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Of the 14 strains of Chondrococcus columnaris examined, 4

produced antagonistic substances that inhibited the growth of other

strains of this species. The antagonistic substance produced by

strain 3-P63-12 was examined in greater detail. Since the inhibi-

tory substance had an extremely narrow spectrum of activity, and

was not transmissible in series, it was concluded that the antag-

onistic substance was a bacteriocin (columnaricin). It was found

that the columnaricin was produced spontaneously by broth cultures

and that a maximal amount of activity was attained at the end of the

logarithmic phase of growth. Partial purification of the columnaricin

was achieved by chemical treatment, differential centrifugation, and

column chromatography. Although two distinct active fractions were

eluted from diethylaminoethyl(DEAE)-cellulose during the purification



procedure, both fractions initially were found to have identical

characteristics. The elution profile of the activity from a Bio-Gel

P-10 column indicated that the columnaricin had a minimum molecu-

lar weight of 20, 000. Other studies showed that the columnaricin

was not sedimentable at 100, 000 x g for 2 hours. It appeared that the

columnaricin was a relatively low molecular weight protein, heat

labile and completely inactivated in the presence of trypsin.



Partial Purification and Properties of a Columnaricin
Isolated from the Myxobacterium

Chondrococcus columnaris

by

David Sol Needleman

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

June 1972



APPRO VED:

Redacted for Privacy

Associate Pi-ofessor of Microbiology
in charge of major

Redacted for Privacy

Chairman o Department of Microbiology

Redacted for Privacy

Dean of Graduate School

Date thesis is presented February 18, 1972

Typed by Opal Grossnicklaus for David Sol Needleman



ACKNOWLEDGMENTS

I wish to express gratitude to my major professor,

Dr. R. E. Pacha, for his advice and counsel throughout

this program; to the graduate faculty for their guidance;

and to my wife, Heather, for her patience and under-

standing.



TABLE OF CONTENTS

Page

INTRODUCTION 1

LITERATURE REVIEW 2

MATERIALS AND METHODS 1 2

Media
Cultures
Assay of Columnaricin Activity
DEAE-cellulose Chromatography
Protein
Carbohydrates

RESULTS

12
12
13
14
15
15

16

Determination of Inhibitory Activity 16
Production of the Antagonistic Property 19

Relationship between the Phase of Growth
and Production 19

Ultraviolet Induction 23
Purification and Characterization of the Inhibitory

Substance 25
Ammonium Sulfate Fractionation 27
Manganese Chloride Treatment 29
Step-wise Purification 32

Activity Spectrum of Purified Fraction 36
Alternative Purification Scheme 39
Properties of Purified Columnaricin 45

DISCUSSION 48

BIBLIOGRAPHY 54



LIST OF FIGURES

Figure Page

1. The effect of UV irradiation on the growth of strain
3-P63-12. Dose rate was 56 ergs per mm2 per sec 24

2. Elution profile of columnaricin from a DEAE-cellu-
lose column 42

3. Elution profile of columnaricin from a DEAE-cellu-
lose column 44



LIST OF TABLES

Table Page

1. Chondrococcus columnaris Strains 13

2. Sensitivity of Strains of C. columnaris in Overlay
Agar to the Supernatant from Broth Cultures of
the Organisms

3. Relationship between Phase of Growth of C.
columnaris 3-P63-12 and Concentration of Anti-
bacterial Substance

18

21

4. Relationship between Phase of Growth of C.
columnaris 3-P63-12 and Concentration of Anti-
bacterial Substance 22

5. Effect of Manganese Chloride upon the Columnaricin
Activity of the Crude Supernatant 31

6. Effect of Manganese Chloride upon the Ultraviolet
Absorbance of the Crude Supernatant 33

7. Summary of Purification Data: Procedure I 35

8. Spectrum of Inhibition of Columnaricin 38

9. Summary of Purification Data: Procedure II 46



PARTIAL PURIFICATION AND PROPERTIES OF A COLUMNARICIN
ISOLATED FROM THE MYXOBACTERIUM

CHONDROCOCCUS COLUMNARIS

INTRODUCTION

Of the various antibiotics produced by bacteria, one group has

been recognized as being quite unique. These antimicrobial agents,

called bacteriocins, act specifically against strains of the same or

closely related species which produce them. As more bacteriocins

were discovered they gained recognition as a distinct class of biolog-

ical compounds. Although many bacterial species produce bacter-

iocins, our knowledge of their specific chemical nature, origin,

biological function, genetic factors, and mechanism of action is quite

incomplete.

Myxobacteria are well known for their ability to produce various

antagonistic substances. Some myxobacteria produce lytic substances

capable of lysing intact bacterial cells, while other myxobacteria

possess antibiotic activity.

Chondrococcus columnaris, an aquatic myxobacterium, has

been reported to produce intraspecific inhibitory substances, pre-

sumably bacteriocins. The present study was undertaken to learn

more about these bacteriocins; in particular, to isolate a bacteriocin

from C. columnaris and compare its properties with those of other

well studied bacteriocins. It is hoped that this information will

facilitate further investigation in this area.
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LITERATURE REVIEW

Although the discovery of bacteriocins can not be pinpointed to

a single date, the first thorough study of bacteriocins was undertaken

by Gratia (1925). He reported a strain of Escherichia coli which

produced a filterable antibacterial entity that inhibited the growth of

other strains of E. coli. It was found that, unlike bacteriophage, the

inhibitory substance could not be transmitted by serial passage on

sensitive bacteria. These nontransmissible inhibitory substances

which inhibit only bacteria of the same or closely related species

have come to be known as bacteriocins (Jacob et al., 1953).

The individual bacteriocin families are named according to

the organisms which produce them. Because of the bacteriocin's

high degree of specificity, the name is almost always derived from

the specific, rather than the generic name of the organism. Thus,

megacins are bacteriocins of Bacillus megaterium, and pyocins are

bacteriocins of Pseudomonas aeruginosa, formally called P. pyocy-

anea. The term colicin, which was originally intended to charac-

terize bacteriocins of E. coli has been extended to include bacteri-

ocins produced by other closely related genera of the Enterobacter-

iaceae such as Shigella and Salmonella (Fredericq, 1957).

A widely accepted scheme of classification was developed by

Fredericq (1948, 1957, 1965) to distinguish between the numerous

colicin varieties. Fredericq observed that when sensitive cells of
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E. coli were treated with colicin, resistant mutants appeared. By

using the spectrum of the resistance of the various mutants against

the colicin he was able to group the colicins into alphabetically desig-

nated types. For a more complete review of colicin classification see

Reeves (1965) and Ozeki (1968).

