (r) is
discernable in the cell envelope profile and appears as a
diffuse band immediately interior to the ocuter element of

the wall. X 117,500,



%
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Mateg 7 -~ 10. Electron micrographs of thin sectioned whole

cells of P, aeruginosa {ixed in sesugpension MHedium at the end

of the lag interval (Sh) with glutaraldehyde.

.
Plates 7 and 8 show low power survey micrographs. Note the
dispersed aﬁpearénce of the chromatin (ch) gimilar to that
observed in the control cells (Flate 2). Tolysomes (p) are
present as in the contrel although less numerous and embedded
in an amorphous nmaterial. Increased disruption is evidenced
by the amcunt of free envelope material present in the
preparation - nuclear material (n), cytoplasmic membrane

fragments (cm) and free LS (1). X 34,500 and 42,%00

respectively,
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In Plates 9 and 10 note the irregular cell wall profile in
comparison to that in the control and Oh samples. 'he
releasce of LPS vesicles from the surface of the cell
envelope and the presence of numerous characteristic LPS

complex profiles are observed.

I

The sections of LP5 appear as either flattened discs viewed
face on (a) or when these are sectioned at a variety of
angles as trilaminar structures (b) or discs and trilaminar

profiles viewed at an angle (c). X 117,300,






%
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Plates 11, 12 and 13. Electron micrographs of thin

sectioned whole cells of P, aeruginosa fixed in Resuspension

Medium after twenty hours (20h) with glutaraldehyde.

Flate 11 is a low mzgnification survey micrograph. ’ Note

the emply cell hulls and the presence of released cytoplasmic
material - nuclear material (n) and the LPS-Lipid-Protein (11lp)
complex. The predominance of circular profiles in the cell
envelope of empty cells suggests a loss of rigidity in the

cell wall, possibly resulting from the activity of autolyt@c

enzymes. X 34,500.
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In Plates 12 and 13 the distinctive nuclear appearance is
not the same in every cell, some cells showing the well
defined fibrillar chromatin (ch) whereas others show
dispersed and ill defined chromatinic areas {ch').

Polysomes (p) are randomly cispersed in the cyt0p1asm
similar to those observed in the control cells, Cell
hulls are more frequently observed as is the release of

LP3 (1) seen in characteristic profile, X 72,6004X 117,300

respecltively.
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Plate 14. Tlectron micrograph of negatively stained 3h

envelopes of P, seruginoga aflter extensive washing in

50 m¥ Tris X 72,600,

The sheets of material congist of a mixture of LPS-Lipide
Protein complex and fragments of plasma membrane. There

is no indiecation of contamination with cytoplasmic material.






SECTION TV s INETIBITION OF PYOCYANINE PRODUCTION

A, Effect of phosphate addition

A characterigstic feature of the Resuspension Medium is its lack
of phosphate. Hesults described under 'Composition of Resuspension Medium!
(see page 103 ) indicated that when phosphate at 40 mM (cohcentration in YT

medium) was present then pyocyanine was not produced.

In order to explore this effect further, experiments were done in
which various phosphate concentrations were added o Resuspension Medium at

various intervals during the 20h incubation period, Eguimclar guantities

of K?HPO4 and. KH2P04 were used to give s range of logarithmically spaced
concentrations from 40 pM to 400 mii, These levels of phosphate expressad

B
4 , from 0,602 to 4,602 were added to the Standard

as 1og10 [PO
Resuspension Mediwn at the times specified in Figure\ZS N The growth mediunm
concentration was representcd by 40 mM phosphate. The figure shows the
values, at 20h, of the cell sguspension opacity and the pyocvanine production
as a percent of the contrel. At the times chogen the guantities of

pyocyanine which had already been produced in the supernatant were as follows:

Oh, Wh; 3h, 10%; 6h, 20~30%; 10h, 60 = 70%; and at 12h, 90-100%.

By adding 40 pi phosphate at Oh and at %h the pyocyanine production
reached only 40Cj: of its normal level, Addition at 6h and 10h resulted in
605 and 70% pyocyanine production respectively. The 10n cells seemed t0 be
inhibited in the production of more pyccyanine by the presence of A0 pi

phosphate.

It i1s possible that further synthesis toolk place followed by
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degradation of pyocyanine to give the final levels observed. 12h addaition

of phosphate at levels below 40 mi did not affect pyocyanine production.

The addition of 400 u¥ phosphate and above, at Oh and *h resulted
in complete inhibition of pyocyanine production. The 400 @M concentration
of phosphate added at O6h and lOh prevented further pyocyonine synthesis as

L 4 mM at 6h. By adding 4.mM at 10h however, the final pyocyanine level

.

di

was lower than that at 10h and degradation may have occurred.

A similar effect was noted when 40 mM was added at 6h and 10h and

-
=
®

10% and. from 60% — 50% respectively.  This degradation was observed by

further pyocyanine production was prevented wihile levels fell {rom 20% —

treatment of the 12h cells only with high phosphate concentration i.e, ACO mM.

In summaxry, at early stages in pyocyanine procuction,; Ch, 3h and 6h,
the cells were sensitive to 40 pM phosphate and this caused vhat appeared %o
be instantaneous pyocyanine inhibition, Higher levels of phosphate were

necessary to cause the degradation of pyocyanine by older cells.

The differences in 20h cell suspension opacities in the presence of
phosphate are shown in the top part of Pigure 25 ., The results for 10h

and 12h cells were identical,

It was noted that concentrations of between 4 mi and 4C mM caused

opacity increase for Ch and 6h cells. Cells at 10h and 12h required 40(

<

phosphate to give greater opacity than the conirol, The 3h cellsg seemed le
able to use 40 mil for growth although 400 wil did stimuwlate the suspension
opacity. In general, where increased opacity of the cell suspension was

observed it coincided with veduced levels of pyocyenine in the supernatani.

rﬁ‘j"v”
I
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, B, kffect of chloramphenicol addition

The observation that protein synthesis accompanied the growth of
cells in the Resuspension Medium during the interval from Oh to 3h suggested
a specific requirement for certain enzymes before pyocyanine could be

produced.

Chloramphenicol as an accepted inhibitor of protein synthesis was
added to the Resuspension Medium to determine if it would affect the production
of pyocyanine. Before.determining the test levels it was necessary to
establish the Minimum Inhibitory Concentration (MIC) of chloramphenicol for

this gtrain of P. aeruginosa. Cells from the Incculum Suspension were used

to give a 25% inoculum in a Resuspension Medium with 40 mM phosphate added,
to congtitute a full growth medium. Chloramphenicol was tested at 6 pg/ml,
60 pg/ml and 600 pg/ml as shown on the abscissa of Figure 26 . The 20h
cell suspension opacity values in these flasks and in the control without
chloramphenicol are given, 50% reduction in 0&3,490 resulted from the
presence of chloramphenicol at 60 pg/ml and this was accepted as MIC. It

was noted that when growth in the pnosphate~supplemented desuspension Medium

was inhibited, pyocyanine production was not observed.

A range of chloramphenicol concentrations close to the MIC of
60 pg/ml were chosen and added to the Standard Resuspension Medium at zero
time and at 3h. The effect on pyocyanine production and cell suspension
opacity are shown in Figure 27 where chloramphenicol is expressed on a log
scale 60 pg/ml = 1,78 . | From the graph of percent pyocyanine production it
is noted there is little difference in the sensitivity of Oh and %h cells to
chioramphenicel, At the lowest concentration tested, 5 pg/ml, the Ch cells

gave a.final pyocyanine level of 85%. With 3h cells the final level was 99
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Figure 27
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of the control. 20 pg/ml of chloramphenicol wes sufficient to cause 50%

reduction in pyocyanine production in both the 3h and Oh cases. The MIC of
chloramphenicol caused pyocyanine to fall below the minimum detectable level
in these experiments ( < 10%). This was effectively complete irhibition of

pyocyanine production.

