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1NTRODUCTION

Bacteriocins are antibiotic substances of protein na-
ture produced by certain strains of bactefia which are
thought to be active only againstistrains of the same or
closely related species (38). This species specificity
and their chemical nature distinguish bacteriocins from
classical antibiotics (1). Bacteriocins represent a chem-
ically heterogeneous group of substances ranging from sim-
ple proteins such as colicin k (2) to particles resembling
bacteriophage components (3). Members of this latter cat-
egory are thought to be defective bacteriophages (4).
Nevertheless these particles have the characteristic prop-
erties of bacteriocins. These properties are: (1) bacter-
locins kill sensitive cells without multiplying within
them, (2) bacteriocinogenic factors are perpetuated by
plasmids or integrated genetic material, (3) bacteriocins
are released from producing cells like temperate phages,
and (4)bbacteriocins may be produced spontaneously in low
numbers or require induction with chemicals or ultraviolet

1ight (5).

A major problem when working with bacteriocins is ex-
pressing a unit of activity. For this reason a Lethal Unit
may be defined as the minimum amount of bacteriocin that

will kill a sensitive indicator cell. wWhere analysis has
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been possible, a Lethal onit has beeﬁ found to vary from 1
to 300 molecules (6y7). These differences may be explain-
ed by assuming that not all receptors which specifically
bind bacteriocin will iead to cell death,. To avoid this
problem, a unit of activity is defined as the reciprocal
of the highest dilution showing complete inhibition times
the quantity applied (8,. Thus, no attempt is made to de—

termine the number of bacteriocin molecules in one unit,

S-type pyocins. There are two types of bacteriocins

(pyocins) produced by Pseudomonas aeruginosa; the S-type

which are low molecular bacteriocins and the R-type which
resemble bacteriophage components. FPyocin 82 has been
characterized (7) and shown to be a simple protein having
a molecular weight of approximately 72000 and containing

no carbohydrate or phosphorous. It may be distinguished

to be inactivated by antiserum against pyocin R, Ito et al

(9) observed that S and R-type pyocins could be differentT
iated both by their size of inhibition zone and by the
sensitivity of S-type pyocins to trypsia, chymotrypsin
and Nagarase. in addition, all S-type pyocin activity
passed through a Diethylaminoethyl (DEAE) cellulose column

whereas the R-type activity was retained. S-type have no
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discernible structure under the electron microscope. Homma
(10) isolated a simple protein from the cell wall of p,

aeruginosa. This protein appeared to be associated with

the endotoxin. nowever, its bacteriacidal activity and
its inactivation by pronase and Nagarase suggests that it

may be an S-type pyocin,

R-type pyocins represent a class of bacteriocins which
are similar to the bPyocin R first isolated frqm P. aerug-
inosa strain R by wacob (12). He was able to determine
that its synthesis was inducible by ultraviolet light, A
detailed chemical analysis was not made until 1562 when
Kageyama and Egami (13) succeeded in purifying a high-
titered pyocin preparation. They were able to determine
that this R-type pyocin was a protein which was first
produced in the induced cells and later released in high

numbers via cell lysis.,

Relationship between pyocin and bacteriophage. As

stated earlier, the R-type pyocins are now considered to

be defective bacteriophages. Barly studies began with the
finding of a lysogenic Phage Ps 3 (14) which was neutral-
ized by anti-pyocin R séra. Antisera directed against Ps3
was effective in neutralizing both pyocin R and R2. Similar
observations were made by Homma (15) who isolated three

temperate phages which morphologically (without the heads)
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resembled pyocin R and which were neutraliged by anti-

pyocin R antisera. Three variant phages were found which
did not resemble pyocin R nor were -they neutralized by
anti-pyocin R sera, They did however, bear a striking
resemblance to pyocin 28, a long rod-shaped particle char-
acterized by Takeya et al. (16). This type of pyocin is
not classified with the R-type pyocins owing to its unique
morphology. Other similarities have been noted. yui (17)
found distinct amino acid similarities when Pyocin R was
compared to phage T2 and Higerd et al. (18) noted rosette

formation by pyocin R which also occurred with bacteriophages,

Morphology of pyocins. Since purification techniques

(13, 18) have become available, the morphology of pyocins
has been studied extensively. The R-type pyocins are much
more complex +than the simple proteins. Ultrastructural
studies indicate that these bacteriocins are rod-shaped
particles and consist of a contractile sheath surrounding
an inner core. |

1shi, Nishi, and &gami (17) were the first to describe
the presence of two forms of the H-type pyocins; the con-
tracted and uncont?acted particles. No evidence was pre-~.
sented that these pyocins were capable of contraction but
they did suggest that the sheath and core were composed

of different subunits. Uream(ZM) caused complete disap-
; 0
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-pearance of the core structure leaving the sheath intact.
The core was extremely labile to acid (pH 2.4) but resis-
tant to alkali (pH=11.0). This was in contrast to the be-
havior of the sheath which was partially degraded by alkali
~but left intact by the acid. Other workers (20) showed

m

that 8l urea degraded the cores whereas 10™ 'M p-chloro-

mercuribenzoate destrcyed the sheaths.

Govan (21) demonstrated that these particles were in-
deed capable of contraction and that this process was re-
quired for killing. Using pyocin 21 whose morphology is
similar to those of strain R pyocins (100x15nm for the
uncontracted particle, 45x17nm for the contracted sheath)
several important observations were made. If pyocins were
combined with sensitive cells at 0°C, adsorption occurred,
However, no contraction was visualized under the electron
microscopy and no inhibition was observed. When the incu—
bation temperature was increased to 37°C both contraction
and cell death occurred. Moreover this adsorption was
firm since the particles were removed with the cells by
centrifugation at 2850xg. 1n addition, when the sheaths
were removed with 0.02% SDS no adsorption was found. That
the sheaths are required for biological activity was rein-
forced by Shinomiya (22) who, using mutants without sheaths

showed that no biological activity was present.
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‘Higerd et al. (20) observed the spontaneous production
of pyocins after & hours growth of the producer strain.
However, 90% of the pyocins observed by electron microscopy
were in the contracted state. In a later investigation (18)
these authors found that contraction was promoted by a var-
iety of physical and chemical treatments and that pyocin
activity was directly proportional to the percentage of un-
contracted particles. Concentrations of magnesium chloride
in excess of 0.5M, 1% Formalin, low pH sonic treatment, 1%
osmium tetroxide and freezing and thawing caused contrac-
tion of the pyocin. The Mg012 concentration was the only
treatment which caused reversible contraction since when
dialyzed against lower concentrations, the pyocins resume
their relaxed state. While the mechanism causing contrac-
tion has not been elucidated, Higerd et al. (18) postu-
lated that the removal of some stabilizing or structural
component such as ATP or calcium ions was involved. Bkvi-
dence for this hypothesis was suggested by the observa-~
tion that irreversible contraction occurred with prolonged

dialysis against 0.02M MgCle.

Morphogenesis of pyocin R. A detailed series of anal-
ysis of the morphogenesié of pyocin R has been presented
(17, 23, 24). Yui (17) found that 0.1 N NaOH degraded the
pyocin into a contractile sheath and other subunits. The

particle weight of the shesath was approximately 7.2 X 106
!



daitons and sedimented with a value of 89 S. Polyacryla-
mide gel electrophoresis suggests that there are four sub-
unit species (55000,52000,29000, and 26000 daltons) in the
sheath which comprise 53% of the total particle weight of
pyocin R (23). These results differ from those of Garyaev
and Poglzov (24) who, using the same strain, described an
S2Ow of 1038 for pyocin R instead of 90.55. The estimated
particle weight of the sheath was 4.9x106 daltons.