Investigations into the genetic basis of the production of bacter-

iocins have been primarily confined to colicins. The genetic deter-

minant for the ability to produce a colicin is called a colicinogenic

(Col) factor. Jacob et al. (1960) classified colicinogenic factors as

episomes. This implied that the Col factors like the F or fertility

factor could exist as a stable genetic element in either an autonomous

state or as an integrated part of the bacterial chromosome. Certain

Col factors do appear to be closely related to the F factor. These

Col factors have been shown to possess the ability to initiate the

transfer of themselves or chromosomal markers to recipient cells

by conjugation (Clowes, 1961; Ozeki and Howarth, 1961; Smith and

Stocker, 1962; and Kahn and Helinski, 1964). In contrast, other Col

factors do not exhibit any fertility factor characteristics (Ozeki and

Howarth, 1961; Smith and Stocker, 1962; Kahn and Helinski, 1964;

and Nagel De Zwaig and Puig, 1964). With the exception of one Col

factor (Kahn, 1968), neither a genetic homology nor a genetic linkage

has yet been demonstrated between Col factors and the bacterial

chromosome (Clowes, 1963; Nagel De Zwaig and Puig, 1964;
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Nagel De Zwaig and Anton, 1965; Macfarren and Clowes, 1967;

and Novick, 1969). Consequently, Col factors are now thought to

be stable nonessential genetic elements of an extrachromosomal

nature.

A common feature of all bacteriocins is their bactericidal

inhibition of susceptible bacteria. Fredericq (1957) suggested that

attachment of the colicin to a sensitive bacterium was mediated by

fixation of the colicin to a specific receptor on the surface of the

bacterium. Evidence of the actual adsorption of colicin to a receptor

was not provided until several years later (Maeda and Nomura, 1966).

Although the exact location of the receptor site has not been located,

some evidence has implicated the cytoplasmic membrane (Luria,

1964; Nomura, 1964; and Smarda and Taubeneck, 1968).

Initially the adsorption of the colicin to the sensitive cell was

thought to result in a general inhibition of all macromolecular synthe-

sis (Frederica, 1957). Subsequent investigations (Nomura, 1963;

and Nomura and Maeda, 1965) have shown that different colicins

mediate specific biochemical effects even when the colicins share

the same receptor site (Maeda and Nomura, 1966).

Nomura and Maeda (1965) proposed that the attachment of a

single colicin molecule to a receptor site initiates a stimulus through

a specific transmission system in the cytoplasmic membrane to a

specific biochemical target. Nomura and coworkers (Nomura and
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Nakamura, 1962; Nomura, 1963; Maeda and Nomura, 1966; and

Nomura, 1967) have presented evidence that colicins El' E2, and K,

all of which promote different metabolic changes in sensitive cells,

do not penetrate the surface layers of sensitive cells, but act from

the cell surface. As yet the nature of the transmission system has

not been determined.

The production of bacterioc in, which is only vaguely understood,

resembles in several respects the production of bacteriophage in

lysogenic strains. The synthesis of certain bacteriocins, for ex-

ample, may be induced by agents such as ultraviolet light (Jacob et al.,

1952; Ben-Gurion and Hertman, 1958; Ozeki et al., 1959; Kageyama

and Egami, 1962; and Reeves, 1963), and mitomyocin C (Iijima, 1962;

Kageyama, 1964; De Witt and Helinski, 1965; and Herschman and

Helinski, 1967a), as well as by thymine starvation (Sicard and

Devoret, 1962). Bacteriocins which are not inducible appear to be

synthesized continuously by a small fraction of the cellular population

that consequently becomes nonviable (Ozeki et al. , 1959; Reeves,

1965; and Ozeki, 1968).

With few exceptions, information about the chemical nature of

bacteriocins has been obtained from studies of colicins and pyocins.

Goebel and coworkers (Goebel et al. , 1955; and Goebel and Barry,

1958) described the isolation of the first colicin, colicin K. They
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reported the purified substance to be a nondialyzable protein-

lipocarbohydrate complex. The substance was heat stable, as

boiling for 10 minutes had no apparent effect on its activity; how-

ever, trypsin, a proteolytic enzyme, completely inactivated it. Upon

the addition of phenol, the inhibitory complex dissociated into a pro-

tein component and a lipocarbohydrate component. Only the protein

fraction possessed colicin activity.

Hutton and Goebel (1961) later reported the purification of an-

other colicin, colicin V. Like colicin K colicin V was also reported

to be a thermostable, trypsin sensitive protein-lipocarbohydrate

complex. Unfortunately no study was made of the components of

the colicin V complex. Hutton and Goebel also reported that colicin

V would not pass through semipermeable membranes, which contra-

dicted an earlier observation by Gratia (1925) that colicin V was

dialyzable. Although the chemical nature of colicin K and colicin V

were similar, no cross-serological relationship was found (Hutton

and Goebel, 1962).

Two other colicins, an unidentified colicin (Naske et al., 1957,

and colicin A (Barry et al., 1965) were also isolated as protein-

lipocarbohydrate complexes. From sedimentation data, colicin A

was calculated to have a molecular weight of approximately 50,000.

Investigations of other relatively low molecular weight colicins

indicated that not all colicins were of the same composition.
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Herschman and Helinski (1967) purified two low molecular weight

colicins. Both were purified as homogeneous preparations as shown

by polyacrylamide gel electrophoresis, ultracentrifugal character-

ization, immunological analysis, and isoelectric density gradient

electrophoresis. Biochemical analysis showed that both colicins

were simple proteins of about 60, 000 molecular weight, and composed

solely of amino acids. Recently colicin Ia and colicin Ib were puri-

fied (Levisohn et al., 1968; and Konisky and Richards, 1970). Both

proved to be simple proteins with molecular weights of 79, 000 for

colicin Ia and 80, 000 for colicin Ib. Both substances were completely

inactivated in the presence of trypsin and by heating at 100°C for 5

minutes.

It is felt by some investigators that the differences in chemical

composition of the above mentioned colicins might be due to the use

of different strains, culture conditions or methods of isolation

(Nomura, 1967; Smit et al., 1968; and Kunugita and Matsuhashi,

1970). Recently, Kunugita and Matsuhashi (1970) purified colicin

K using a different purification procedure than that of Goebel and

Barry (1955, 1958). Unlike the protein-lipocarbohydrate complex

that Goebel and Barry isolated, the colicin K of Kunugita and

Matsuhashi appeared to be a simple protein having a molecular

weight of approximately 70, 000.

In contrast to the relatively small molecular weight colicins,
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which have molecular weights between 50,000 and 80, 000, other

purified colicins have been found which are much larger and appear

in electron micrographs as phage-like objects. Kellenberger and

Kellenberger (1956) while investigating the nature of colicin ML,

found two active constituents, one which was sedimentable at 25, 000

x g and one which was not.

During a subsequent investigation of a sedimentable colicin,

Sandoval et al. (1965) observed particles that appeared to be intact

phage. Although their preparation contained high bacteriocidal

activity, no plaques were produced against sensitive strains. Further

electron microscopic examination of this colicin (Mennigmann, 1965)

and other colicins (Bradley and Dewar, 1966) have confirmed these

observations. Some investigators feel that these colicins represent

products of defective lysogeny (Fredericq, 1963; Ivanovics, 1962; and

Sandoval et al. , 1965).

Two different types of pyocins, similar to colicins have been

isolated. One type, a large molecular weight pyocin was first isolated

by Kageyama and Egami (1962) from an ultraviolet induced culture.