The cell suspensicn o?acity values illusirated as percent of control
in the upper part of Figure 27 show that with Oh cells, the opacity fell
to 75% as a rosult of the addition of 10 pg/ml. I+ remained at this
lowered level with other chloramphenicol concentrations, ‘The opacity of
3h cells was higher at 90% and was only lowered by treatment with the MIC of
chloTamphenicél to 85%. Although Oh cell opacities fell to lower levels
than those at 3h there was no similar divergence in pyocyanine production.,
Pyocyanine production therefore appeared to be more sensitive to suppression
by chloramphenicol than was growth in phosphate-supplemented Resuspension
Medium, After the three hour lag interval, during which maximum increase
in protein has been shown to occur, chloramphenicol alsc caused inhibition

of pyoccyanine production,

Co  Effect of adding synthesized pyocyanine

To determine whether or not the pyocyanine producihg system was
subject to fcecback inhibition by its own end product, purified pyccyanine
was added 2t Oh and at 3h in multiple units of the quantity normally found in
Standard Supernatant. The quantitics of pyocyanine produced biologicalliy

were estimated by E after account had been taken of the amount adaed.

690
The results are shown in Pigure 28, The 1,25 unit and 2.5 unit levels of

pyocyanine, when addéed to Uh cells, did not aiffeet subsequent pyocyanine

production by tne culture. However when pyocyanine was adned at the 5 unit
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serve as stencard for compsrison the control was assigned the value 1C0,.

for Pyocyanine and final opacity level.
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level, pigment production by Oh cells was reduced t0 a negligible quantity.

The assay was performed on suitably diluted samples. By treating %h cells
in a similar way the response obgerved was quite different. 1.25 units of
pyocyanine caused significant reduction in the subscguent production of the
pigment to 70% of The conitrol value. 2.5 units of pyocyanine caused even

greater depression ana only 20 to 30% of the normal awmount was found to have
been produced. hs observed in the case of 5 units added at Ohgzthe 3h cells

were completely inhibited in their pyoccyanine production.

Changes in the level df cell suspension opacity were small, The
addition of 1,25 units caused %h cell suspension opacity to fall to 85%
whereas the Oh cells had their opacity unaltered. The opacity at other
points in the upper part of ¥igure 28 indicate that values werc never louered

by more than 15%. No stimulation of growth was observed.

It can be deduced that both cell types Oh and 3h are sensitive to
extracellular pyccyanine, Those cells on the point of producing the pigment
are more gsensitive to added pyocyanine and respond by producing lower than

normal levels,

SECTION V ¢ Wik HEEPsCL 01" PYOCYANINS Ol T, AVRUGILHUSA

A The eandogenous resviratory activilty of whole cells

The preliminary observationg on cells described in the section
'Pyocyanine Froduction using Solid and Liguid Hedia' (sec page 82 )
indicated thatv for cell suspensions ol eguivalent opacity, toe rate of
endogenous metabolisn neasured in the Uxygreph variec with the ivpe of mediun

used, L summary or the observallons made is given in Table XIX. The
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Table XIX

Summary of observations on P. seruginosa cells grown on solid media

A 1 ledi L
Agar Medium

Obgervation Glucose=ammnonium
salts Nutrient~peptone
Growth + T
Pyocyanine production = o+

s i R ¢
¥ndogenous respiration

(X 15D)
(i) Untreated cell N
suspension 1.0 (= 0.1) 2,0 ( £ 0.1)
(ii) Pyocyanine treated ,
cell suspension 1e3 (= 0.1) 2.2 ( £0,1)

Sg Composition in Appendix

b, Relative to arbitrary scale
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endogencus activily of cells grown on peptone nutrient agar was double that
of cells from glucose~azmmonivin salts medium. The two media were dlstinet

in that the former supported pyocyanine production and the latter did not.

Vhen the two cell types were treated with 50 pg of pyocyanine,
those which had produced the pigment were stimulated in oxygen consumption
rate by 105, and those which had notl given pigmented growth were algo

stimulated, but to a greater (305.) extent.

The implication that stimulation of the cells by pyocyenine was
related to the production of the pigment led o experiments investigating
the paxrt played by pyocyanine in the metabolism of cells during their growth
in Hesugpension Medium. The cell yield from 1 ml of Resuspension Medium was
harvested and washed three times in sterile physiclogical saline. The
suspension at 10 times origingl concentration was stored at 2°C ror 24 h
to establish a steady state of endogenous metabolism. Before uvse, the cell
suspension was restored to 5700 and diluted 1:5 with 50 mi Tris buffer, also
at 57009 in the Oxygroph chamber. Figure 29 shows a bypileal trace of
oxygen consuvmption by 3h cells, When the system had eguilibrated, estimates
were made over the 10 min steady rate of oxygen conswuption. 1t was showm

by calibration of the apparatus that for the suspending bvulfer solution, ine
I o ¢

]
D)

. 0, . - . \
disgolved oxygen at 37 C was the same as that for Ringer's solution, The
latter contains 5 pl of oxygen per ml at 1005 saturation and ambient
barometric pressure. The change of 105% in Figure 29 in the saturation of

5 ml sample therefore means that 5 x 5 x 10 = 2.5 pl of oxygen consunmed in
1C0

the 7 min interval studied. This gives a rate per ml of cell suspension

equivalent to 21,4 pl of oxygen per hour. the arrow in rigure 29 repreoonis

o A

the point or addition of unit level of pyocyanine to this sample of 3h cells.
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The effect was o more rapid rate of oxygen consumption, The cbserved 20%

change in 9.5 min represents a rate of 3L pl of oxygen consumed per he.

The effect of treating other cell types from the Resuspension
Medium, with a variety of pyocyanine concentrations close to unit level, is
shown in Figure 30 . The %h result quoted above is shown in the central
part of the figure and unit level of pyocyanine is arrowed on the pyocyanine
scale, As shown in the top part of the figure; Oh cells were not stimulated -
above the;r untreated rate of 21 ul of Oz/h. The addition of pyocyanine up

te 1.5 units gave rates which varied hetween 18 and 22 pl of O2 per h.

In the case of %h cells 0,25 units (25 ug) of pyccyanine caused
stimulation of.the oxygen cunsumption from 21 to between 33 and 37 ul of O?/hm
Stimulation was also observed with 0.5 and 1,0 unit level of pyocyanine
although rates increased tc only 31 = 34 ul of 02/}1o 1.5 units cauvsed a
consumption of between 3% and 37 pl of 02/h which was similar to that

observed with 0.25 units.

20h cells also had increased respirvatory rates on treatment with
pyocyanine. Maximum stimulation from the original of 25 pl of 02/h to 30 ;1
of 02/h was observed with 1.0 and 1,5 units of pyocyanine. 0.25 and 0,50

units gave rates of 26 and 28 respectively.

The overall results show that pyocyanine stimulated the respiration
of 3h and 20h but not Oh cells., The larger increases observed with 3h cells
than with 20h are in agreement with the preliminary observation of stimulztion
in cells which had net produced pyocyanine, The marked aclivity eof 0.25
units in the 3n sample may indicate selecctivity of the level which is clesest
£o the one which the cells experience as a result of their cwn production,

The 20h cells responded best To uniit level of pyocyanine treatment.
A 17 o
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Thé possibility that pyocyanine was being consumed as a substraite in
these experiments ig unlikely as the 3h response is not linear with
concentration, The variation in unitreated respiratory rates Ch, 213 3h,
22 and 20h, 25 (ui Og/h) could be caused by several factors:

(a) the rate of consumption of stored metabolites

(b) response of the cells to washing and cold storage, or

(¢) the availability of exogenous metabolites through cell lysis.

N

Be Cell envelope bhound succino~oxidasge

As outlined above, a variety of effects could be responsible for the
observed effects of pyocysnine on whole cell endogenous metabolism. Campbell
et al., (1962y)demonstrated that both succinate dehydrogenase and succino-
oxidase activity was associated with particulate fractions of the cell hull

in P. asruginosa. As the intracellular reserve material is contained in the

cell cytoplasm there was an opportunity te investigate the effects of

pyocyanine on the enzyme system of the host organism using a single substrate,

Oxygraph experiments as described for whole cell respiration were

- by w . . s - N
performed using the cell envelope suspension prepared previously (see page 55 ).
The suspension was used undiluted in volunes equivalent to 20 ml of
Resuspension Medium cell yield. Substrate (20 mM discdium succinate) was
added to give a final 4 mM concentration in a total reaction volume of 5 ml

made up with Tris buffer at 37°C.