The sheath does not appear to be a simple hollow cyl-
inder (23) but rather has a hollow cone attached to the
top. This cone does not seem to have a strong quaternary
structure since it is readily lost. It is estimated to be
approximately 5 to 10 per cent smallér than the rest of the
sheath and accounts for the bullet shaped appearance re-
ported by nigerd et al (18). The number of turns of the
sheath has been variously described as 33 (23) or 34 (24).
Assuming a molecular weight of 7.2xlO§ daltons and that the
main subunit occupies 73 per cent of the particle weight,
then there are approximately six subunits per turn of the

helix. X

Biosynthesis and assembly of pyocins. Shinomiya (25)

examined the biosynthesis and assembly of pyocins both by
measuring the counts per minute incorporated into antigen-

antibody preciptates and by the assay of serum blocking
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power. using strain M16 which produces R2 pyocin particles,
he was able to obtain 22 subunits for the whole pyocin. No
cleavage of structural proteins was observed. Pyocin spec-
ific proteins appear at 10-15 minutes post induction with
the first active particles appearing 10 minutes later.
ryocin protein synthesis accounted for approximately 2-5
per cent and 30-40 per cent of the protein synthesis in
non-induced and induced cells respectively. nowever, sub-
sequent work (26) revealed that certain proteins were not
precipitated with anti-pyocin R sera ﬁnless they were first
integrated into mature particles. Pulse-labeling experi-
ments demonstfated that pyocin proteins were synthesized

in proportion to their final concehtrations in the mature
particles. These subunifs were integrated with first order

kinetics and with subunit dependent rate constants.

Abnormalities of pyocin particles. Abnormalities of

the pyocin particles have been reported and consist of
polysheaths.(lSJ and poly-cores (18). Amako and Yasunaka
(27) noted that the formation of polysheaths occurred dur-
ing the treatment of pyocins with sodium dodecyl sulfate
(SDS). Further experiments showed that 0.05 M NaCl was
required for polysheath formation and that the optimum
concentration of SDS was between 0.05 and 0.2 per cent.
Since each polysﬁeath consisted of multiples of the unif

length pyocin sheath, it was concluded that these long rods



were formed by the aggregation of two or more (maximum ob-
served was equivalent to 19 sheaths) single sheaths. SDS
is an anionic detergent (28) and presumably causesvbinding
at the ends of the sheaths. Therefore the ends would rep-
resent regions rich in positively charged proteins. This
argument is strengthened by the fact that no aggregation.
occurs in the side to side configuration. A recent report
(22) describes strains of P. aeruginosa which produce de-
fective pyocin particles. 29 out of 42 strains produced
polysheath structures but in addition two of‘these strains
produced pyocins having other morphological defects. The
first lacked the sheath component while the second had ab-
normalities of the base plate. However, both these pyocins
could adsorb to sensitive bacteria. One of the most inter-
esting findings was one which supported the concept of re-
latedness among R-type pyocins. The particle defective in
the sheath (strain P15-16) could undergo in vitro comple-
mentation with another mutant to yield a fully active pyo-
cin. There is evidence that assembly of sheath components
around the core results in an active particle. All of Fhe
mutants which could complement P15-16 were of the polysheath
type. Labeled P15-16 particles (45s) after complimentation
regained the original 90.58 sedimentation valve and were
precipitated by anti-pyocin R1 sera. These mutants have
also led to a better ultrastructural analysis of R~type

pyocins. Base plate and tail fibres have been described

B —
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previously (18) however resolution was poor thus prevent-
ing detailed structural analysis. Through the use of the
sheathless mutant these structures can be readily seen.
The baseplate is a structure approximately 10 nm in height
and 15 nm in diameter. 1t also appears to have a thin end
plate 25 nm in diameter to which are attached tail fibres
40 nm in length and 2 nm wide. Since these mutants adsorb
to sensitive cells it was determined that attachment was

by these tail fibres as previously postulated (21).

Pyocin receptor substance. The receptor substance

for R-type pyocins has been analyzed. Ikeda and Nishi(29)
digested sensitive cells with lysozyme and EDTA and found
that most of the receptor was solubilized and separated
from the cell membrane. They suggested that the receptor
activity was localized within the cell wall. An approxi-
mation of 4,9 x lO5 daltons for size of the receptor was
obtained. This differs greatly from that of 4.2 x 107 dal.
tons obtained by Weidel et al. for the TS5 phage receptor,
Pyocin inactivation by adsorption to the receptor was found
to be dependent upon both temperature (37C) and salt cons
centration (0.1-0.2M NaCl).

Ikeda and Egami' originally used trichloroacetic acid
extraction (30) and later phenol extraction (31) to study

the receptor. The receptor activity was dissociated into

Q
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subunits of 12000-160C0 molecular weight with sodium deoxy-
cholate but reassociated upon its removal. Chemical analy-
sis of the lipopolysaccharide without the "lipidA™ compo-
nent showed a polysaccharide component of approximately
1200-1500 daltons. The polysaccharide contained glucose,
rhamnose, heptose, glucosamine, galactosamine, quinovosa-
mine, fucosamine, and a 2-keto-3-deoxy-sugar acid. No real
comparison could be made to the resistant cell chosen for
analysis since it was resistant not only to pyocin R buf
also to R3 and R4. 1t was thus not clear whether or not
these receptor sites were the same or represented defects
in more than one site. Relatedness of the receptor sites
for the various pyocins was however oBtaihed by Ito and
Kageyama in 1970 (14). The mutants they used when resis-
tant to pyocin R, were often resistant to all the rest in-
cluding phage PS%. The sensitivities to the various agent
could be arranged in linear order such as R5—£3§R2-R. Any
mutant selected was in general resistant to those to the
left of it. If one assumes a branching out of the R recep-
tor site then resistance to a pyocin type can be explained

by a loss of part of the LPS moiety.

Genetic analysis of pyocin R2. While other bacterio-

cins are synthesized from genetic information carried with-
in plasmids (33) the genetic information for R-type pyocins

is integrated within the host genome. Data is presently

W’W



12

available for pyocin R2 only (34,35), Kageyama has mapped
a bacteriocinogenic factor both by conjugation (34), and
transduction (35), ‘Through conjugation the pyocin marker
was found to be linked to the tryptophan (trp) marker.
Since more than 98 per cent of the trp+ recombinants in-
herited the female chloroamphenecol (chl) trait (the chl
marker is known to be distant to the trp-pyocin (py) mark-
ers) it was concluded that there was no possibility of
transfer of the py marker via a plasmid. In addition the
nonapyocinogenic‘character could also be transferred from
the male to the female strain via recombination. A gen-
eralized transducing phage was found which would transfer
the pyocinogenic character. Using phage F116 the results
indicated that no co-transduction was possible bétween Py
R2 or Trp and met-9, pro-3,arg-5, lys-2 or ilv-6. However,
there was co-transcution between the trp or py R2 markers
and that of str. This yielded the following gene order;
str-trp-l-pyR2. Since the pyocins are considered to be
defective phage the pyocin locus on the bacterial chromo-
some may correspond to the prophage site of a temperate
Phage. Kageyama et al. (36) have tried unsuccessfully to
cure the pyocinogenic factor with acridine orange, acri-

flavin and irradiation with ultraviolet Light,

Mode of action of R type pyocins. The mode of action

of bacteriocins depends on the bacteriocins studied.