The purified pyocin was found to be thermostable and trypsin resis-

tant. Centrifugation at 80, 000 x g was sufficient to sediment the

substance. In a later paper, Kageyama (1964) discussed the phys-

ical and chemical properties of the pyocin. He reported it to be a

protein of approximately 8 x 106 molecular weight. Electron
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microscopy showed the pyocin to be a rod, uniform in size, about

100 nm in length and about 15 nm in width, similar to the shape of

a phage tail.

More detailed electron microscopic studies (Ishii et al. 1965;

Higerd et al., 1967; Homma et al., 1967; Takeya et al., 1967; and

Higerd et al., 1969) have shown that these high molecular weight

pyocins appear to consist of a contractile sheath and core which

closely resembles the contractile sheath of T-even bacteriophage.

These phage-like pyocins are also heat labile but trypsin resistant

(Kageyama and Egami, 1962; Higerd et al., 1967; Homma et al. ,

1967; and Takeya et al., 1967). Some pyocins have been reported

to possess tail fibers and base plates (Ishii et al., 1965; Homma

et al., 1967 and Higerd et al., 1969).

A second type of pyocin, a nonsedimentable bacteriocin, was

first reported by Jacob (1954). He found that the pyocin would not

diffuse through dialysis tubing, nor was it sedimentable upon cen-

trifugation at 20, 000 x g for 2 hours. Homma and coworkers (Homma

and Suzuki, 1961, 1964; and Homma et al., 1967) have described the

purification and chemical properties of two pyocins which are non-

sedimentable upon centrifugation at 105, 000 x g for 1 hour. They

have found the pyocins to be simple proteins and sensitive to trypsin.

In the past few years other bacteriocins have also been isolated.

Both low molecular weight and high molecular weight bacteriocins

have been isolated from Enterobacter cloacae (Bradley, 1967;
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De Graff et al., 1968) and Clostridium botulinum. (Ellison and

Kaulter, 1970). Low molecular weight bacteriocins have been iso-

lated from Bordetella pertusis(Litkenhous and Liu, 1967) and from

Bacillus megaterium (Holland, 1961). Bacteriocins resembling phage-

like particles or phage components have been isolated from Listeria

monocyotgenes (Bradley and Dewar, 1966), Proteus vulgaris (Coetzee

et al., 1968), and Vibrio comma (Jaywardene, 1968). Coetzee et al.

(1968) has examined 30 strains of P. vulgaris which produced bacter-

iocins having different activity spectra. All the bacteriocins were

observed to consist of bacteriophage tail-like structures.

Bacteriocins have been found to be a widespread phenomenon

among bacteria. Cradock and Watson (1965) found 61 percent of 229

strains of Proteus mirabilis to be bacteriocinogenic. Out of 24

strains of Pasteurella pestis examined (Ben-Gurion and Hertman,

1958) 23 produced bacteriocins. Vosti (1968) examined 242 serolog-

ically classified strains of E. coli of human origin and reported that

33 percent of the strains produced colicins. Bacteriocins have been

found to be produced by every group of the Enterobacteriaceae

(Hamon and Peron, 1963; and Cradock and Watson, 1965). Many

species of the genus Pseudomonas have also been reported to pro-

duce bacteriocins (Hammon and Peron, 1961). Hamon (1964) lists

the majority of bacteriocin families currently known.

Anacker and Ordal (1959) reported finding strains of the myxo-

bacterium Chondrococcus columnaris which inhibited the growth of
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other strains of C. columnaris. Because the inhibitory activity of

these strains was found to be nontransmissible in series, the authors

concluded that these inhibitory entities were bacteriocins, more spe-

cifically called columnaricins. Since Anacker and Ordal were pri-

marily interested in correlating serological groups of C. columnaris

with bacteriocin activity, no attempts were made to purify the inhibi-

tory substance. To the knowledge of this author no further studies

of columnaricins have been reported. Therefore, the purpose of

this study is to provide additional information about the purification,

nature and properties of a bacteriocin produced by C. columnaris.
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MATERIALS AND METHODS

Media

The composition of the medium for growth of broth cultures

consisted of 0.4 percent tryptone and 0.2 percent yeast extract.

Cytophaga agar, also used in this investigation for the cultivation

of strains, consisted of 0.05 percent tryptone, 0.05 percent yeast

extract, 0.02 percent sodium acetate, 0.02 percent beef extract,

and 1.1 percent agar.

Base agar and overlay agar used to determine bacteriocin

activity were prepared as described by Anacker and Ordal (1959).

All media were adjusted to pH 7.2 to 7.4 and autoclaved for

15 min at 121° C.

Cultures

Organisms studied were available in the Department of Micro-

biology, Oregon State University. All of the strains of myxobacteria

studied were obtained from a lyophilized culture collection. Ampoules

were periodically broken open and the cells rehydrated with broth med-

ium. The organisms were then streaked on Cytophaga agar for purity.

The strains of Chondrococcus columnaris used in this study are listed

in Table 1 by strain number and serological group.
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Table 1. Chondrococcus columnaris Strains

Strain Serological
Group

1-ST63-6A
1-RG59 -22B
3-R059-7
1-ST63-33 II
2-B58-5B( la) II
2- PR63 -7 II
1-M58-2 II
AL-19. 1 II
3-057-37(M) II
2-BL57-6A II
2-M57-23(M) IT

3-P63-12 III
1-M58-6 III
134

Stock cultures of myxobacteria were maintained in Cytophaga

agar deeps (0.4 percent agar) at 4° C and transferred into fresh med-

ium at one month intervals. Stock cultures of other bacteria were

maintained on nutrient agar (Difco) slants at 4° C and transferred to

fresh medium at three month intervals.

Assay of Columnaricin Activity

The activity of the columnaricin was determined by a modifi-

cation of the "double layer" technique described by Fredericq (1957).

Petri plates containing approximately 20 ml of base agar were over-

layed with 2. 5 ml of melted overlay agar, maintained at 47° C, con-

taining approximately 107 cells of the indicator strain. Serial
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dilutions were made of the columnaricin samples, and 0.01 ml of

the appropriate dilutions, using 0.1 ml and 0.2 ml pipettes, was

spotted in duplicate on the surface of the seeded agar. Six spots

could be applied per plate. To allow the agar surface to dry, the

plates were incubated for the first two hours at room temperature.

The plates were then incubated at 18° C until zones of inhibition were

visible. One unit of columnaricin activity was defined as the greatest

dilution which produced an absolutely clear zone of growth inhibition.

DEAE-Cellulose Chromatography

Diethylaminoethyl(DEAE)-cellulose was suspended in a liter

of 0.05 M potassium phosphate buffer, pH 7.5, and equilibrated with

a minimum of three changes of the same buffer. After removing

the fine particles by aspiration, the slurry was poured into a Sephadex

column (2. 5 cm x 50 cm) under gravity, at room temperature, and

allowed to settle. The slurry attained a height of 30 cm. A Sephadex

sample applicator was carefully placed on top of the column bed.