The rate of oxygen consumption by the cell envelope preparation
without added substrate was negligible. In Table XX +the rates with adcded
substrate are given for three envelope prevarations measured in duvlicate.

The low rate of aciivity caused the trace to deviate from linearity telow &l




166

Table XX

Liffect of Fyocyanine addition on cell envelope bound succino-oxidase

Cell envelopes Pyocyanine pl of oxygen consumed/h &
from 20 nl of added. .
Resuspension (ug)
Medivm Before adding After adding %
Pyocyanine Yyocyanine Change
Oh 250 94 Bo?2 1%
500 1290 1001 "‘16
1000 11.8 9.8 =17
3h 250 6.7 7.1 +6
500 6.6 745 415
1000 Te2 8.6 +20
20h : 250 13,5 1%.5 0
500 12.4 9.2 =25
1000 13.5 12.0 ~8

o . e + .
a, Values expressed are mean of three estimates (within range ~ 35)

on duplicate envelope preparations
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The effect of Pyocyanine addition on cell envelope bound sucecinc—oxidasc.

Cell envelopes were prepared using cells removed from Hesusvensicn bedium

at zero time (£0), 2h (£3) and 20h (520).

was 250 of unit level,

Pyteyanine cdaed (500 u;)
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saturation with oxygen and so all rates were measured between 85 and 65%
dissolved dxygen, The effect of pyoccyanine addition was recorded after
standardisation of the rate of untreated guccino~oxidase activity, The Oh
envelopes (EO) from different batches consumed oxygen at between 9,4 and 14.0
ul/he Pyocyanine at a concentration betwcen 250 ug and 1,000 ug (12.5 ang
50% of unit pyocyanine level respectively) hed a similar inhibitory effect

on succino-oxidase ranging from 13 to 15%.

By contrast %h cell envelopes (Ii3) showed stimulation on treatment
with pyocyanine, 1,000 npg resulting in a 20% increase with 500 pg and 250 ug

less effective at 15% and 6% respectively.

Cell envelopes at 20h responded in a similar way to those at Oh
consuming oxygen at a slower rate in the presence of added pyocyanine, 500 ug
reduced the activity by 25 whereas 100 pg was inhibitory by only 8%. 250 per

had no effect.

Using a standard 500 pg dose (25% of unit level) the effect of
pyocyanine was further investigated with one envelope preparation as showm
in Figure 31 . The slope of control respiration in KO and E20 envelopes
(85 — 68 and 82 — 66 respectively) was greater than that in pyocyanine
treated samples (84 — 71 and 84 — 72) implying inhibitioﬁ of succino-oxidace.
E3 envelopes had control rates of oxygen consunption which decreased the
saturation from 84,5 to 760 while pyocyanine stimulated the rate giving 33.5

to 73.5% saturation in the same time,

Ca Cell envelope bound succinate cehycrogenase




(SDH) bound, to the cell hull in P. aerugincsa can be assayed by the standard

spectrophotometric dye reduction metiiod of Ells (1959). The complete
reaction mixture contained approximately 1% of the yvield of cell envelopes
fro& Resuspension Medium and KCN was added to inhibit the cytochrome system,
The transfer of eclectrons from the dehydrogenase to the final 2,6~
dichlorophenol~indaophencl (DCIP) acceptor was mediated by phenazine metho~
sulphate (PMS). The oxidised form of DCIP absorbed at 600 nm and, on
reduction, the colour change from blue to green was monitored as a decrease
in EGOO” By adding all reagents to the blank except PMS, only DCIP reduction
resulting from PMS electron transfer was recorded. Substitution of pyocyanine
at eguimolar concentration in place of PMS indicated that no reduction in

E600 occurred. Pyocyanine was not a suitable substitute or competitor for
U The effect of adding egual guantities of pyocyanine to both blank and
reaction cuvettes is shown in Figure 32 , it was noted that the rate of
change of E6OO with 20 and K3 envelopes was depressed by pyocyanine at unit
level (the lowest tested). Inhibition of SDH activity increased with
increasing pyocyanine concentration up to the 5 unit level. In contresth,
the E20 envelopes were'stimulated by unit level of pyocyanine ancg, altuough

the effect was not linear with concentration, pyocyanine produced grester SLH

activity at the 2 and 5 unit levels.

The proportion of AE%O which resulted from reduction of pyocyanine

0
ana {rom DCIP was not determined. Tne variation of activity, inhibition

and stimulation depending upon the envclope preparation being tested, impiied
an association of pyocyanine with the system: (enzyme-substrate~PH5).  This

rules out the non-specific rewuction of pyocyanine by S anc underlines the

variable response of enzyme systems in the host to tie action of pyocyanine.
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A, Determination of Fyocyanine

The first problem encountered in this investigation was
to define the conditions for obtaining high and consistent yields of
pyocyanine in liquid cultures of the type strain of Pseudomsnas
aeruginoss. But before this could be done it was necessary to establish
a satisfactory assay for the pigment. To provide a standard for this
assay, pyocoyanine was synthesized chemically and the pure material
characterised by chromatography and spectrophotometry. In the latter
measurements good agreement was oblained with the max ahsorptions and
exbtinction coefficients previously reported by Kurachi (1958b), Corbet

(1964) and Zuagg (1964).

Because of the possibility of pyocyanine assays being
affected by related phenazines, similar spectrophotometric and
chromatographic studies were done with 1-Phenazinol and l-dMethoxyphenazine.
Hawving the three pure compounds available it was then possible to interpret

the visible and uwltra-violet spectre of P, aserugrinosa culture supernatants

in terms of known substances. An early conclusion emerging from this
work was that pyocyanine was the only pigment produced by the NCTC 6750

type strain of P. aeruvgincsa grown in phosphate = deficient medium. The

wavelengths 314 and 690 nm were found to be the most suitablé for
spectrophotometric measurement of pyocyanine because of the intense
abgorption ﬁeaks at these wvalues and because of minimal interference
from other substances. However, as pyocyanine itselfl can change colour
with pH and Bh, culture supernatants were routinely adjusted to pH 8.5
and a few drops of hydrogen peroxide added before:spectrophotometric

estimation.
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. Although under standard conditions pyocyanine was the major
light~absorbing substance found in culture supernatants, the spectrum
of the suvpernatant was not exactly the same as that of pure pyocyanine.
In particular; the supernatant showed an absorption at 255 nm vhich was
absent from the spectrum of pyocyenine. The component responsible for
this was not identified, but nucleic acid may be suspected since culture
supernatants were later shown to contain this product of cell 1ysis.
Another peak at 375 nmm is less easy to explain. This wavelength
corresponds to one of the peaks of pyocyanine but the absorbance of the
supernatant at this wavelength is greater than could be atiributed to
pyocyanine, as measured at 314 or 690 nm. However; these unidentified
peaks were not prominent in the spectrum; nor did they interfere with
absorpfion measurements at 690 or even at 314 nm. In this investigation
the 690 nm peak was routinely used for the spectrophotometric assay of

pyocyanine.

A further assay question which had to be seittled was whether
to measure pyocyanine by direct spectrophotometry of culture supernatants
as done by Kurachi (1958b) or whether to follow the chloroform exbraction
procedure of MacDonald (1966). The latter is technically more laborious
and also may cauvse the degradation of pyccyanine to l-phenszinol (Kurachiv
1959¢ and Moos and Roweny 1953). It may also fail to extraét all the
pyocyanine because the pigment may be bound to other compounds (Swan and
Felton, 1957)c It was therefore decided to check the validity of the
simple spectrophotometric measurement at 690 nm. The method for
checking, which does not appear to have been explored previously,

consisted in adding known amounts of pyocyanine, which had been measured
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gravimetrically, and finding the optical density. This pave a series
of absorbance walues which obeyed Beer'®s law within the desired limits
and showed that direct spectrophotometric measurement of the E690 of

the culture supernziants was a reliable index of pyocyanine concentration.