W4
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Colicin M (37) exerts its effect on the cell membrane caus-

ing lysis. Bacteriocin JF246 from Serratia marcenscens
(38) completely inhibits DNA and protein synthesis as does
colicin k (39). Colicin E3 (40) seems only to effect pro-
tein synthesis.

Two initial observations were made concefning pyocin
inhibitory activity. Higerd(20) found that 10-5M Ethyl-
enediaminetetraacetic acig (EDTA) and 0.7M NaCl had no eff-
ect on pyocin activity. However, as was observed with
colicin k (41), animal sera enhanced the inhibitory activ-
ity of R-type pyocin. Aged human and rébbit sera increased
the activity of the R type pyocin proportionately with in-
creasing concentrations of serum. Unlike colicin k, there
was no enhancement of activity with purified hemoglobin
nor with sera from bovine, calf; chicken or horse.

Another report (36) on the biological activity of pyo-
cin R suggests that membrane damage occurs after adsorption
of the pyocin to its receptor similar to that observed with

a bacteriocin of Bacillus mezaterium. Increasing concen-

trations of pyocin caused an increase in the amount of
ultraviolet absorbing material released from celis of Pe

aeruginosa (36)., In addition, a bacteriolytic enzyme was

found in the lysates of mitomycin C induced cells of P.

aeruginosa, which was active against the pyocin sensitive

and pyocin resistant (producer strain) cells. No further

characterization of the muramidase-like enzyme was reported.

e
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However, its activity was inhibited by anti-pyocin R sera
suggesting that it may be associated with the pyocin parti-
cle. The addition of pyocin to sensitive cells produces
an immediate cessation of RNA, DNA, and protein synthesis
(42). However, there was no degradation of DNA into small
TCA-soluble fragments. Measuring the incorporation of
radioactive phosphate intobthe cold trichloracetic acid
(TCA) soluble cell fraction demonstrated that synthesis
of ATP was reduced but not completely abolished. Therefore,
the primary site of pyocin inhibition does not seenm to be
energy metabolism. Thus, the pyocin R appears to behave
like colicin k (63) except that pyocin treated cells can—
not be trypsin rescued. Growing cells are much more sen-—
sitive to the pyocin (42) than are cells in the stationary
phase of growth,

Kaziro and Tanaka (43) bpresented evidence that protein
synthesis was inhibited after the addition of an R type

pyocin from P. aeruginosa strain k. Extracts from pyoein

treated cells were unable to support poly U-dependent in-
corporation of 140 ~ phenylalanine. Analysis of the

w

ribosomes by ultracentrifugation demonstrated the disap-
pearance of the 695 peak which was replaced by two new
peaks at 503 and 37S. Kaziro (43) concluded that the rapid
inhibition was due to the ribosomal inactivation since the
supernatant fraction was fully active when combined with

ribosomes from normal cells,
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Pyocin typing systems. Pyocin typing has been in use

for approximately a decade now. Holloway (45) and Papa-
vassiliou (46) suggested that the considerable variation in
pyocin activity could be useful in differentiating strains

of P. aeruginosa. Since then, two general procedures have

evolved. The first, involves the assay of pyocins spon-
taneously produced in agar. This method was originally
used by Darrell and Wahba (47) and later modified by Gillies
and Govan (48). The unknown strain is allowed to incubate
on a trypticase-soy agar plate after which the growth is
scraped off. Indicator strains are applied perpendicular
to the original growth and the inhibition of growth result-
ing from diffused pyocins recorded. Gillies (48) reported
that 88.4 percent of the strains tested were typable by
this method. In a later paper, Govan (49) noted that
aberrant results were obtained if the temperature and time
of incubation were not carefully controlled. He also ob-
served that 5.7 percent of strains examined had altered
patterns of inhibition after storage for several months.
Pyocin type 1 was the most commonly isolated type (49).
Therefore, eight additional indicator strains were added
which yielded eight distinct sub types (a-h) of type i.
There are several problems ascociated with this first
téchnique. Wahba (50) reported that pyocins are inacti-
vated by undefined cellular substances upon prolonged in-

cubation. Secondly, while some strains produce large num-
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- bers of pyocins giving clear zones of inhibition, others
produce leés pyocin showing incomplete inhibition. Thus,
no clear positive or negative result may be assigned (51),
and reporting of results may vary from day to day. Lastly,
some types of pyocin (ie. group 1) are so common that other
methods must be used with pPyocin typing. Gillies (48) cir-
cumvented this problem by adding more indicator strains
while Heckman et al, (52) assigned another broad class for
those strains which were not typable,

The second method involves Production of pPyocins in
broth. Osman (53) used Pyocins which had been spontaneous-
ly produced after 24 hours of growth in nutrient broth,

He was able to assign 101 isolates of P.aeruginosa into 10

gTroups using sensitivities to four‘pyocins. Farmer and Her-~
man (54) modified this basic broth technique. During log-
arithmic growth unknown strains are treated with mitomyecin
C which induces both pyocin and Phage. These lysates were
then tested against twenty-seven indicatqr strains and the
zones of cléaring were determined to be either the result
of pyocin or Phage. After the production pattern hag been
tested the sensitivity pattern was analyzed using twenty-
four standard pyocin-phage lysates. The result was fifty-~
one characteristics which gave an "epidemiological finger-
print". This method has several advantages. Mitomycin C
induction produces larger numbers of pyoéins, and strains

thought to be non producers by the Scrape and streak method

S—
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(48) produced pyocin after mitomycin C induction. Finally,
by using ahrelatively short incubation period of eight
hours, the decrease in pyocin activity due to proteolytic
enzymes (50) was eliminated. induction with mitomycin C
induces bacteriophage which may cémplicate the reading of
results (54). Rampling (55) developed a technique for ob-
taining phage-free lysates for pyocin typing. The method
required a high titer-pyocin preparation and involves
irradiating the induced lysates with ultraviolet light at
254nm, Treatment at a dose of 1116 érgs per mm2 per min,
for 30 minutes prevented plaque formation and at the same
time preserved sixty-five per cent of the pyocin activity.
Jones et al. (56) have developed a simplified typing tech-
niqug. This method uses trypticase soy broth with added
1% potassium nitrate thereby eliminating the need for
aerating the cultures. However, since these cultures are
not induced, difficulties in interpreting.  the results as

well as interference by bacteriophage occurs.

Inhibition of Neisseria gonorrhoeae by other bacteria.

A paucity of information exists concerning the inhibition

of N.gonorrhoeae by bacteriocins. No bacteriocin has been

found for the gonococcus (58). Walstad et al., (57) demon-
strated growth inhibition by phospholipid and free fatty

acids liberated during the growth of N. gonorrhoeae. A

slight growth inhibition has been observed by a heat-and

Q
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proteinase-labile substance from staphylococci (60).
Geizer (61) also observed inhibition by substances produced

by other organisms, however, no analysis or identification

N

of the inhibitory substance(s) was reported,
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/ STATEMENT OF PROBLEM

Geizer (61) mentions the inhibition of N. gonorrhoeae

by P. aeruginosa. Since it is known that F. aerugingsa
produces both S~and R- type pyocins, it was conceivable
that this inhibition might be due to such bacteriocins.
However, the presence of free fatty acids or phospholipids

(57) could not be excluded.