After placing the column at 4° C, an additional 1.5 liter of buffer

was washed through the column to insure equilibrium. The columnar-

icin samples were applied to the column and washed into the DEAE-

cellulose with several ml of buffer.

To distribute the sample into as many chromatographically

distinct peaks as possible, a gradient elution was employed. The
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gradient producing system consisted of two Mariotte bottles of

approximately equal diameter mounted at the same level and con-

nected by tubing so as to maintain hydrostatic equilibrium. The

first vessel contained one liter of 0.05 M potassium phosphate,

2.0 M sodium chloride buffer at pH 7.5. The second vessel, the

mixing chamber, contained an equal volume of 0. 05 M potassium

phosphate buffer at pH 7.5 stirred continuously. In theory, as buffer

is withdrawn from the mixing vessel to the chromatographic column,

the molarity of the salt should increase linearly (Bock and Ling,

1954). Eluted fractions were collected by an LKB fraction collector

at the rate of 0.5 ml per min.

Protein

Analysis for protein was carried out by spectrophotometric

assay at 260 nm and 280 nm by the method of Warburg and Christian

(1941) and by the method of Lowry et al. (1951) with bovine serum

albumin as a standard.

Carbohydrates

Analysis for carbohydrates was made by the anthrone-H
2
SO4

method as described by Chaykin (1966), using glucose as a standard.
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RESULTS

Determination of Inhibitory Activity

The spectrum of intraspecific antagonism among strains of

Chondrococcus columnaris was determined using a modification of

the procedure described by Anacker and Ordal (1959). Two-tenths

ml of overnight broth indicator cultures were inoculated into 2.5

ml of melted overlay agar maintained at 47° C. The seeded agar was

then poured over 20 ml of hardened base agar in petri plates and

solidified at room temperature.

The crude supernatants were prepared by treating broth cul-

tures with an excess of chloroform, removing the cells by centrifuga-

tion in a Sorvall GLC-1 swing bucket centrifuge at 1200 x g for 20 min.

If the crude supernatants were not immediately used, one drop of

chloroform was added to the solutions, and they were refrigerated

at 4° C. As a control, uninoculated broth was treated in the same

manner.

Using a loop approximately 2 mm in internal diameter, the test

supernatants were spotted on the surface of the seeded agar plates.

The plates were allowed to dry for 2 hours at room temperature,

then incubated at 18° C until a visible lawn of growth appeared. The

test preparations were also spotted on the surface of uninoculated

plates to test for sterility.
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The results are presented in Table Z. As can be seen, of the

fourteen supernatant strains tested, four of these were found to in-

hibit the growth of one or more of the indicator strains of C.

columnaris. The inhibition of growth of the sensitive strains

appeared as a distinct zone of inhibition in the confluent lawn of

growth. Strain 1-ST63-33 and strain 3-R059-7 were found to in-

hibit the growth of only one isolate, strain 3- P63 -12, suggesting

that these strains of myxobacteria might possibly possess the same

antagonistic activity. Further studies of their antibacterial proper-

ties, however, were not conducted. It should be noted that strain

3-P63-12 produced an inhibitory agent which inhibited both strain

1-ST63-33 and strain 3-R059-7. In addition, strain 3-P63-12

strongly inhibited eight other strains of C. columnaris. Indicator

strains 134, 2- B58- 5B(la), and 1-RG59-22B were resistant to the

activity of the inhibitory agent produced by strain 3-P63-12. Since

strain 3-P63-12 exhibited the broadest spectrum of inhibitory activity

and also produced the greatest inhibition of the sensitive strains, it

was selected for further study. It should be further noted that none

of the test strains producing an intraspecific antagonistic property

were sensitive to their own inhibitory activity.

Although the inhibition of the growth of the sensitive strains

by culture supernatants of strain 3-P63-12 appeared as distinct zones

of inhibition rather than as individual plaques, further studies were
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Table 2. Sensitivity of C. columnaris in Overlay Agar to the Supernatant from Broth Cultures of
the Organisms

Test Strains

Source of Supernatant

en ra
en to

co
Cn oo

a.
N 2I II

1-I
00

1-ST63-6A

1-RG59-22B - _ _

3-R059-7

1-ST63-33

2-B58-5B(1a)

+

+

- -

-

- ++

- ++

- +++

2-PR63-7 ± - -H-+

1-M58-2 + - - - - - +++

AL -19.1 - - - ++

3-057-37(M) - - - - - +++

2-BL57-6A + - - ++

2-M57-23(M) ± - - - +++

3-P63-12 f ++ + -

1-M58-6 -H- - - - - -I-+

134

Symbols: +++= zone of inhibition clear or with little growth

++ = considerable growth in distinct zone of inhibition

+ = zone of inhibition barely perceptible

zone of inhibition doubtful
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necessary to eliminate the possibility that the inhibition was caused

by a bacteriophage. To obtain information on this question, the

crude supernatant of strain 3-P63-12 was spotted onto the surface

of an agar plate seeded with cells of strain 2-B58-5B( la). After the

formation of a clear zone of inhibition the plate was exposed to chloro-

form vapors and the area of inhibition scraped with an inoculating

loop into a tube of sterile broth. A second plate seeded with cells

of strain 2-B58-5B( la) was then spotted with a loopful of the inoculated

broth. After incubation overnight at 18° C the plate was examined.

The absence of any zone of inhibition or of plaques suggested that the

inhibitory activity is not transmissible in series. Thus it appears

that the inhibitory activity of strain 3-P63-12 is not caused by a bac-

teriophage.

Production of the Antagonistic Property

Relationship between the Phase
of Growth and Production

An experiment was performed to determine when the concentra-

tion of the antagonistic substance produced by strain 3-P63-12 was

at the highest level. In this experiment tryptone broth was inocu-

lated with a log phase culture of strain 3-P63-12 then incubated at

18° C. At various intervals aliquots of the culture were removed.

The optical density at 525 nm was recorded for each sample using
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a Bausch and Lomb Spectronic 20 Spectrophotometer, after which

a crude supernatant was made as described previously. Ten fold

serial dilutions of each sample were spotted on the surface of the

seeded agar plates. In Table 3, the results are presented using

strain 2-B58-5B(1a) as the indicator strain, and in Table 4 the re-

sults are presented using strain 1-M58-6 as the indicator strain.

With both indicator strains the maximal concentration of the inhibi-

tory agent was attained by the end of the log phase or beginning of

the stationary phase of growth.

The maximal level of inhibitory activity remained fairly con-

stant until at least the end of the first 30 hours of growth. It should

be noted that at the onset of the experiment there was measurable

inhibition of strain 2-B58-5B( la), presumably due to carry over of

activity with the inoculum. A comparison of the two tables shows

that throughout the experiment strain 2-B58-5B( la) was more sensi-

tive to the inhibitory substance than the other test strain. The differ-

ence in the sensitivity of the two indicator strains might be due, in

part, to the difference in the number of cells seeded per plate for

the two indicator strains. It is also possible that the 10 fold differ-

ence in sensitivity is due to the availability of specific receptor sites

for each of the two strains. Further investigation of the sensitivity

differences among strains was not conducted.