One final point before leaving the subject of pigment assay
is the apparent aboence of fluorescin. According to Schoental (1941)

this pigment is characterictic of P, acrueinosa and one might therefore

expect it to be produced by the type strain. However; no fluorescent
substance was deteclted in culitures or superratants examined under
ultra-violet light. Nor were the intense UV absorption peaks of
fluorescin at 240 and 280 nm {(Zanker and Peter, 1958) seen in the
supernatant spectrum.  With another strain (ATCC 9027) King, Campbell
and HEagles (1948) stated that fluorescin production required phosphate
and iron in the culture medium - components which were deliberately
omitlted from the "Hesuspension !Medium" used for pyocyanine production
in my work. A separate study would therefore be required to establish
whether the type strain is capable of fluorescin synthesis under other
cultural conditions or whether special fluorescin-oproducing strains

would have to be used to study this pigment.

B. Cultural Conditions for Pyocyanine Producition

It was found during the early part of this work ithat

P. agruginosa NCTC 6750 consistently produced pyocyanine when grown on

ordinary nutrient agar. In contrast, when the cells were cultured in
a nutritionally similar, but liguid; medium the pigment was produced

only erratically. At first it was thought that this might reflect a
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spontaneous loss of ability to produce pigment as reported, but not
explained, by MacDonald (1966). However, in retrospect it is clear
that the factor responsible for preventing pyocyanine production in the
nutrient broth used in this investigation is almost certainly the high
level of phosphsaie. (On the other hand this does not explain why

pyocyanine is produced on nutrient agar which certainly contains phosphate. )

Eventually, success in obtaining reproducible pyocyanine
production in defined liquid mediuwmn was achieved by a modification of the
two-stage culture technique of Ingledew and Campbell (1969a).  This
involved growing the cells in shake cultures of a rich liquid medium
containing phosphate and, after harvesting and washing, transferring them
to 'Resuspensioﬁ Medium® which was nutritionally complete apart from
lacking phosphate. Somewhat similar tehcniques have been applied in
industrial fermentations to produce valuable byproducts of microbial
metabolism such as sireptomycin, nystatin, chlortetracycline etc,

The method ho ever does not seem to have been much used in laboratory-
scale cultures except by some recent workers preparing extracellular

haemolysins from Escherichia coli (Rennie and Arbuthnott, 1971) and

Staphylococcus aureus (Bernheimer and Grushoff, 1967). Although not

a two-stage process; the production of diphtheria toxin in a medium of
~ low iron content (Pappenheimer, 1965) may perhaps fit into the same

general category.

The Resuspension Medium used in this investigation differed
from that of Tngledew and Campbell in having 0037 I disodium succinate
in place of 0.05 M sodium 2-ketogluconate as the cerbon source. Despite

this change and despite the fact that my work was done with a different
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gtrain of P. aeruginosa, there was a remarkable similarity in the final

concentration of pyccyanine produced. Iy WCTC 6750 strain in the
succinate medium yielded 70 -~ &0 ug/ml whereas Ingledew and Campbell
obtained 100 ug/ml with ATCC 9027 in the 2-ketogluconate medium.
MacDonald (1966) reported 100 - 300 ug/ml produced by ATCC 9027 in

various media.

An important consiéeration in the use of Resuspension Medium
was the level of inoculum added. This was expressed as the percent, by
volume, of stationary phase culture in the Growth Mediwm vhich was added
(in the form of washed cells) to the Resuspension Medium. Best results
were obtained with a 25% inoculum, although 50% was almost as good.

Very small inocula such as 1% or very large inocula, such as 200% gave
much lover yilelds of pigment. The 25% inoculum was therefore used
routinely. It was surprising that in thg original work with Resuspension
Medium, Ingledew did not report on the effect of inoculum size but simply
used a lOO% inoculum, The only previous work with a similar observation
of the critical effect of inoculum size is that of Grossowicz et _al. (1957)

using his own isolate of P. seruginocsa. Grossowicz did not express

inoculum size relative to his initisl growth medium but the yield of
pyocyanine was doubled by a four~fold increase in incculum size. His

system differed from that used here since P. aeruginosa synthesized

pyocyanine in the presence of 20 mi! phosphate buffer,.

The next step in the investigation was to see if Resuspension
Medium could be improved by further modifications of its formula. The
changes were of four types: omission of components, substitution of

alternative carbon, nitrogen and sulphur sources, addition of phosphate
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and/or iron, snd uvsing a hydrogen or nitrogen atmosphere above the

medivm in place of air. The result of all these vermutations can be
gsummarized briefly: none gove as high a level of pyocyanine as ordinary
Resuspension Medium containing succinate; many of the alternative media
gave more growth but this was not accompanied by hetter pigment production.
Indeed the converse was frequently observed. Addition of small amounts
of phosphate either diminished or completely abolished pyocyanine
production. In shorit; production of the pigment in the two-step
procedure has an absolute reqguirement Ffor aerohic conditions, suitable
metabolizable sources of carbon, nitrogen and sulphur, and the conmplete

absence of phosphate., Other factors such as Tris, Mgz' and k* have a

promoting effect on pigment production but are not absolutely required.

2% does not appear to influence the system except that it promotes

I'e
growth. These results are in contrast to the 3 mM requirement of
strain ATCC 9027 for phosphate; reported by Burton et al. (1948) and

with the pigment-promoting action of iron (Kurachi, 1958¢) in an

unspecified strain of P. aeruginosa.

The replacement experiments with alternative carbon sources
merit further consideration. T'or maximum pigment production, succinate
was superior to citrate and glutamate which in turn were better than
glycerol, Glucose "as the least suitable substrate for pyocyanine
production but it gave more growth than any of the alternatives. There
vas therefore a ltendency for an inverse relationship between growth
and pyocyanine production with the different carbon sources, The
greater pigment production with succinate may arise from the presence
of succinate as the carbon source in the first-stage Growth ledium.

That is, from comsiderations of enzyme adaptation, ihe organism may be
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able in the Resuspengion lMedium to metabolise more rapidly a carbon
source which it has recently been using. An alternative reason is found
in the catabolite repression i.e. where enzymes required to metabolise
certain substrates are repressed by products of succinate metabolism.

This has been shown to occur in P. aeruginoss (Clark and Brammar, 1964)

and is discussed in a later section.

C. Characterisation of P. aeruginosa during Pyocyanine Production

Having developed a satisfactory assay for pyocyanine and
having explored the variables associsted with using Resuspension Medium,
the next step was to define the biochemical state of the cells before,
during and after pyocyan;ne production. The two qgquestions which seemed
most important were -

(a) Is synthesis of the pigment accompanied by growth? and
(vp) How do the various phosphate-containing molecules of the cell

(ATP, DNA, RNA, Lipid and Lipopolysaccharide) respond to the low

phosphate content of the Resuspension Medium?

The question of whether or not pigment production is
associated with growth was left unresclved in MacDonald's (1967) review
on pyocyanine, The majority of workers including Burton et al. (1948},
Blackwood and Neish (1957) MacDonald (1963) and Ingledew and Campbell (1969a )
used experimental conditions where pyocyanine production was associated
with growing cultures. 1In contrast, (rossowicz el _al. (1957) and
Halpern et _al. (1962) used washed cell suspensions. The former group,
taking 0.D. as index of growth, concluded that the pigment was produced

by cultures which were just entering the stationary phase. The latter
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group believed they were dealing with resting cells as judged by
constancy of viable counte Because of the difficulty in resolving
this situation,; the present study on the kinetics of pyocyanine
production used a variety of growth-indicating parameters namcly,

viable count, O.D., dry weight and cell-associated protein.

The time--course of pyocyanine production fell into three
phases. Phase One, vhich lasted for three hours, was characterised by
no production of pigment although the cells exhibited definite metabolic
activity. For example the cell-associated protein doubled, cell mass
increased by 70% and viable count by 40%. The O.D. of the cell
suspension was unchanged. Phase Two was the period of linear increase
in pyocyanine content of.the supernatant and lasted from three hours to
thirteen hours. During this time, while pyocyanine level was steadily
increaging, O.D. increased by 180%? cell mass remained almost constant
and the viable count decreased to the level at zerc time. Protein

content was not measured at thirteen hours.

Phase Three, the siationary phase with respect to pigment
production, lasted from thirteen hours to tweniy-four hours. Here the
pyocyanine level remained constant, but the dry weight, viable count and
GeD. all declined. This was due to cell lysis which could be detected by
the appearénce of protein and nucleic acid in culture supernatants at

twenty hours.