Accordingly the primary questions asked in the re-

search presented in this thesis are as follows:

" [ What is the nature of the inhibitor produced

by Pseudomonas aeruginoga?

s What is the spectrum of activity of this inhibi-

tor within the genus Neisseria?
hNelsseria
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MATERIATLS AND METHODS

Organisms. Clinical isolates of N. gonorrhoeae were

used in these studies. The specific properties of strains
CS-7, JW=31, and 72u870 were previously reported (81).
Strains from disseminated gonococcal infections were ob-
tained from K. Holmes (U. S. Public Health Service Hosp.,
Seattle, Washington). Additional clinical isolates from
non-disseminated gonococcal infections were obtained from
the Multnomah County Health Dept., Portland, Oregon. Knowﬁ

serological types of N. meningitidis were obtained from H.

Schneider (Walter Reed Army Institute of Research, Wash-
ington, D. C.). Strains of N. lactamica and other species
of Neisseria were obtained from D. Hollis and D. Kellogg,
Jr. (CDC, Atlanta, Ga.). The identity of all organisms
was confirmed by cell morphology in gram-stained smears,

- oxidase reaction, and the production of acid from specific
carbohydrates (59). T-1 through T-4 colony types (75)
from single isolates were subcultured aﬁd maintained by
selective passage.

A strain of P. aeruginosa (Pa-103) was obtained from

P.V. Liu (University of Kentucky, Lexington). This strain
was used throughout this ipvestigation as a source of R-
type pyocin. The titer of the crude and purified pyocin

preparations was determined using P. aeruginosa strain Ps-7

(74) (obtained from E. Fisher, Portland State University,
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Portland, Oregon).

Medium. The basal medium contained the following per
liter: proteose peptone no. 3 (Difco), 15 g3 A2HP04, 1 g;
NaCl, 5 g; and soluble starch, 1 g. The final pH of the
medium was 7.2. When used for the production of R-type

pyocins by P. aeruginosa, glycerol (19 4vol/vol) and mono-

sodium glutamate (8.46g/liter) were added after autoclav-
ing. When used for the growth of Neisseria S8pPp., a growth
factor supplement (1%vol/vol) identical in composition to
IsontaleX enrichment (BBL) but lacking glucose, NaHCO5
(42 mg/llter), and glucose (5 g/liter), was added after
autoclaving. GC agar (Difco) prlates containing glucose

(5 g/liter) and growth factor supplement (1% vol/vol) were

used where indicated.

Induction R-type pyocins. A4n overnight culture of

P. aeruginosa was centrifuged (2,100 x g for 10 min.) and

resuspended to one-tenth the original volume in a solution
containing 0.85% NaCl and 0.1% cysteine hydrochloride at
PH 6.5.4 1% (vol/vol) inoculum was used and the cultures
incubated on a gyrotory shaker at 37°c, When the turbiﬁity
of the culture reached approximately 150 Klett units, mito-
mycin C (Sigma Chemical Co., S8t. Louis, Mo.)rwas added at

a final concentration of 1 ug/ml. Incubation was contin-
ued until extensive lysis of the culture occurred (Fig. 1).
This lysis normally occurred within 3 hours after the addi-

tion of the mitomycin C. The mitomycin C-induced culture
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was}cenfrifuged at 2,400 x g for 30 min. to remove cellular
debris and the resulting supernatant treated with chloro-
form (5% vol/vol). This supernatant fraction was desig-

nated as crude pyocin.

: |
Purification of the R-type pyocin. Crude pyocin prep-

arations were further purified by a modification (21) of
the method of Kageyama and Egami (13). Briefly, this pro-
cedure consisted of the slow addition of 1 M MnCl, (60ml
per liter of lysate), while stirring, to the crude pyocin
preparation. After adjusting the pH to 7.5 with 1M NaOH,
the resulting precipitate was removed by centrifugation
(2,400 x g for 15 min.). The supernatant was designated
partially purified pyocin. Further purification was accom-
plished by the addition of solid (NH4)2 80, to 70% satura-
tion and incubating overnight at 4°C. After centrifuga-
tion (2,400 x g for 30 min.) at 4°C, the pellet contain-
ing the pyocin activity wés dissolved in 50 ml of 0.0l M
tris (hydroxymethyl) aminomethane (Tris)-hydrochloride
buffer (pH 7.5) containing 0.01 M MgCl, and 0.01 M MgS0,
and dialyzed overnight at 4°C against 2 liters of the same
buffer. The preparation was then centrifuged at 100,000 x
g for 90 min. (type 40 rotor, Spinco model L-265B ultra-
centrifuge). The ‘gelatinous pellet was gently dissolved

in 20 ml of buffer and chromatographed on DEAE-cellulose

(De-52, Whatman Biochemicals Ltd. Kent, England) previously
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washed and equilibrated with the same buffer. An 8ml
sample of pyocin was applied to a 1.5 x 28 em column and
allowed to adsorb for 1 hour. The column was washed with
200 ml of buffer to remove material not adsorbing fo the
DEAE-cellulose. The‘pyocins were then eluted with 800 ml
of an NaCl gradient (0 to 1.0 M) in 0.0l M buffer. TFive—
ml fractions were collected and analyzed for absorbances
at 280 nm and pyocin activity. The fractions exhibiting
pyocin activity were pooled, dialyzed against 0.01 M Tris
buffer (pH 7.5) to remove NaCl, and then concentrated by
ultracentrifugation (100,000 x g for 90 min.). All chroma-

tographic procedures were carried out at 4°C.

Adenosine diphosphate ribosyl (ADP-R) transferase

activity. An enzyme mixture containing aminoacyl trans-
ferase activity was prepared from crude extracts of rabbit
reticulocytes by a modification (68) of the method of Allen
and Schweet (69). ADP-R transferase was measured by the
procedure of Collier and Kandel (68). Briefly, the assay
mixture in a total volume of 65 ul contained 50 mM tris
(hydroxymethyl) aminomethane (Tris)-hydrochloride (pH é.2),
O.1 mM disodium ethylenediaminetetraacetic acid (=DTA), 40
mM'dithiothreitol, 25 uk of the reticulocyte-enzyme, 0.367

1% NAD (specific activity 136 mCi/mmol) and

uM adenine~
various amounts of purified pyocin preparation, P. aerugin-

0sa exotoxin A or diphtheria toxin fragment A as indicated.
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The reaction mixture was incubated at 25°C for 5 min. then
stopped by the addition of 65 ul of 10% trichloroacetic
acid (TCA). The TCA-insoluble precipitates were collected,
washed and counted on a Nuclear-chicago low background
counter as previously described 170 )a

P. aseruginosa exotoxin A was produced and purified by

the method of Liu (71) as previously described (72).
Diphtheria toxin fragment A was kindly provided by R.d.
Collier (Dept. of Bacteriology, university of California
at Los Angeles). FProtein was determined by the method of

Lowry et al. (73) using bovine serum albumin as a standard.