Table 3. Relationship Between Phase of Growth of C. columnaris 3-P63-12 and Concentration of
Antibacterial Substance

Age of
culture

hr

Optical
density
525 nm 0

10

Dilution of antibacterial substancea

10-410
-1 10-2 10-3

0 0.035 +
1 0.039 +
2 0.046 ++ ± _

4 0.073 ++ ± _

6 0.115 +++ +

8 0.170 +++ ++ - _ -
10 0.221 +++ ++ - _ -
12 0.290 +++ ++ * _ -
14 0.360 +++ ++ + -
16 0.430 +++ + ++ +
24 0.520 +++ +++ +
27 0.590 +++ +++ ++ ±
30 0.630 +++ +++ ++

Symbols: See Table 2
aIndicator strain C. columnaris strain 2-B58-5B( la)



Table 4. Relationship Between Phase of Growth of C. columnaris 3-P63-12 and Concentration of
Antibacterial Substance

Age of
culture

hr

Optical
density
525 nm 100

Dilution of antibacterial substances

10-410-310-1 10-2

0 0.035 - -
1 0.039 -
2 0.046 + -
4 0.073 ++ ±
6 0.115 ++ ±
8 0.170 ++ ±

10 0.221 ++ +
12 0.290 +++ ++
14 0.360 +++ ++
16 0.430 +++ ++
24 0.520 +++ ++
27 0.590 +++ ++
30 0.630 +++ ++

Symbols: See Table 2
aIndicator strain C. columnaris strain 1-M58-6
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Ultraviolet Induction

Since the synthesis of some bacteriocins is greatly enhanced

by treatment of the bacteriocinogenic culture with ultraviolet light,

it was of interest to study the effect of ultraviolet light on strain

3-P63-12. Using an overnight broth culture, 50 ml aliquots were

pipetted into large petri dishes. The depth of the samples was be-

tween 2-3 mm. The dishes were placed 30 cm below the ultraviolet

lamp and irradiated under constant agitation. The energy emitted

by the lamp (254 nm), at a distance of 30 cm in the applied axis, as

measured by a Blak-Ray ultraviolet intensity meter (Ultra-violet

Product Inc. ) was 56 ergs per mm2 per sec. Cultures were exposed

for 30, 45, and 75 seconds to the UV irradiation. The treated sam-

ples were then dispensed into 250 ml side arm flasks, and incubated

at room temperature on a rotary shaker. Optical density of the cul-

tures was measured on a Spectronic 20 at 525 nm. Aliquots were

also removed periodically to ascertain inhibitory activity. Strain

2-B58-5B( la) was used as the indicator strain.

As shown in Figure 1, when the culture was exposed to UV

irradiation for a period of 30 sec the optical density of the culture

increased only slightly during the next 60 minutes and then decreased.

An examination of the irradiated culture by phase-contrast micro-

scopy showed a substantial number of spheroplasts and disrupted
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cells. The initial increase in absorbance following exposure is

perhaps due to a successful completion of cellular division by some

of the bacteria. When the culture was exposed to longer periods of

UV light there resulted enhanced reduction in absorbance (Figure 1)

and in a greater number of lysed cells. During the first 180 min

following irradiation the inhibitory activity did not significantly

change. When the culture was exposed for 45 and 75 seconds to the

UV light a drastic decrease in inhibitory activity was observed. In

contrast, the inhibitory activity of the nonirradiated culture increased

5 fold during the same period of time. These results indicate that

the synthesis of the antagonistic substance is not induced by exposure

to UV irradiation. Furthermore, prolonged exposure adversely

affects the inhibitory activity already produced.

Purification and Characterization
of the Inhibitory Substance

In order to study the nature of the intraspecific antagonistic

substance produced by C. columnaris in more detail it was necessary

to develop a means for purifying the substance. Prior to attempting

a stepwise purification of the columnaricin, a study was made of the

effect of various individual treatments on the intraspecific activity.

All steps were carried out at 4° C unless otherwise stated.



26

Ammonium Sulfate Fractionation

Since bacteriocins are proteins it was of interest to determine

if the antagonistic property could be "salted out" of solution by am-

monium sulfate.

A liter broth culture of strain 3-P63-12 was incubated at room

temperature on a rotary shaker until an optical density above 0.7

was attained. An excess of chloroform was then added to the flask

and vigorously agitated for several minutes. The culture was cen-

trifuged twice at 13,000 x g for 10 min to remove the cells. Solid

ammonium sulfate was slowly added to the crude supernatant with

constant stirring. As the solution was brought to 50% of ammonium

sulfate saturation (Chaykin, 1966) a heavy precipitate formed. The

precipitate was allowed to settle overnight. After centrifugation at

13,000 x g for 15 min, the precipitate was dissolved in a minimal

amount of 0.01 M potassium phosphate buffer, pH 7. 5, and clarified

by a second centrifugation. The supernatant of this centrifugation

is referred to as the P 0-50 fraction. Additional ammonium sulfate

was then added to the crude supernatant to bring the solution to 55%

of ammonium sulfate saturation. After 48 hr, the crude supernatant

was centrifuged at 13,000 x g for 15 min, but a precipitating fraction

was not observed. The crude supernatant was then brought to 60%

of ammonium sulfate saturation, allowed to stand for an additional
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48 hr, then recentrifuged. Once again a precipitate was not observed.

Before the antibacterial activity of the P 0-50 fraction could be

determined, it was first necessary to remove the ammonium sulfate

from the fraction. A preliminary experiment had shown that spotting

0.01 ml of a solution at 20% of ammonium sulfate saturation onto the

surface of a seeded agar plate was sufficient to inhibit the growth of

strain 2-B58-5B( la). However, unlike the typically sharp zone of

inhibition produced by the antibacterial activity of strain 3-P63-12,

the intensity of inhibition caused by ammonium sulfate gradually

decreased as the distance from the spot increased. The gradation

of inhibition was most likely caused by diffusion of ammonium sulfate

into the agar medium. A study was therefore undertaken to determine

a suitable method to remove the ammonium sulfate from the fraction,

through either dialysis or gel filtration.

A five ml aliquot of the P 0-50 fraction was dialyzed for 48

hr against 100 ml of potassium phosphate buffer. Samples both

inside and outside the dialysis tubing were tested for antibacterial

activity against strain 2-B58-5B( la). The crude supernatant, after

precipitation of the P 0-50 fraction was also dialyzed and tested for

activity. Uninoculated tryptone broth at 50% of ammonium sulfate

saturation, treated in the same manner, was used as a control.

Only the sample of the P 0-50 fraction from within the dialysis tubing

inhibited the growth of the indicator strain. These observations
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indicate that the inhibitory activity was "salted out" of solution by

ammonium sulfate, and that dialysis would sufficiently dilute the

ammonium sulfate so as not to inhibit the growth of the indicator

strain. The absence of activity outside the dialysis tubing also indi-

cated that the antibacterial activity was not dialyzable.