The pattern of events revealed by this kinetic study is
gimilar to, but more complete than, that described by Ingledew and

Campbell (1969a). Both are consistent with the classification of
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pyocyanine as a secondary metabolite i.e. a substance which is produced
in circumstances where the actively groving cell is unable to sustain
balanced growthe. It is clear that the controversy emerging from
MacDonald's (1967) review is due, at least in part, to the different
indices used 1o assess growth. Mitchell and Moyle (1956a) have

shown that the concentration of intracellular constituents during
changes in the growth phases do not relate to cell numbers.

Schlaechter (1958) demonstrated the cloge parallel of cell mass and

opacitys,

As stated above, the critical role of phosphate in inducing
pyocyanine synthesis made it of interest to measure changes in the
phosphate~containing molecules of the cells incubated in Resuspension
Medium. Such studies have not been reported in the literature. Cells
were therefore harvested and analysed after zero, three and twenty hours
in the Resuspension Medium, these being the times of most interest for

possible correlation with pyocyanine production,

As already reported, the cell mass harvested at three hours
showed evidence of growth as judged by the increases of 70%7 100% and 40%
respectively in dry bacterial mass, total protein and viable count. To
this we can now add the facts that IHA and ATP increased in proportion
to the cell mass, while total lipid and lipopolysaccharide increased in
proportions which were 40% and 140% greater than the cell mass increase,.
In contrast, RWA increased by only half of the mass increase and
phospholipid showed a relative decline. This pattern of events is
similar td that which rould he expected with cells going from the log

to the stationary phase of growth where HJA contribution to the cell mass
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decreases and DNA contribution increases (Herber‘l;g 1961 ). These
general changes in the comporition of growing cells,; described by
Herbert correspond to a decreasing rate of bhacterial growth and the

return of RFA and DN¥A to the levels typical of resting cells.

The changes in viable count, protein, DVA and RUA during

incubation in Resuspension Medium are similar to those observed by Hou,

Gronlund and Campbell (1966) in cultures of P. aerusinosa which were

starved of phosphate, The phosphate required for the cell division

and protein synthesis, which these workers observed, was thought to be
supplied through the degradation of intracellular reserve material, shown
by Gronlund and Campbell (1963) to be RWA., As in the Resuspension
Medium, Hou detected a relative increase in DA content of the cells and

a decrease in RVA incubation in medium without phosphate.

During the period from three to twenty hours in Resuspension
Medium, during which pyocyanine was produced; the cells show a marked loss
of RNA and phospholipid and proportionately smaller losses of INA, LP3
and total lipid. ATP was maintained at a relatively constant level
throughout the whole twenty hours of incubation -« result which might be
expected from the central position of ATP in the phosphorus metabolism

of the organism.

In summary, pyocyanine production occurs after the phase of
growth and during a period when net synthesis of protein, DNA, lipid
ATP and LPS has ceased, and RNA and phospholipid levels show rather

marked declines.
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D, Effects of Phosphate Deprivation

It would be desirable to interelate all the variables
studied according to a unified theory of the effect of phosphate
deprivation on microbial metabolism. The status of knowledge in this
area of bacterial physiology is fragmentary partly because of its
inherent complexity and partly becéuse most studies on biosynthetic
pathways involving phosphorus have been done in phosphate-~containing
media. A leading biochemist once stated to me "Phosphate is alwa&s

there™, (Davidson, personal communication.)

In a recent review Demain (1972) reported on secondary
metabolites which are controlled io some extent by phosphate. These

include prodigiosin from Serratia marcescens (Jackson Bunting and

Morrison, 1963) and streptomycin from Streptomyces griseus (Demain

and Inamine, 1970). Demain considered that formation of these
secondary metabolites was prevented by feed-back repression in which
inorganic phosphate inhibited certain phosphatases. The justification
for this view was that since many biosynthetic intermediates of
secondary pathways are phosphorylated, whereas the ultimate products
are not, phosphatases must participate in hiosynthesis, Streptomycin
was considered to be a good example, Here biosynthesis was markedly
inhibited'by phosphate and the penultimate compound streptomycin
phosphate was shown to accumulate in phosphate~limited, streptomycin-

producing cultures (Millar and Walker, 1970).

Phosphate was found to inhibit prodigiosin biosynthesis

(Jackson et al., 1963), and the amount of phosphate which was added
L8l 7
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caused proportionazite decrease in pigment synthesis. The role of

phosphate in this biosynthetic process has not been investigated further.

The problem of generalising on the effect of phosphate
deficiency centres on the lack of knowledge concerning phosphate
acgquigition and metabolism. It is not known how phosgphate can regulate
biosynthetic pathways or why_the organism should respond by producing
pyocyanine and other secondary metabolites when confronted with a

phosphate~deficienlt environment.

The regulation of phosphatases is not the only method by
which phosphate can exert a decisive effect on biosynthetic pathways.
It may be significant that the level of ATP in the Resuspension Medium
cells at zero time was 60% lower than bad been detected in the Y-T medium
cells. The ATP of cells throughout their incubation in Resuspension
Medium remained at the same relatively low level. There is a distinct
possibility, according to Atkinson (1969), that secondary metabolism
can be regulated by energy charge i.e. the activation and inhibition
of the enzymes of primary metabolism by the relative levels of ATP,

ADP and AMP in the cell. A low~phosphate environment in Resuspension
Medium causes ATP to be kept at a reduced level, relative to that in

the growth medium.

This type of low energy charge in the cell has been shown
to promote chlortetracyclin formation where the biosynthetic process
does not involve any known phosphorylated intermediates. Using two

strains of Sirentomyces aureofaciens which differed in their ability

to produce the antibiotic, Janglova, Suchy and Vanek (1969) found that
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the ATP level was high during growth and then decreased to a low level
at which it was maintained during the fermentation cycle. An inverse
relationship existed between the amount of chilortetracyclin produced

and the ATP poecl levels in the two strains.

B, Control Mechanisms in Pyocyanine production

Since pyocyanine is generally considered to be a secondary
metabolite i.e. a natural product with no necessary and obvious
function in the growth of the producing organism, the remaining
observations in this investigation are set within the context of

gsecondary metabolism,

According to Weinberg (1971) the relationship of secondary
metabolism to bacterial cell multiplication is as follows: After the
period of logarithmic growth and before the onset of the stationary
phase; the secondary metabolite is detected in the culture supernatant.
Under usuval laboratory conditions the interval between logarithmic growth
and the estabiishment of stationary phase conditions is approximately
two hours. This time is sufficient for transcription and translation
of the synthelases of secondary metabolism i.e. a phenotypic change
induced by the environment to exercise control over the biosynthetic

pathways and ensure that the cells function most economically.

The secondary metabolic process is characterised by two
phases of ergymic activity. The first is the formation of the
synthetases vhich have been repressed during the growth phase. The

phenoxazinone synthetase in the biosynthesis of actinomycin (Katz, 1967)
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ig a classic example, Here, derepression invoelves protein synthesis
and not precursor activation, since it has been observed that inhibitors
of protein synthesis block the formation of the enzyme and subseqguent

synthesis.

The second ensymic process is the activity of the
synthetases which involves, lor example, packaging of the primary

substances such as malonate; acetate and shikimate into the final product.

The control mechanisms governing these phenotypic changes in
bacteria include feedback regulations which has two distinct modes of
action -

(a) feedback inhibition, where the end product causes reduction
in the actiﬁity of one enzyme in the chain of reactions.
(b) feedback repression, vhere the control is exercised over

the synthesis of the enzymes themselves,

In this investigation it would found that the addition of
low concentrations (40ulM) of phosphate caused almost immedizte inhibition
of" pyocyanine synthesis, However, with cells which had been producing
byooyanine for several hours, higher levels of phosphate were required
for inhibition. The point at issue is whether the reduced activity
of the enzymes involved in pyocyanine synthesis is the reéult of feedback
inhibition or repression of phosphatases. The potential biosynthetic
precursors of pyocyanine e.g. S5-~phosphoshikimate, are phosphorylated
vhereas pyocyanine itself is note. This could be analagous to the
inhibition of streptomycin formation by phosphate described earlier.

The situwation with pyocyanine agrees with the observation that, as




incubaticn in Resuspension Medium progiresses; increased levels of
phosphate are required to inhibit pyocyanine synthesis. In the latter
stages of the culture, phosphatase activily would have risen to its
maximum and therefore require higher phosphate concentration for

inhibition.