Pyocin typing. Pyocin typing was performed using the

broth method as described by Jones et al. (57). The ATA

set of eighteen strains of P. aeruginosa (obtained from

B.H. Minshew, University of Washington School of Medicine)
was used for indicator strains (57). The pyocin type and
pattern are reported by the notation described by Farmer

and nerman (54),

Inhibition in liquid media. Overnight cultures of N

gonorrhoeae strain Cs?7, JW-31, 72H870, and 72H873 were

centrifuged (2,100 g for 10 min.) and resuspended to one-
tenth their original volume in a solution containing 0.85%
NaCl and 0.1% cysteine hydrochloride (pH 6.5) Klett flasks

containing 50 mls of basal media were inoculated with 0,5



25

ml og the cell suspension. Cultures were incubated on a

+ s d——

gyrotory water shaker at 37°C. When the turbidity reached
approximately 100 Klett units, (Klett meter, No. 54 filter,

P

Klett-Sommerson Co.), 5.0 ml of the cells were removed and
replaced by 5.0 ml of the pyocin preparation (2x105 units/

ml). Incubation was then continued and the turbidity

S PR

monitored as above. To determine the concentration depen-

dence of the inhibitor, N. gonorrhoeae strain 72HS870 was

prepared as above with the exception that 275 ml of the

culture was grown in one flask until the turbidity reached

P i

approximately 50 Klett units. Aliquots (50 ml) of culture

were pipetted into 5 Klett flasks and the incubation con-
tinued. When the turbidity reached approximately 100 Klett
units, 5.0ml, 1 ml, 0.1 ml, and 0.0 ml of the pyocin prep- -

A

aration (2x105units/ml) was added and incubation continued.

Assay of pyocin activity. Organisms being tested for

susceptibility to the R-type pyocins were grown overnight
on GC agar plates. A suspension of these organisms was
prepared in a diluent containing 0.85% NaCl and Cysteine
hydrochloride at pH 6.4 and adjusted to a Klett reading of
50-60. GC agar plates were inoculated by means of a swab
dipped into the cell suspension. After drying undiluted
or serially diluted pyocin preparations (5 ul} were app-
lied to the surface of the agar plate. 4ll plates were

incubated overnight at 37°C with increased 002 (5%) prior
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to being read. Pyocin titres are expressed as 200 times
the highest dilution which shows complete inhibition. The
cross—streak method of Fredericqg (1) was used to assay in-

hibition of N. gonorrhoeae by spontaneously produéed

pyocins.

Adsorption of pyocin 611 131 to N. gonorrhoeae JW-31

and P. aeruginosa PS-7. Overnight inocula of the N. gonor-

rhoeae and P. aeruginosa were prepared as described above.

Cultures were inoculated and incubated at 37°C on a gyro-
tory shaker until the turbidity reached IOO.Klett units.
Aliquots (6.0 ml) were removed from the culture and 1.0 ml
of the purified pyocin preparation (2 x-lO6 units/ml) was
added. Cells were incubated at 37°C for 45 min. Follow-
ing centrifugation (10,000 RPM for 20 min.) the super-
natants were filtered through a 0.45 u filter (Nalgene Co.).
The resulting filtrate was then serialiy diluted and 5 ul
amounts applied as above in the spot tests. In this manner

the filtrate from L., gonorrhoeze strain JW-31 was applied

to the P. aeruginosa strain PS-7. The plates were then in-

cubated overnight at 37°C with increased co, (5%) prior

to being read.

Protease treatment of R-type pyocins. Purified pyo-

cins were diluted to a final concentration of 1 x 104

units/ml in 0.0l M Tris-hydrochloride buffer (pH 7.5)
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containing 0.01 M Mg012 and 0.0l M Mgso4. rrotease from

‘Streptomyces griseus (Type VI, Sigma Chemical Co., St.

Louis, Mo.) or from Bacillus subtilis (Type VIII, Sigma

Chemical Co.) were added at a final concentration .of 1.0
mg/ml. The sensitivity of the pyocin to trypsin was tested
by preparing a similar dilution in 0.05M Tris-hydrochloride
buffer (pH 8.1) containing 0.01 M CaCl,; trypsin (Type III,
Sigma Chemical Co.) was added at a final concentration of
0.5 mg/ml. Controls consisting of samples diluted in the
appropriate buffer were also included. All samples were
incuﬁated at 37°C for 3 houfs and then titered against P.

aeruginosa strain PS-7.

Production of radioactive pyocin particles. An over-

night culture of P. aeruginosa strain PA-103 was centri-

fuged (2,100 x g for 10 min.) and resuspended to one-tenth
the original volume in a solution containing 0.85% NaCl and
0.1% cysteine hydrochloride at pH 6.5.A 1% (vol/vol) inoc-
ulum was used and the culture incubated on a gyrotory shaker
at 37°C. When the turbidity of the culture reached approx-—
imately 140 Klett units, 0.1 ml of an H3 amino acid .-mix-
ture (1.0 mCi/ml, New England Nuclear, Boston, Mass.) was
added. This was followed 1 minute later by the addition

of 1.0 ug/ml of mitomycin C. After lysis oécurred, the

pyocin was purified as described previously.
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Studies on the adsorption of labeled pyocin to N.

gonorrhoeae. Selected strains of N. gonorrhoeae were

grown tc 240 Klett units (approximately 2 x 107 cfu/ml).

=1

Labeled pyocin (0.25 ml/2.25 ml cells) was added and the
incubation carried out at room temperature. At O, 2, 15,
and 30 minutes, samples were removed and centrifuged at
10,000 x g for 15 minutes to remove cells. The super-
natant (0.15 ml) was counted in a Beckman Liquid Scin-

tillation Counter following the addition of 150 ml. of

Tritosol scintillation fluid (76).
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RESULTS

I. Production of the inhibitory factor.

The inhibitory factor was produced in low concen-—

trations during the growth of P. aeruginosa strain PA-103

both in complex medium (Table 1) and by the method of Fred-
ericq (1). The addition of mitomycin C (MMC) (lug/ml) to
logarithmic phase cells caused extensive lysis of the cul-
ture within 3 hours which resulted in a 500 fold increase
in the concentration of the inhibitory factor (Table 1).
The inducible nature of this factor suggested the involve-
ment of a bacteriophage or a bacteriophage product. How-
ever, no plaques were observed when dilutions of supernat-
ants from both induced and non-induced cultures were spot-

ted on N. gonorrhoeae strain JW=-31. Instead, the area of

growth inhibition increased in turbidity with increasing
dilution suggesting the presence of a bacteriocin., The
activity was eliminated with successive agar-plug trans-

fers of the zone of inhibition on N. gonorrhoeae strain Jw-

31. Pinally there was no difference in the pattern of in-

duction when cells of P. aeruginosa were grown in GC bfbth

or in TSB, both containing glycerol and MSG (Figure 1),

Therefore all subsequent work utilized the GC broth,

IT. Purification of the inhibitoryv factor.

The inhibitor was partially purified from the
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Supernatants of mitomycin ¢ induced cultures of P. aerugi-
nosa strain FA-103 as described in Materials and Methods.
Further purification could be obtained by DEAE-celluloce
chromatography (Figure 2). The inhibitor was eluted with
an NaCl gradient of 0.0 - 1.0 M. Two pesks containing in-
hibitory activity were observed. The major peak (4) eluted
at an NaCl concentration of 0.06 M and contained more than
90 per cent of the inhibitory activity. 24 minor peak (B)
eluted at an NaCl concentration of 0.91 i and contained
less than 10 per cent of the activity. The fractions com—
prising peak 4 were pooled, dialygzed against 0.01 M Trig-
hydrochloride buffer (pH 7.5) to remove the NaCl and con-
centrated by ultracentrifugation (100,000 x g for S0 min.).
This preparation containing 2 x 10° units/ml of activity

was used for the remainder of these studies,

17T, Characterization of the inhibitor.