Ammonium sulfate was also removed from the P 0-50 fraction

by gel filtration. Bio-Gel P-10 was used for the gel bed. The dry

gel was allowed to swell in excess 0.01 M potassium phosphate

buffer, pH 7.5, and allowed to stand with intermittant stirring and

decantation. After a final washing with buffer the slurry was packed

into a Sephadex column (internal diameter 1. 2 cm). A bed height of

20 cm was attained. The upper surface of the gel bed was protected

by a nylon net. To equilibrate the column the elution solution, 0.01 M

potassium phosphate buffer, pH 7. 5 was allowed to flow through the

column. Before the sample was applied to the column the homogene-

ity of the gel was checked by running 1 ml of a 0. 16% Blue Dextran

2000 solution through the column. Blue Dextran 2000 has a molecular

weight of 2 x 106 and was completely excluded from the column.

Using this material, the exclusion volume or the void volume of the

column was found to be 10 ml. After elution of the Blue Dextran

2000, the column was again equilibrated with buffer. A 5 ml aliquot

of the P 0-50 fraction was then applied to the top of the gel. The

sample was allowed to flow into the gel. The column was then filled
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with buffer and connected to the reservoir. The flow rate was

adjusted to elute 0. 5 ml per min, and eluted fractions, 3 ml each,

were collected. The presence of antibacterial activity in the frac-

tions was determined as described previously. Each fraction was

also tested for the presence of ammonium sulfate, by the addition

of one drop of 0. 1 N hydrochloric acid and one drop of 1 M barium

chloride to one ml of the fraction. The presence of ammonium sulfate

was indicated by the formation of a precipitate. The first detectable

activity was found to be eluted in the 9-12 ml fraction. This indicates

that the antibacterial activity was eluted in the void volume of the

column, and thus completely excluded from the gel. Ammonium

sulfate was first detectable in the 24-27 ml fraction.

A comparison of the biological activity of the fractions after

desalting by gel filtration and by dialysis showed that gel filtration

diluted the active fraction by broadening the zone of activity. For

this reason, in subsequent experiments, ammonium sulfate was

removed from the sample by dialysis.

Manganese Chloride Treatment

Ultraviolet absorbance at 260 nm indicated the presence of

nucleic acids in the dialyzed crude supernatant. One method used

by various investigators to remove nucleic acid components from

the crude supernatant consisted of treating the sample with
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manganese chloride (Kageyama and Egami, 1962; Kageyama, 1964;

and Higerd et al., 1967, 1969). The following experiment was per-

formed to determine the desired concentration of manganese chloride

to be used in a step-wise purification.

Manganese chloride was added to samples of the crude super-

natant to obtain a final concentration of 0.02, 0.03, 0.04, 0.05, 0. 06,

and 0.07 M. The pH of each sample was then adjusted to 7.5 with

0.1 N sodium hydroxide with constant stirring. As each sample was

brought to pH 7.5, a copious precipitate was observed. The precipi-

tate was removed by centrifugation, followed by dialysis for 48 hr

against 0.05 M tris (hydroxymethyl) aminomethane (Tris) chloride

buffer, pH 7.5. Uninoculated tryptone broth treated in a similar

manner with manganese chloride (final concentration 0.07 M) was

used as a control. Strain 2-B58-5B( la) was used as the indicator

strain to determine the inhibitory activity of the samples.

Table 5 shows the relative antibacterial activity of the manga-

nese chloride treated samples. As can be seen, the untreated crude

supernatant, when diluted 1:10 before spotting, still contained suffi-

cient antagonistic activity to completely inhibit the growth of the

indicator strain. A similar degree of inhibition was observed in

the sample containing 0.04 M manganese chloride. Samples treated

with higher concentrations of manganese chloride, however, had a

sufficient decrease in activity.



Table 5. Effect of Manganese Chloride upon the Columnaricin Activity of the Crude Supernatant

Manganese
Chloride

(moles /liter) 0 1:5

Dilution of Samplea

1:10 1:50 1:100

0 +++ +++ +++ ++ ±

0.02 +++ +++ ++ + ±

0.03 +++ +++ ++ + ±

0.04 +++ +++ +++ ++ +

0.05 +++ ++ ++ + ±

0.06 +++ ++ ++ + ±

0.07 +++ ++ ++ + ±

Symbols: See Table 2
aIndicator strain C. columnaris strain 2-B58-5B( la)
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Table 6 shows the ultraviolet absorbance of the treated samples

at 280 nm and 260 nm, and the ratio of absorbance at these wave-

lengths. The untreated crude supernatant strongly absorbed at both

wavelengths. The 280/260 ratio of absorbance was 0.831. In com-

parison samples treated with manganese chloride showed consider-

ably less absorbance at these wavelengths, but had higher 280/260

ratios. Since the ratio of absorbance at these wavelengths is a reflec-

tion of the protein and nucleic acid concentrations, the increase in

the absorbance ratio in the treated samples indicates the manganese

chloride was removing nucleic acids from the crude supernatant.

At manganese chloride concentrations higher than 0.05 M the 280/260

ratio began to decrease. This suggests that above a specific concen-

tration of manganese chloride, protein as well as nucleic acids are

precipitated from solution.

As a result of this experiment, it was concluded that the addi-

tion of manganese chloride at a final concentration of 0.04 M to the

crude supernatant, results in the maximal amount of nucleic acid

precipitation without unduly affecting the antagonistic activity.

Step-wise Purification

Following these preliminary experiments a stepwise purification

of the inhibitory substance was undertaken. The procedure used is

similar to that of Higerd et al. (1967) with the exception that column



Table 6. Effect of Manganese Chloride upon the Ultraviolet Absorbance of the Crude Supernatant

Manganese
chloride

(moles /liter)
UV absorbancea

260 nm 280 nm

Absorbance
ratio

280/260

O. 0 O. 556 O. 462 0.831
0.02 0.349 0.310 O. 891

0.03 0.360 0.330 O. 899

0.04 0 375 0.338 0.901

0.05 0 329 0.298 0.906
0.06 0 310 0. 280 0.903
0.07 O. 325 0. ?90 0.892

aThe values presented were measured from samples diluted 1:20 with 0.05 M Tris
buffer, pH 7. 5.
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chromatography was not performed.

The broth culture was treated with chloroform, after which

the cells were removed by centrifugation. The crude supernatant was

then treated with manganese chloride to obtain a final concentration

of 0.04 M. The pH was readjusted to 7.5 followed by centrifugation

to remove the precipitate. Ammonium sulfate was then added to the

crude supernatant to 50% of saturation. The precipitating fraction

was dissolved in a minimal amount of 0.05 M Tris buffer, pH 7.5,

clarified by centrifugation, then dialyzed against the same buffer.

The resulting fraction was termed the P 0-50 fraction. As previ-

ously observed, the P 0-50 fraction was found to contain the anti-

bacterial activity. Following dialysis the P 0-50 fraction was centri-

fuged in the Beckman model L-2 preparative ultracentrifuge in poly-

carbonate tubes at 60,000 x g for 45 min in the type 30 rotor. The

supernatant was removed and the pellet dissolved in a minimal

amount of Tris buffer. After each step aliquots were removed and

assayed for inhibitory activity against strain 2-B58-5B( la) and for

absorbance at 280 nm and 260 nm. Samples were also assayed for

the presence of carbohydrates by the anthrone reaction.