To investigate the requirement for protein synthesis in the
pyocyanine-producing system, experiments were made with chloramphenicol -
a known inhibitor of protein synthesis, Puring the three hour period
in Resuspension Medium whichApreceded the appearance of pyocyanine, all
the observed increases in the protein content of the cells occurred,
Certainly pyocyanine was not produced automatically just because cell
growth was prevented, as the addition of growth inhibitory concentrations
of the antibiotic to the culture in ordinary nutrient medium with
phosphate did not give pyocyanine. In the Resuspension Medium,
chloramphenicol inhibited pyocyanine production at levels considerably
less than were needed to inhibit growth in a full nutrient mediums
Moreover cells at zero time and at three hours in Resuspension Medium

vere equally sensitive in respect of pigment production.

It appears that by inhibiting the protein synthesis over the
‘period from zero to three hours the formation of the required synthetases
for pyocyanine production is prevented. Iven after three hours, those
cells which have had the necessary enzymes induced or derepressed, are
subject to inhibition by chloramphenicol. This implies that continued
protein synthesis is necessary after three hours,. Previously, the
observed inhibition of pyocyanine production by chloramphenicol vas

complicated by a parallel inhibition of growth (Schneirson et al., 1950).
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Tt was therefore impossible to distinguish the effects of chloramphenicol
on growth from those on the pyocyanine biosynthetic systenm. Ag it has
been demonstrated in this investigation that growth does not accompany
pyocyanine production after three hours in the Hesuspension Medium,

derepression of the enzymes is implied.

By exposing "zerow-hour" cells to unit level of synthesized
pyoccyanine, i.e. that concentration of pyocyanine normelly found in
Resuspension Medium after twenty hours,; the final level of naturally
produced pyocyanine was unchanged. Similarly the addition of
approximately three units of synthesized pyocyanine had no effect,
although five units resulted in complete inhibition. By contrasgt the
"threemhour"'cells were inhibited by 30% and 70% when one unit and
three units respectively were added, The "three--hour'" cells were
completely inhibited by five units of synthesized pyocyanine. One
possible reason for the difference is altered cell permeability which
could result in "zero--hour" cells being insensitive and '"three-~hour!
cells receptive to extracellular pigment. This would also require a
situation whereby the synthetic pyocyanine, which was added at zero time,
was not available after three hours to act in the same way as the
synthetic pyocyanine freshly added at that time. No fixation or
inactivation was detected by the visual observation of thé pyocyanine

colour during the zero to three hour period.

The observations can be considered as an example of feedback
inhibition of the pyocyanine biosynthesis by end product. The "three-
hour'" cells would probably be more susceptible than "gero-hour'" ones as

the synthetases, on which feedback inhibition was operative, would only
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be present after that periocd of incubation. The surprising inhibitory
effect produced by the addition of five units of pyocyanine to the
"zero~hour! cells would result if the inactivating process found with
lower levels of pyocyanine was unable to affect all of the added
pigment. The residual pigment, to which the treated "zero-hour" cells
would be exposed after three hours, need only amount to uvnit level

before significant reduction in natural pyocyanine would result.

A typical example of feedback inhibition is found in the

production of chloramphenicol by Streptomvces venezualae (Malik and

Vining, 1970) here accumulation of the secondary metabolite inhibits
its own formation. Malik recognised the complication of the antibiotic
being degradéd by the producing organism and the fact that different
rates of breakdown accompanied different growth rates of the organism

in batch culture. This is similar to P. seruginosa in Resuspension

Medium although no breakdown of pyocyanine was observed. The major
metabolic activity occurs over the first three hours and the response

oft "gero'" and "three hour" cells to pyocyanine is quite distinct.

The problem of the past history of the culture of

P. aeruginosa and the variation in pyocyanine production which results

from using different substrates and inoculum ratios in Resuspension
Medium can be regarded as examples of catabolite repression, i.e. the
inhibition, inactivation or repression of enzymes by catabolism of
carbon sources, Depending upon the suitability of a subsirate, the
organiesm will exhibit different growth rates, resulting in various
degrees of repression of the enzymes involved in the biosynthesis of

pyocyanine. The previous history of the organism has been shown to
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influence the consumption of endogenous substrate (Gronlund and
Campbellg 1966) and, after the log phase growth of the orgenism on a
variety of nutrient media, MacKelvie Gronlund and Campbell (19568)
demonstrated that the relative consumption rates of intracellular
protein and RNA were dependent uvpon the previouws growth substrate.

It is possible that the previou§ growth conditions and rate of growth

of P. aeruginosa on different substrates could influence the enzymes

of pyocyanine biosynthesis in a similar way to the «~ galactosides

repression observed in ghggéiv(Okinaka and Dobrogosz, 1967).

The part played by endogenous substrates in catabolite

repression in P. aeruginosa is potentially of greater significance in

that the bréakdown.of intracellular protein will liberate tryptophan,
phenylalanine and tyrosine,; primary metabolic branch point products of
the pyocyanine biosynthetic route. In this way the liberation of
either catabolite repressors or feedback inhibitors could provide a
reason for the contrel exercised by environmental conditions over

pyocyanine production.

F. Tunction of Pyocyanine in P. aerucinoss

As already pointed out the function of secondary metabolites
in general 1s obscures If a definite growth requirement could be
demonsffated the product would cease to be classed as a secondary
metabolite. The question of the function of pyecyanine production in

P. aerucinosa 1s conveniently discussed under two headings. The first

includes those functions affecting the producer cell. The second,
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attributes to pyocyanine a function which is comnon to all secondary

metabolites.

Pyocyanine is indeed capable of acting as an accessory
metabolite for the producer cell, In this investigation the effect of
supplying exogenous pyocyanine to a cell suspension,; which was respiring
on endogenous substrate only, was found ito be related to the stage of
pigment production of the Célla Thus cells removed from Resuspension
Medium at three hours and which were on the poirt of producing their
own pyocyanine were selectively stimulated in their rate of oxygen
consunption when pyocyanine was added at unit level. The comparable
cell suspensions prepared at zerc time and at twenty hours was
insensitive to the addition of pyocyanine. These observations indicate
that the cells which are in the metabolic state where they are required
to produce pyocyanine,; are uniguely able 4o use the pigment as a
respiratory catalyst in the consumption ol oxygen. These results
contrast with the investigation of Kurachi (1960) into the physiological
significance of pyocyanine. The pigment was found to have no effect
on the normai respiration,; although the type of cells being used were

not classified in respect of their stage of natural pyocyanine production.

Analysis of the effect of pyocyanine in respiration was
attempted using cell envelope preparations. Campbell et al., (1962)
demonstreted the presence of the succino-oxidase system in cell envelope

preparations from P. aeruzinosa. This srstem comprises the succinate

dehydrogenase, a flavoprotein mediated enzyme, vhich transfers electrons
to cytochrome oxidase which, in turn, uses oxygen as the final acceptor.

The activity of pyocyanine in the succino~oxidase reaction depended upon
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the type of ceil envelobes being tested. Envelope preparations from
cells removed from Resuspension Medium at three hours were stimulated

in their rate of oxygen consumpiion whereas those "zevro timeﬁ and
wventy-~hour' cells were inhibited in their ability to transfer electrons
to oxygen in the presence of pyocyanine. This. activity was not
proportional to the concentration of pyocyanine; nor was there any
evidence of gross reduction of the pigment. It was therefore

concluded that pyocyanine was not acting as a simple ‘electron sink!?

responsible for diverting the electron flow from oxygen.

With the aim of characterising the activity in the succino--
oxidase preparation, the succinate dehydrogenase was monitored
independently. The cytochrome system of the cell envelope preparations
was first inactivated by cyanide. An alternative route of electron
transfer was provided by phenazine methosulphate (I%B) as carrier and
dichlovrophenol—indophenol (DCIP) as final acceptor. In the
dehydrogenase assay,_pyocyanine was unable to act in place of PMS or
DCIPy mot was it subject to groes reduction, The added pyocyanine was
found to stimulate selectively the dehydrogenase enzyme attached to the
envelope preparation from "twenty-hour" cells. Cell envelopes from
"zero-hour" and "three-hour' cells were inhibited by pyocyanine. Since
the activity exhibited by pyocyanine is a function of thé enzyme composition
of the cells, specific changes in succinate dehydrogenase must occur
during incubaiion in Resuspension Medium. In this way pyocyanine is
able to participate in the complex interaction of (succinate dehydrogenase -

flavoprotein -~ phenazine methosulphate).