A. Blectron microscopy. Negative-stained prep-

arations of the purified inhibitory factor were examined in
the electron microscope., Particles resembling R-type pyo-
cins were observed in both the contracted and uncontracted
states (Figure 3). In the uncontracted state, these part-
icles measured 1156 £ in length by 165 § in width. In the
contracted state, the particles consisted of an inner core
(1156 A in length by &2 2 in width) surrounded by a con-
tractile sheath (495 4 in length by 206 § in width),
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Between 20 and 320 per cent of the particles observed in

these preparations were in the contracted state. Neither
intact bacteriophage or bacteriophage ghosts were seen in
any of the negatively-stained preparations, When the pyo-

cins were combined with sensitive cells of N. gonorrhoese

(Figure 4) many contracted particles can be seen to be
adsorbed to the bacterial surface as well as in the vie-
inity of the bacteria. However, when the pyocins were
added to the resistant cells of N. ovis (Figure 5) no ad-
sorption was evident. Bullet-shaped particles are also
present, but only in the uncontracted state. The contract-
ed particles lose their conicsal appearance of the top por-
tion of the sheath and the core appears to protrude from
the top.

B. Resistance to proteolytic enzymes. R~type

pyocins may be differentiated from S-type pyocins by their
resistance to proteolytic enzymes (7). Therefore, the
effect of various proteolytic enzymes on the inhibitory
activity of the purified pyocin preparation was examined.
The results (Table 2) indicate that the titer did not de-
Crease with either trypsin or protease treatment, when
compared with an untreated control having a titer of 2 x
1O6 units/ml. These data therefore, suggest that the in-

hibitory activity was not due to an S5S-type pyocin.



o

Ce. Relationship of the inhibitor to protein

toxin. Many strains of Y. aeruginosa produce a protein

toxin (exotoxin A) which inhibits mammalian protein syn-
thesis (70). The toxin catalyzes the transfer of the ADP-
ribose moiety of NAD to elongation factor 2 (Ef—2) result-
ing in an ADP-ribosyl-gf-2 complex which is inactive in
peptide chain elongation (70, 72). The possibility that

the inhibition of N. gonorrhoeae was due to the presence

of this toxin in the Pyocin preparation was investigated.
The results (Table 3) show that neither the crude nor the

purified preparation from P. aeruginosa strain PA-103 con-

tains ADP-ribosyl transferase activity. Thus, it seems
unlikely that the inhibitory effect of the pyocin prep-

aration is due to exotoxin A.

D. Pyocin typing. The type of the pyocin in

both the bPartially purified ang purified preparatlons was
determlned as descrlbed in Materials and Methods. The pyo-
cin typing pattern did not change during the purification
and suggests that one Or more pyocin types were not removed
during chromatography on DEAR cellulose. The Pyocin pat-
tern is 611 131.

IV. Effect of the R-type pyocin on the growth of K.

gonorrhoeae,
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‘A. Inhibition in liquid media. In order to de-

termine the relative time sequence of inhibition and to

?
|

verify the results obtained on solid media, various con-

Ty v

centrations of pyocins were added to growing cultures of

strains of N. gonorrhoeae. Figure 6 shows that the pyo-

cins exerted their effect rapidly and that the strains
tested behaved in a similar manner. A concentration de-

pendent inhibition of N. gonorrhoeae occurred upon addi-

tion of type 611 131 (Figure 7). At high concentrations

of pyocin (2 x 104 units/ml) a complete inhibition of

B S U

growth occurred within one hour and was accompanied by

extensive lysis of the culture.

B. Inhibitory spectra of pyocin type 611 131,

e ———

Aliquots of the purified pyocin preparation were spotted

on lawns prepared from clinical isolates of N. gonorrhoeae.

Typical patterns of inhibition are shown-in Figure 8. The
zone of inhibition was clearly evident in all strains exam-
ined. A negative control of the producer strain B, aerugi-
nosa PA-103 was also included in all assays. The inhibition

of various Neisseria species is shown in Table 4, All

B e

isolates of N. gonorrhoeae from both the disseminated and

= g e

non-disseminated infections, were inhibited. However, out-

side this species inhibition was more restricted; only 3

of 20 strains of N. meningitidis and 5 of 16 strains of N.

lactamica were inhibited. There was no correlation observ-—

B e el EL
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ed between the serological group and inhibition of N. men-

ingitidis.

C. Colony type variation, N. gonorrhoeae ex-

hibits changes in colonisl morphology which have been cor-
related with changes in virulence. Therefore colonial
variants were tested as to their sensitivity to inhibition
by the pyocin 611 131. No correlation between colony type
and sensitivity was observed. All 4 colony types of the

strain 1138 were sensitive to the pyocin.

D. Adsorption of pyocins to JW-31 and PS-7,

An assay was performed to detect residual pyocin activity

after incubation with cells of N. gonorrhoeae strain Jw-31

and g, aeruginosa strain PS~7. This would account for the

difference in titer observed with pyocin 611 131 was applied

to P. aeruginosa strain PS=7. Table 5 indicates that the

supernatants from the incubated pyocin-GC suspensions (cells
in excess) contained residual pyocin particles would could

inhibit P. aeruginosa strain PS-7. When the reverse exper-

iment was performed using JW-21 as the indicator for the

pyocin-pPS-7 suspension, no residual activity was detected,

E. Isolation of a mutant resistant to the pyocin.

When cells of JW-31 were tested for sensitivity to the

byocin 611 131, minute colonies were observed in the center

E S—
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of the zone of inhibition. These colonies were picked and
restreaked onto GC agar plates. When again tested with the
pyocin, no zone of inhibition was seen. These mutants were

confirmed to be N. gonorrhoeae. When tested with a dif-

ferent pyocin (type 383 122) normai zones of inhibition

were seen.

F. Adsorption of 5ﬂ-labeled pyocins to bacteria.

The objectives of this experiment were twofold. First, to
determine the extent of the binding of pyocins to Neisseria
and secondly, to see if the pattern of binding was the same

as that with P. aeruginosa.

It is known that the pyocins are adsorbed to sensitive

P. aeruginosa both at 0°C and at room temperature (3%6).

This binding is essentially complete within 15 minutes at
which tire apprbximately 90% of the added pyocins have

been bound. From these results, it appears that while

cell death is a function of the incubation temperature (21),

the maximum amount of binding is not.

The N. gonorrhoeae and pyocins were prepared as listed

in Materials and Methods., Cell excess was achieved by com-
bining 4.5ml of celis (2 x 108 cfu/ml) and 0.5ml of the
labeled pyocin preparation (approx. 106 units/ml). After
incubation at room temperature and counting,‘the results

(Table 6) show that when the pyocins are combined with
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sensitive N. gonorrhoeae, adsorption is essentially com-

plete within 15 minutes. However, in this case, the max-

imum amount of binding attained was 69 per cent. When the

pyocins were combined with the non-sensitive N. ovis

binding was observed.

L]
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Culturél conditions Incubation time Pyocin activity
(hours) (units/ml)
Non-induced 18 3,5 x 107
Induced 3 2 x 10°

Table 1. Effect of mitomycin C on the production of the

gonococcal inhibitory factor.