The results of the step-wise purification are shown in Table 7.

Since treatment of the crude supernatant with manganese chloride

removed only a slight amount of protein, no appreciable increase

in specific activity was found. The additional treatment of the sample



Table 7. Summary of Purification Data: Procedure I

Treatment Columnaricin
activitya

(units /ml)

Proteinb
(mg/m1)

Specific
activity
(units /mg)

Purification
(fold)

Crude
supernatant 1000 3.1 2 3 20

MnC1
2

1000 3.06 330

50% (NH4)2SO4

fraction 1000 0.18 5500 17

Supernatant
(60, 000 x g) 1000 O. 1 2 8300 26

a Unit of columnaricin activity defined as the greatest dilution which produced an absolutely
clear zone of growth inhibition.

bProtein was determined by spectrophotometric assay at 260 nm and 280 nm by the method
of Warburg and Christian (1941).
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with ammonium sulfate resulted in a 17 fold increase in specific

activity. As previously observed, when the ammonium sulfate con-

centration approached 50% of saturation, the antibacterial substance

was salted out of solution. Assay of inhibitory activity in the super-

natant and precipitate following centrifugation at 60,000 x g indicated

that the majority of activity remained in the supernatant. Less than

100 units per ml of activity was present in the precipitate. The

small amount of activity that was precipitated was probably due to

entrapment of the antibacterial substance by precipitating particles.

The increase in the specific activity in the supernatant indicated that

larger non-specific proteins were being precipitated. Carbohydrates

were not detectable in the active fraction.

A second attempt was made to precipitate the active substance.

The purified active fraction was centrifuged at 100,000 x g in cellulose

nitrate tubes for 2 hr using a type 50 rotor. This second high speed

centrifugation also failed to sediment the inhibitory activity.

Activity Spectrum of Purified Fraction. The following experi-

ment was undertaken to determine the activity spectrum of the puri-

fied antagonistic substance and the inhibitory activity of metabolic

products produced by strain 3-P63-12. The antagonistic activity

of the indicator strain 2-B58-5B( la) was also tested. The procedure

consisted of inoculating single separated streaks of the strains of

C. columnaris on Cytophaga agar. The plates were then incubated
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at 18° C until growth of the organisms was visible. A small amount

of chloroform was added to the lid of the inverted plates. After

exposing the cultures to the chloroform vapors for 15 min, the lids

were so positioned as to allow air to freely flow into the petri plates.

Within 5 min the chloroform had evaporated and was no longer de-

tectable. The agar was then overlayed with 2.5 ml melted soft agar

seeded with a test organism. After the overlay agar had hardened,

0.01 ml of the partially purified sample (supernatant following cen-

trifugation at 60,000 x g) was spotted onto the surface between the

streaks of the myxobacteria. The plates overlayed with Staphylococcus

aureus and Streptococcus facaelis were incubated at 37° C. The rest

of the plates were incubated at room temperature. After the appear-

ance of confluent growth, the plates were examined for zones of in-

hibition.

The results of this study are shown in Table 8. Partial inhibi-

tion of the growth of Alcaligenes viscolactis and Bacillus cereus was

evident in the proximity of the underlying streaks of both strains of

C. columnaris. Inhibition of S. aureus was also observed over the

streak of strain 3-P63-12. Also noted was the sensitivity of strain

3-P63-12 to itself and to the growth of strain 2-B58-5B( la). As was

expected strain 2-B58-5B( la) was inhibited by the growth of strain

3-P63-12. In contrast to this nonspecific inhibition, the inhibitory

activity of the partially purified fraction was limited to inhibition of



Table 8. Spectrum of Inhibition of Columnaricin

Test organism

Streak

C. columnaris C. columnaris
strain 3-P63-12 strain 2-B58-5B( la)

Supernatant Streak
60,000 x g

Alcaligenes viscolactis ++ - ++
Bacillus cereus + - +
B. megaterium - - -
C. columnaris

strain 3- P63 -12 ++ - ++
C. columnaris

strain 2- B58- 5B(la) +++ +++
Enterobacter aerogenes - - _

Escherichia coli - - -
Proteus- vulgaris - - ±
Pseudomonas aeruginosa ± - ±
Serratia marcescens - - -
Staphylococcus aureus + - ±
Streptococcus faecalis
S. liquifaciens
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the growth of C. columnaris strain 2-B58-5B( la). This narrow host

range is characteristic of bacteriocins. Since the nomenclature of

bacteriocins is based on the specific name of the host organism, a

bacteriocin produced by C. columnaris is called a columnaricin.

Alternative Purification Scheme. In the previous step-wise

purification of the columnaricin, the concentration of protein was

determined by the ultraviolet absorbance of the sample at 280 nm and

260 nm. This method, however, does not specifically reflect the

protein concentration, and is thus subject to considerable error.

However, the use of Tris buffer precluded the use of other more

precise methods of protein analysis, such as the method of Lowry

et al. (1951). In view of this problem, a second step-wise purifica-

tion method was developed using a potassium phosphate buffering

system.

A liter culture of C. columnaris strain 3-P63-12 was incubated

at room temperature on a rotary shaker until early stationary phase.

The culture was treated with chloroform and the cells were removed

by centrifugation twice at 13,000 x g for 15 minutes. All steps were

carried out at 4° C unless otherwise stated.

Solid ammonium sulfate was then slowly added to the super-

natant with constant stirring. As the amount of ammonium sulfate

in solution was increased to 40% of saturation a heavy precipitate

formed. To facilitate further precipitation the sample was left
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standing for 24 hours. The sample was centrifuged at 13,000 x g

for 30 minutes and the supernatant was removed by decantation. The

precipitate was then dissolved in a minimal amount (100 ml) of 0.05 M

potassium phosphate buffer, pH 7.5. The redissolved fraction was

clarified by centrifugation at 13,000 x g for 15 minutes, then dialyzed

against the same buffer. The resulting sample is referred to as the

P 0-40 fraction.

The concentration of ammonium sulfate in the crude supernatant

was then increased to 55% of saturation, which resulted in the forma-

tion of a second precipitate. After 24 hours the sample was centri-

fuged and the precipitate resuspended in a minimal amount of 0.05 M

potassium phosphate buffer (60 ml), pH 7.5, clarified, and dialyzed.

This sample is referred to as the P 40-55 fraction.

Biological assay of the two fractions indicated the presence of

considerably more activity in the P 0-40 fraction than in the P 40-55

fraction. The activity present in the P 40-55 fraction was probably

due to asymptotic tailing of activity of the P 0-40 fraction. Since

the activity of the P 40-55 fraction was not sufficient to warrant

pooling with the P 0-40 fraction, the P 40-55 fraction was discarded.