A possible explanation for the different effects of pyocyanine
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on P. aeruginosa cells and cell envelope preparations can be derived

from the activity attributed to it in the mitochondrial electron
transport chain. Harmann and HeBrinn (1963) found that succinate
dehydrogenase of mitochondria was inhibited by pyocyanine at twoe sites
in the respiratory chain. ' One site of action of pyocyanine was the
flavoprotein itself -~ the stereospecific binding of the substrate was
considered to be affected. - This resulted in conversion of the enzyme-
flavine to a form which was less active. The second site of action was
in the cytochrome chain - at cytochrome b. If the observed effects of

pyocyanine in the succino-oxidase of P, aeruginosa are in any way similar,

the succino-—oxidase reaction would monitor both sites of activity.
In the succinate dehydrogenase assay, cytochromes do not pariicipate and

the flavine enzyme site would give the observed results.

In summary; pyocyanine is capable of functioning in the

respiratory system of P. aeruginosa. The activity is governed by the

metabolic state of the organism in relation to the condition of its own

pyocyanine-producing enzymes.

If we look now at the broader implications of secondary
metabolism, pyocyanine provides a good example of the current view on the
general function of this class of compound. Woodruff (1965) has put
forward the interesting proposal that secondary metabolism is required by
the pfoducing organism so that it can achieve a balanced death. The
recent work of Centry, Smith, Schnute, Weber and Weinberg (1971) has shown
that the distortion of pyocyanine formation by added phosphate gives cell
suspensions whose longevity is lower than that in the control, -here

secondary metabolism takes place normally.




In nature, it is difficult to imagine a culiural environment
where the organism would have all the reguired nutrients in unlimited
amounts and where continvous multiplication would therefore occur. Thus
the artificially contrived Resuspension Medium may resemble the low

phosphate milieu encountered in many natural situations.

Finally the antibiotic activity of pyocyanine should not

be forgotten for it may provide P. aseruginosa with a selective advantage

over other micro-organisms in natural environments where competition for

phosphate may be severea

Ge Purther perspectives

The mechanism of phosphate uptake prior to its incorporation
into the metabolic pool of the bacterial cell has received less attention

than the uptake of organic nuirients. » Only in the case of Staphvlococcus

aureus (Mitchell and Moyle, 1956b) and Streptococcus faecalis (Har01d§
Harold and Abrams, 1965) has the accumulation of this ion been invesiigated
in detail. Mitchell found evidence of a highly specific exchange
diffusion system which was active in transporting the phosphate in both
directions across the membrane csmotic barrier, The proposed carrier
had specific binding sites for phosgphate and in the absence of nuirient
it was active in transporting the ion in both directions. In the
presence of substrate; the absorbed phosphate entered the metabolic
pathway and efflux of phosphate was prevented. Harold described the
problem as being that of distinguishing between transport and metabolism,
because phosphate appeared almost immediately in the metabolic ATP pool.

The access mechanism was thought to depend on the physiological state of
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the cells and the growth substrate. The observed dependence of the
phosphate acquisition rate on the substrate was attributed to the ATP
content of cells growm on different substrates. Further insight into
the physiology of phosphate utilisation may be acquired by the study
of the pathology of cells encountering phosphate-deprivation as is

the case with P, aeruzinosa in Resuspension Medium.

The two--stage culture technigue of this investigation
could well be applied more generally in the study of secondary
metabolism. Examples are the study of phogphate regulation of
prodigiosin, streptomycin-and other pigments and antibiotics. The
field of bacterial toxin production is another area which merits more

detailed congideration.in this context.

In the particular case of pyocyanine production, the two-
stage culture method eliminates the difficulties of pigment variation,
past history of the inoculum and presents a model non-proliferating

system for ‘the study of secondary metabolism. Useful contributions

could be made by analysing the fate of labelled phosphate in Resuspension

Medium or by isolation of a cell—free, pigment-synthesiging system.
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The object of this investigation was to define the conditions

under which pyocyanine was produced by Pocudomonas aeruginosa and to

determine the role of the pigment in the metabolism of the organism,

The type stirain NCTC 6750, does not readily produce pyocyanine
in ordinary liquid medium,; buvt reproducible pyoccyanine yields were obtained
using the two-stage culture technique of Tngledew and Campbell (1969a).

This involved initial (non pigmenﬁgd) growth of the organism in bhroth

Medium in which pyocyanine was produced. This latter medium was
characterised by lack of phosphate, being otherwise nuitritionally compleie,
Results with NCTC 6750 were similar to those previously reported by Ingledew

and Campbell (1969a) with ATCC 9027 under somewhat similar conditions.

Pyocyanine in culture supernatants was assayed spectrophotometrically
at 690 and 314 nm using synthezised pyocyanine as a standard. By comparing
the spectra of culture supernatants with the spectra of known phenazines,

pyocyanine was identified as the only pigment present in significant amounts.

4 detailed examination of Resuspension Medium was made to identify

the components which were essential for pyocyanine productiona Absoiute
requirenents were found {to be: aercbic conditions, metabolizable sources
of carbon, nitrogen and sulphur,; and the complete absence of phosphate. These
findings are contrary to those of Burton et als (1948) who specified a
requirement for phosphate, and to that of Kurachi (19580) who considered iron
egsential. Maximum pyocyanine yields were cobtained using succinate,

..}.

NH,* and S0 %7 ss metabolizable components.

4 4



A critical variavle, in the successful use of Resuspension Mediunm,

was the level of inoculum used.

An attempt was made to resolve the controversy (HaoDonaldg 1967)

concerning proliferation of P, aerusinosa during pyocyanine production.

Incubation of the cells in Resuspension Medium was characterised by three
phases. During Phase One; from zero to three hours,; no pyocyanine was
produced. However the cell protein doubled. Increases of 70% and 40% were
recorded in cell mass and viable count respectively but cell opacity was
unchanged. Phase Two, the period of linear increase in pyocyanine
concentration, lasted from three to thirteen hours and involved a 180%
increase in cell opacitye. During this time, cell mass remained constant
but the viable count fell. In TPhase Three; pyocyanine production, which
had already reached its maximum level, stayed constant until observation
ceased at twenty four hours. It was thus clear that the cells were not

actively growing at the same time as pyocyanine was being produced,

Because of the critical role of phosphate in the production of
pyocyanine, the major phosphorus—containing components of the cell were assayed
and a rather complex pattern of changes in DNA, RNA,; lipid, phospholipid and

lipopolysaccharide was observeds. However ATP remained constant throughout.

The effect of phosphate in inhibiting pyocyanine production was
analysed by adding graded levels at intervals throughout inouﬁation in
Resuapension Medium. "Zero-hour' cells were sensitive to 40uM phosphate
and the inhiﬁition was proportional to phosphate concentration. As pyocyanine
synthesis progressed however; higher levels of phosphate were required for

inhibition.

Chloramphenicol at 20% of its growth~inhibitory concentration,
reduced pyocyanine production to one half when added to "zero-houvr' or

“three~hour™ cells, As no growth occurred in the latter it was inferred that



214

pyocyanine formation required protein synthesis.

The addition of synthesized pyocyanine at 1evéls normally preduced
by ‘the cells (ﬁnit level) had no effect on the "zero-hour" cells, "Three~hour'
cells were 30% inhibited. Addition of 2.5 "units"™ of pyocyanine caused 70%
inhibition of "three-hour' cells but still no effect on “zero-hour™ cells.
These results were interpreted as feedback inhibition acting on cells of

different permeability.

Although pyocyanine is generally classified as a secondary metabolite,

it appears to perform a function in the respiration of P, aeruginosa. The

endogenous oxygen consumption and the succino-oxidase in isolated cell envelopes
of "three-hour'" cells was selectively stimulated. Pyocyanine also stimulated
the succinate dehydrogenase of cell envelope preparations from "tweniy-hour"

cells but inhibited the enzyme in Y“zero-howr! and "three-hour' cell envelopes.