P. aeruginosa strain PA-103 was grown in GC broth as

listed in Materials and Methods. HMitomycin C was added at

a final concentration of 1.0 ug/ml. Titering was perform-

ed on P. aeruginosa strain rS-7.
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Figure 1

A comparison of mitomycin ¢ inductions of P. aeruginossa

strain PA-103 using two kinds of media.,

An overnight inoculum was resuspended to one-tenth
the original volume in a solution containing 0.85% NaCl
and 0.1% cysteine hydrochloride, Incubation was contin-
ued at 37°C. Symbols: @, GC broth»witﬁ added Supplements;
A, Trypticase S0y broth with 5% glycerol and 1.0M mono-
sodium glutamate. The arrows indicate the point at which

mitomycin C (1 ug/ml) was added,

T ——
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Figure 2

Purification of R-type pyocin (611 131) by DEAE-cellulose

chromatography.

Fractions containing inhibitory activity are indicated
by A and B. 1lnsert: Induction of pyocin production in

Pseudomonas aeruginosa PA-103 by mitomycin C (1 ug/ml).

The arrow indicates time of mitomycin C addition.
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Figure 3

Electron micrograph of the R-type pyocin 611 131.

Pyocin 611 131 was purified as listed in Materials
and Methods. A 1:10 dilution of the pyocin suspension
was made in 0.1 M ammonium acetate. The pyocin was nega-
tive stained with 1.5% sodium phosphotungstate (pH=6.5).
Symbols: uc, uncontracted pyocinj; ¢, contracted pyocin,
Bar= 0.1 um. Specimen examined with a Phillips 200 electron

microscope.






Figure 4

e

Interraction of R-type pyocin 611 131 witt

gonorrhoeae strain 72H870.

Sensitive cells of strain 72H870 were

the pyocin for 30 minutes at 37°C. 0.1 ml

4]

incubated with

of this sus-

pension was negative-stained with sodium phosphotungstate

and examined with the RCA IMU-3G electron microscope.

Bar=0.1 um.

Figure 5

Interraction of R-type pyocin 611 131 with N. ovis

Resistant cells of N. ovis strain TZB

(CDC Atlanta,

Ga.) were prepared and stained as above. Bar=0.1 um.






i 42

Enzyme Concentration Incubation ‘Pyocin (units/ml)
(mg/m1) time (hours) Before After

Trypsin 0.5 3 2x10°  2x108

Protease

(strep. griseus) 1.0 3 2x10°  2x10°

Protease |

(B. subtilis) 1.0 3 2x10°  2x108

Table 2. The effect of various profeolytic enzymes on

pyocin 611 131,

The purified pyocin was incubated with the various
enzymes at 37°C. Following incubation, these preparations

were serially diluted and titered on P. aeruginosa strain

PS-7 as listed in Materials and Methods.



Additions Yrotein Acid insoluble radio-

(ug) - activity (cpm)
Control | 0 121
Crude R-type pyocin 7.0 73
Purified R-type pyocin 5l | 9%
Exotoxin A 0.01 2788
Diptheria toxin fragment A 0.01 2839

Table 3. Adenosine diphosphate-ribosyl transferase activity

in preparations of R-type pyocin 611 131.

The assay was performed as listed in Materials and
methods. The crude R~type pyocin represents the pyocin 611
131 prior to purification. The control contained HQO in

place of toxin or pyocin préparation.



Figure ©

Inhibition of Neisseria gonorrhoeae by an R-type pyocin

(611 131).

Cells of N. gonorrhoeae were grown in GC broth with

added supplements. ryocin 611 131 (2 x 10° units/ml) was
added at the times indicated by arrows. Symbols:A, N.

gonorrhoeae strain JW-31; 0, N. gonorrhoeae strain 72H870;

®, N. gonorrhoeae strain 72H873; A, N. gonorrhoeae

strain Cs-7; @, P. aeruginosa strain PA-103,
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Figure 7

Effect of R-type pyocin (611 121) on the grthh of N.

gonorrhoeae strain 721870,

Cells of N. gonorrhoeae strain 72H870 were grown in

one flask until growth reached approximately 100 Klett
units (l.4 X 108 cfu/ml). The exponentially growing
culture was split into 5 flasks followed by addition of
the purified pyocin. Symbols:Q, no addition; g, 400
units pyocin/ml; A, 1000 units pyocin/ml; @, 4000 units
pyocin/ml; M , E0,000 units pyocin/ml.
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Figure 8

Inhibition of the four colony types of N. gonorrhoeae

strain 1138.

Colony types T-1, T-2, T-=3 and T-4 of N. gonorrhoeae

strain 1138 were maintained by selective subculture. The
spot test was performed as listed in Materials and Methods.

Symbols: a, colony type T-1; b, T-2; ¢, T-3; d, T-4,
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Sero- Number of Number of
Species rou strains tested strains sensitive
N. gonorrhoeae - 56 56
N. meningitidis A 4 0
B 5 4
c 3 0
X 3 0
Y 1 ]
Z 2 1
135 2 0
N. lactamica - le 5
N. mucosa - 1 0
N. flava - 1 0
N. subflava - 1 0
N. ovis - 1 0
N. flavescens - 1 O

Table 4. Sensitivity of various Neisseria species to pur-

ified R-type pyocin (611 131) from P. aeruginosa

strain PA-103
Strains were listed as being semnsitive to pyocin 611
131 only if clear zones of inhibition were observed by the

spot test as listed in Materials and Methods.
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Pyocin (611 131) Indicator strain ryocin (units/ml)
(Added to) Before After inc.

N. gonorrhoeae JW-31 Y. aeruginosa PS-7 2XlO6 lxlO2

6

P. seruginosa PS-7 N. gonorrhoeae JW-31 2x10 0

Table 5. Assay for residual activity after incubation

of the pyocin with sensitive bacteria,

Overnight inocula were resuspended in fresh GC broth
as listed in Materials and Methods. 1.0 ml of the pyocin
was combined with 6.0 ml of cells (approx. 100 Klett
units). Incubation was at 37'C for 45 min. After remov-
al of the cells by centrifugation residual activity was

assayed by the standard titering procedure.
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Bacteria Incubation ¢pm % Bound
Time (min) (supernatants)
N. gonorrhéeae Cs=7 0 249 0
= 2 211 ; 15
" | 5 144 43
" 30 L3D 38
N. gonorrhoeae 72H870 0 _ 154 0
" & 100 35
o 15 -S4 65
" 30 B7 €9
N. ovis T2 B 0 213 0
" 2 212 0
" 15 200 1
" 30 216 0

Table 6 . Adsorption of 5H—labeled R-type pyocin 611 131

to bacteria.

0.5ml of the 5ﬂ-labeled pyocin was mixed with 4.5 ml
of the cell suspension (approx. l.4 x lO8 cfu/ml). Radio-
activity of the supernatant was measured after incubation.

Incubation was at room temperature.



DISCUSSION

Bacteriocins have been defined as antibiotic sub-
stances of protein nature produced by certain strains of
bacteria which are active against strains of‘the same or
closely related species (38). Their species specificity
distinguish them from classical antibiotics (1). The
consistency with which bacteriocins are so defined (38,
79, 80) suggests either that the bacteriocins tested thus
far are indeed species specific or that no attempt was
made to define antibacterial spectra outside of the pro-
ducing species. There have been other reports however,
of inhibition outside of the producer species among close-—
ly related bacteria s P megativé results have been ob-
tained when bacteriocins of gram negative species have

been tested on gram positive organisms (78).

Geizer (61) observed that the growth of N. gonorrhoese

was inhibited by unknown substance(s) produced during the

growth of strains of Vibrio cholerse, lischerischia cell,

Aeromonas hydr philia, Micrococcus species and F. aeru-

———

ginosa. I have confirmed this observation with P aeru-

ginosa and further have sought to isolate and identify

the inhibitory substance.

1t was necessary first to determine under what
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gro&th conditions the inhibitory factor was produced.
Spontaneous production was noted in growing cells both

in broth and by the cross-streak method of Fredericq (1).
Glycerol was used as the primary energy source for P. aer-
uginosa in these studies. However, inhibitory actiYity
was still observed when glucose was substituted in the
agar plates. This is in contrast to the repression of
colicin activity by glucose which has been noted else-

where (64).

The inducible nature of the inhibitor was first
shown using mitomycin C, an agent which selectively in-
hibits the synthesis of DNA and which requires only a
brief exposure to exert its maximum activity (66). For
consistency GC broth was utilized for experiments involv-

ing both N. gonorrhoeae and F. aeruginosa. In both

trypticase soy and GC broths it was found that the induc-
tion patterns were essentially identical. Addition of
mitomycin C to cells growing in both types of media caused
cell lysis within approximately 3 hours and routinely led
to inhibitory titers of 2X105 units/ml in the partially
purified preparations. The induction pattern was similar
to that obtained by Kageyama (36) with U.V. induction R-

type pyocins.

The inducible nature of the inhibitor suggested the
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inéolvement of a bacteriophage or bacteriophage product.
No plaques were present but a broad zone of inhibition
was seen. These zones became more- turbid as the dilution
was increased until all activity was abolished. Tﬁis
finding would indicate either that a bacteriocin or an-
other extracellulér product was responsible for the in-
hibition. An attempt was made to transfer the inhibitory
activity using an agar plug taken out of the center of the
zone of inhibition. Since bacteriophages may be propa-
gated on sensitive strains with a subseqguent increase in
titer, a similar finding would at ;east indicate the pre-
sence of an inhibitor capable of replicating withiﬁ the
infected host. However, in this case, no increase in

titer was observed.

Since the above data suggested the presence of a
bacteriocin, it became necessary to identify wnat kind
of bacteriocin was involved. The situation is more com—

plex in the case of P. aeruginosa because it is known that

some strains produce both the & and R-type pyocins. These
bacteriocins may exert their effect independently or ﬁgy
combine to give an incresse size of the zone of inhibi-
tion (9). Ito et al. presented data that S-type pyocins
alone or 3 with Ritype pyocins gave much larger zones of

inhibition than did the R-type pyocin alone. Since the



29

preparation used in these studies gave larger zones than
those presented for the R-type in the above paper, this
suggested that some S pyocin may be pfesent. To investi-
gate this possibility Govan's modification (21) of Kage-
yamas (13) purification procedure was used. This method
was chosen because it results in higher titer R-type prep-
aration and because it incorporates a method of removing
S pyocin activity (9). During chromatography on DEAE-
cellulose, S-type pyocins will pass through the column
whereas the R-type will adsorb and be retained by the
column. Frost column pooled-pyocin fractions still gave
the same size for the zone of inhibition. Therefore it
was concluded that an S-type pyocin_did not contribute to
the initial observed inhibition. No activity was found

in the eluent.

R-type pyocins are known to be resistant to proteo-
lytic enzymes whereas the S or soluble type are readily
degraded (7). The purified post-column pyocin prepara-
tion was subjected to both trypsin and pronase digestion.
There was no loss of activity after extended incubation
of the pyocin with these énzymes. DMoreover, the size of
the zone of inhibition remained the same as it was prior
to enzymatic treatment which further suggestéd that the
activity shown by this preparation was hot due to S-type

pyocins.
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The difference in titer observed when pyocin 611 133

was assayed on N. gonorrhoeae and P. aeruginosa is still

unexplained. The inhibitory titer was consistently high-

er when assayed on the P. aeruginosa strain PS~7. The

data for the inhibition of N. gonorrhoeae strain Jw-31

in brofh, showed a typical concentration dependence. More
information concerning this was obtained from the adsorp-
tion experiment. The finding that there was residual
activity remaining after incubation of the pyocin with the
JW-31 suggests either that there are fewer binding sites

on N. gonorrhoeae or that more than one pyocin type was

present in the purified preparation. The later choice is
unlikely since the pyocin typing revealed only the one
type whlch did not change throughout the purification pro-

cedure,

The broad spectrum of activity withim.ﬂ. gonorrhoeae

is highly unusual even for bacteria which are very close-
ly related. fivery isolate tested thus far has been sen-
sitive to the byocin 611 131. One coula speculate that

strain differences within M. gonorrhoeae are much more

subtle than are found in other genersa. Umfortunately,
there is no adequate method for typing the gon000001 at
this time so information concerning straim dlfferences,
no matter how subtle, are lacking. Nevertheless the iso-

lates tested have been obtained from clinical cases on
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both the east and west coasts of the U.S8.

Since the sensitivity to the pyocin is so broad than
at least, two possibilities exist. The first is that all
strains tested possess the same pyocin receptor or second-
ly, the receptor which is possessed by the gonococci is
non-specific and chemically distinct from those receptors
which have been analyzed to date. As a possible insight

into this question, the four colony types of N. gonorrhoeae

strain 1138 were tested for their sensitivity to pyocin

GLl 131. Since it is known that colony types 1 and 4 at
least, have certain differences in their lipopolysaccharide
(62), it was hoped that there might also be differences

in pyocin sensitivity. However, when assayed, all four

colony types were found to be sensitive,

The spectrum of activity became more restricted out-

side of N. gonorrhoeae. Strains of N. lactamica showed a

greater sensitivity to the pyocin than did the strains of

N. meningitidis tested. Early results with the meningo-

cocci suggested that those strains which possess a cap=

sule might be protected from the pyocin inhibition.

However, with subsequent assays, no correlation be-

tween the capsule and protection was found to exist since
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both capsulated and non-capsulated strains were inhibited.

Electron microscopy revealed the presence of rod-
shaped particles whose dimensions corresponded very close-
ly to other reported pyocins. The low percentage of con-
tracted particles suggested that this purification pro-
cedure was successful in preserving most of the inhibitory
activity. The uncontracted pyocins could be seen to ad-
sorb to sensitive cells by the tail-end of the particle.
However, in none of the preparations were base plate and
tail fibers seen as have been described by other authors
(18). When the pyocins were combined with resistant
cells, some particles could be seen in proximity to the
cell. However, no massive adsorption of the pyocins to

the cell was evident.
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SUMMARY AND CONCLUSIONS

P. aeruginosa strain PA-103 produces a bacteriocin

which inhibits the growth of N. gonorrhoeae. These part-

icles were shown to be inducible with mitomycin C, resis-
tant te proteolytic enzymes and incapable of self-repli-
cation. Electron nicroscopy revealed the presence of
rod-shaped particles resembling bacteriophage tails which
is characteristic of the R-type pyocins. Pyocin typing

classified these bacteriocins as pyocin type 611 131,

The inhibitory spectrum of these pyocins is very

broad. All strains of N. gonorrhoeae tested were inhib-

ited. However, outside of this species, the activity of
the pyocins was nmore restricted. Broth inhibition stud-
ies showed that cell death begins within 30 minutes after
the addition of the pyocins. Adsorption studies using

5H -labeled pyocins revealed that the adsorption of pyo-
cin to sensitive bacteria is virtually complete within 15
minutes. In addition there appears to be some quanita-

tive difference in the number of binding sites betweeﬁ

N. gonorrhoeae strain JW-31 and P. seruginosa strain P3-7

since there are residual pyocin particles remaining after

incubation with the JW-31 which can bind to the PS-7.
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