In conclusion, there is a clear nesed for further general investigations
of the acquisitionF transport and metabolism of phesphate in micro--organisms.
The use of two-stage growth procedures may have further application in the
study of other pigments,; and of antibiotics and toxins. The production of
pyocyanine in Resuspension HMedium presents a useful model system for the

investigation of secondary metabolism,
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APPEADTY 1

e

Preparation of media

Tryphicase Soy Agar (TSA ; B.Bel., Bioquest)

1.5 ¢ Pancreatic digest of casein
0.5 g Soy peptone
0.5 g Sodium chloride

1.5 g Agar

Dissolve in one litre of distilied water.

Autoclave for 15 min at 15 psi. Pour into plastic petri dishes.

Qlucose-~ammoniwa salts agar

Bxcept where otherwise stated 'Analar! grade chemicals were

used,

2.0 g Glucose

20,0 g  NH,Cl

4
.0 iU
4.0 g H, O,
8.0 g Na2SOA

T
12,0 g K,HP),
4.0 g KHFO,

0.4 g  MgS0
g MgSo,

20.0 g Agar (Difco)

Dissolve in one litre of distilled water and autoclave (15 min

at 15 psi). Pour into plastic petri dishes.
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APPENDTY 1 (Continucd)

Yeast-Tryntone liguid mediunm (after Von Tigerstrom and Razzell, 1968)

30(} g

4.0 g

1.0 g

1.0

o

2,0 g

(NHA)HEPOA

K 2}1}“0 y
Yeast extract (Difco)
Tryptone (Difco)

Disodium succinate

Dissolve in 900 ml of distilled water and adjust to pH 7.4 with

IF¥ NaOH before autoclaving (15 min at 15 psi)e.

5 mg

0.5 g

7eS0
Fe 4

MoSO

Dissolve in 20 ml of distilled water and sterilise by membrane

filtration using a Millipore (Millipore, London) filter with pore

gizve 0.22 w. Using membrane filtration,sterilise 3 ml of ?O% agueous

ethanol,

Add the Filter sterilised components to the previously autoclaved

and cooled medium.

Make up 1o one litre with sterile distilled water

and dispense in 100 ml aliquots into 250 ml Brlenmeyer flasks.



APPPDIX 2

e s KT DM R

Prepavetion of Buffers

Tris buffer

0,05 M Tris bulfer pH T.4
6.05 g Tris (hydroxymethyl) aminomethane

(Purisse A.Re, Koch-Light, Colnbrook),
Dissolve in 1900 ml of distilled water. Add concembrated

hydrochloric acid till pH = T.4. Malke up to one litre with

distilled water,

Veronal acetate buffer

Basic solution :

19.43 g Sodium acetate

29,43 g Sodiwm 5,5-diethylbarbiturate
34 Ne) g NaCl

Make up to one litre with distilled water. To 5 ml of basic

mixture add

7 ml 0,1 T HC
13 ml distilled water
0.25 ml 1 M Ca Cl, (111g per litre)

The solution of wvolume 25.25 ml has pH 6.1.

3A



APPTNDIX 2  (Continued)

Pris—glycine (Electrophoresis buffer)

0,05 M Tris-glycine pH 8.3,
6.0 g Tris (hydroxymethyl) aminomethane

28.8 g G=lycine

Dissolve in one litre of distilled water. For use,dilute
above buffer 1 in 10 and meke 0.1% with respect to sodium

dodecylsulphate.

4A



APPIIDIX 3

S5 Discegzel Electrophoresis

Stock Seolutionse

Ao

Be

Cs

De

Separation gel buffer

Stacking

1N HC1
Tris

TEMED (Tetramethylethylenediamines
B.DeH., Poole, Dorset)

Distilled water to 100 ml

gel buffer

1N HC1

Tris

TEMED

Distilled water to 100 ml

pH 6.7

Separagtion gel

Stacking

Acrylamide

?
BIS (N,N -methylenebisacrylamide

48 mi
36.6 g

0.23 ml

48 ml

5.98 g
0046 ml

46,67 g

0.612 g

Puriss; A.R., Koch-Light, Colnbrook)

Digtilled water to 100 ml

cel

Acrylamide
BIS

Distilled water to 100 ml

16 g

4 g
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APPRENIX 3 {Continued)

Ee Stackine gel catalvod

Riboflawvin 4 mg

Distilled water to 100 mi

e Separation el catalyst

Ammonium persulphate 0.14 g

Distilled water to 100 ml

Geo 40% Sucrose in distilled water.

H, 20% Sodium dodecyl sulphate (SDS) (Koch-Light) in distilled water.

Stock solutions A, By E and F were stored at 4°C in brown glass

bottles, Solutions C; D and G were freshly made before each experiment.

Preparation of separating gels , &;&Z% 0%
Solution A 2.5 ml 2.5 ml
Solution C 5.0 ml 3¢3 ml
Distilled water 2.4 ml 4o1 ml
Solution T 10 ml | 10 ml
Solufion H 0.l ml 0.1 ml

Mix well, Pipette 1,0 ml volumes inio disc--gel tubes which have one
end covered with parafilm. Carefully layer each column with water.

Place gels in dork to set (approximately 30 min).
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APPENDIX 3 (Continued)

Preparation of stacking ecell

Solution B I ml
Solution D 2 ml
Solution E 1 ml
Solution G _ 4 ml
Solution H | 0,05 ml

Mix well. Pipette 0.2 ml onto the top of each separating gela
Carefully layer each with water to provide a {lat surface at the top of

the gel on setting. Photopolymerise the gels for 15 mine.

Mixative and Stain

Amido Black (Gurr, London) 1 g
Acetic acid 10 ml
Methanol 50 ml
Distilled water 40 ml

The solution was filtered and stored in a capped botile.

Trackine dye

Progress of electrophoresis is followed by the addition of 5 drops

of 1% bromothymol blue to the upper reservoir,
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APPENDIX 4

B N ]

Preparation of Reagents

Reagent for Folin test for protein (from Lowry et al., 1951)

Reagent A 2% Sodium carbonate (NachB) in

0,1% sodiwn hydroxide

Reagent B: 1% copper sulphate (Cu SO4BSH2O)
in distilled water
2% aqueous solution of
sodium potassium tartrate
On the day of use mix equal volumes

of the above two solutions

Reagent C: To 50 ml of reagent A add 1 ml of

reagent B, Discard after one day.

Reagent D: Folin~Ciocalteun reagent

(BeDoH., Poole, Dorset)

Johnson Reaqeut for total carbon

Dissolve 5.0 g of sodium dichromate (NaoCr o QHQO) in 20 ml

207
of distilled water. Dilute to one litre with 95% sulphuric acid.

Store in a brown glass bottle protected from the light.

Reagents for TNA and RI'A determination (from Munro and Fleck, 1966)

Diphenylamine reagent for DHA: 1.5% diphenylamine in freshly distilled



APPENDIX 4 (Continuved)

glacial acetic acide Add 1.5 ml of cencentrated sulphuric acid.
On day of use,add 0,1 ml of 106%V w/vg agqueous acetaldehyde to 20 ml

of the above solution.

Orcinol reagent for RNA: the stock solubion of acidiec ferric chloride
contains 330 mg of FbCl36 GHEO dissolved in one litre of concentrated
hydrochloric acid. Preparc a 10%, w/v? solution of orcinel in
absolute ethanol, Add 0.3 ml orcinol solution to 3.0 ml of stock

solution.

Reagents for Phosphorus analysis (from Allen, 1940)

Mblybdate reagent s dissolve 8.3 g of ammonium molybdate in 100 ml

of distilled watler.

Perchloric acid: add 60 ml of concentrated perchloric acid to 40 ml

of distilled water,

Amino-naphthol-swulphonic acid reagentss

Add 2.0 g of l-amino--2-naphthol«f~sulphonic acid to 97 ml of 20%
sodium bisulphite, Shake wntil dissolwved. Add 2.7 ml of 20% sodium
sulphite. This solution can be used for up to ten days and should be

kept in a stopvered botile in the dark.

Standard phorvhorus solution

Dissolve 1.0967 g of oven dried potassium dihydrogen phosphate
in 250 mi of distilled water. This solution contains 1 mg per ml of

phosphorus.
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