The displacement of the active precipitating fraction from 50% of

ammonium sulfate saturation as was observed in the first purification

scheme, to 40% of ammonium sulfate saturation, might be due to a

varied concentration in the active fraction (Dixon and Webb, 1961).
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The P 0-40 fraction was centrifuged at 60,000 x g for 2 hr

using polycarbonate centrifuge tubes in a Servall type 30 rotor. The

resulting precipitate was dissolved in a minimal amount of 0.05 M

potassium phosphate buffer, pH 7.5. The supernatant and redissolved

precipitate were analyzed for biological activity. In agreement with

the results from the previous purification procedure, the major por-

tion of inhibitory activity remained in the supernatant.

Dialysis of the active fraction against a 40% carbowax (4000)

solution in potassium phosphate buffer proved to be an effective means

of concentrating the supernatant without noticeably affecting the biolog-

ical activity.

Further purification of the concentrated P 0-40 fraction was

obtained by fractionation on a diethylaminoethyl cellulose (DEAE-

cellulose) column. A 5 ml aliquot was applied to the column previ-

ously equilibrated with 0.05 M potassium phosphate buffer, pH 7.5.

Ten ml fractions were collected as the concentration of sodium chlor-

ide in the potassium phosphate buffer was increased. A total of 75

fractions were collected. The elution profile, as measured by the

ultraviolet absorbance at 280 nm and by columnaricin activity, is

shown in Figure 2. The columnaricin activity was associated with

the first two major peaks of absorbance. The first peak, the weaker

of the two, was probably not retained by the DEAE-cellulose. The

second peak was eluted from the column at a low salt concentration.
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Fractions eluted at higher ionic strength, although exhibiting absorb-

ance at 280 nm, were devoid of columnaricin activity. Both peaks

of activity had a 280 to 260 absorbance ratio of 1.0. From the 280/

260 ratio of absorbance it was calculated that the first peak contained

less than 2 1.i.g per ml of nucleic acid, and that the second peak con-

tained less than 3 p,g per ml of nucleic acid. Fractions devoid of

antibacterial activity exhibited a higher absorbance at 260 nm than

at 280 nm.

The protein concentration of each fraction, as measured by

the method of Lowry et al. (1951) is shown in Figure 3. As expected,

two major protein peaks were observed corresponding to the peaks

of columnaricin activity. Although the second peak contained slightly

less protein than that of the first peak, the absorbance of the second

peak at 280 nm was greater. This suggests that either compounds

were present that absorbed at 280 nm, or that these substances

affected the determination of the concentration of protein by the

Lowry method. Fractions at higher salt concentration showed no

measurable protein. The absence of detectable protein, as well as

the strong ultraviolet absorbance at 260 nm, strongly suggests that

these latter fractions contain a considerable amount of nucleic acid.

It should be noted that the measurement of protein concentration in

many of the fractions is at the lower limits of resolution of the Lowry

method, and therefore, subject to error.
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Fractions 14, 15, and 16 were pooled (fraction A), and frac-

tions 24-33 were pooled (fraction B). These fractions exhibited the

major activity of each peak. The pooled fractions were dialyzed

against 40% carbowax (4000) solution in 0.05 M potassium phosphate

buffer, pH 7.5, to remove the sodium chloride ions and to concentrate

the columnaricin activity. Following dialysis a slight precipitate

was observed, which was removed by low speed centrifugation.

Table 9 shows the antibacterial activity against 2-B58-5B( la)

and the protein concentration for each of the preceding purification

steps. The specific activity was also calculated. It should be noted

that the greatest increase in specific activity was obtained by frac-

tionation with ammonium sulfate. Although the activity increased

from 4000 units per ml to 12, 800 units per ml after treatment with

carbowax, the concentration of protein in the sample increased by

approximately the same proportion, consequently the specific activity

did not appreciably increase. The specific activity of fraction A

following dialysis was 19 units per lig, a 39 fold purification, while

the specific activity of fraction B following dialysis was 26 units per

p.g, a 53 fold purification. It is evident that a considerable amount

of nucleic acid has been removed from the active fraction.

Properties of Purified Columnaricin. The heat stability of the

purified columnaricin fractions were tested by placing one ml aliquots

in a water bath preset at 60°C. Samples were removed after 10, 15,

20, 25, and 30 minutes, cooled, and tested for the presence or



Table 9. Summary of Purification Data: Procedure II

Treatment Columnaricin
activitya

(units /m1)

Proteinb
(µg /m1)

Specific
activity

(units /mg)

Purification
(fold)

Crude
supernatant 1 200 2460 490

40% (NH4)2SO4
fraction 1600 220 7300 15

Supernatant
(60,000 x g) 4000 150 27000 55

Carbowax
concentration 1 2800 400 32000 65

DEAE-cellulose
fractionation

Fraction A
(dialyzed) 400 26 19000 39

Fraction B
(dialyzed) 600 23 26000 53

aUnit of columnaricin activity defined as the greatest dilution which produced an absolutely
clear zone of growth inhibition.

b Protein concentration measured by the method of Lowry et al. (1951).
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absence of activity. Sterile buffer was used as a control. The

activity of both fractions was completely lost after 10 minutes.

Boiling the active fractions for 1 minute also completely destroyed

the activity.

The columnaricin fractions were also treated with trypsin at

a final concentration of 2 mg per ml. Buffer treated in the same

manner was used as a control. The activity of both fractions was

completely destroyed in the presence of trypsin.

A study was also made to determine the sensitivity of various

nonfruiting myxobacteria to both purified fractions. Base agar was

overlayed with 2.5 ml of melted soft agar seeded with a test organism.

After the overlay agar had hardened, 0.01 ml of each of the purified

fractions was spotted on each agar plate which was then incubated at

18° C overnight. The following bacteria were used in this study: Spor-

ocytophaga species M9-5, Cytophaga succinicans RL-8, and Cytophaga

species 254, M9-4, 102, 381, 252-B, Up-1, 31 -g, M9-1, 143, and

Mg-1. None of these organisms were sensitive to the columnaricin

fractions.
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DISCUSSION

An initial examination was undertaken to determine the extent

of intraspecific antagonism among various strains of C. columnaris.

It was found that individual supernatants of 4 out of 14 strains, or

28 percent, inhibited the growth of other strains of C. columnaris.

Two of the supernatants were active against the same strain, and thus

might contain the same inhibitory substance. Anacker and Ordal

(1959) found that 14 out of 50 strains, or 29 percent, produced

intraspecific inhibitory substances. The activity spectra of 7 strains

were reported to be different from each other. It is apparent that

intraspecific antagonism is a common phenomenon among strains

of C. columnaris.

Bacteriocins, in many respects, resemble bacteriophage; but

unlike them, do not reproduce and multiply in the cells they kill.

Thus, a single bacteriocin molecule will not subsequently produce

a plaque as will a single phage particle. The inhibition of sensitive

strains was observed as a distinct zone of partial or complete inhibi-

tion of growth, not as individual plaques, in the the confluent lawn

of growth. Serial dilution of the antagonistic substance resulted in

a series of decreasing inhibitory zones, ranging from complete inhibi-

tion through partial inhibition to normal growth. Attempts to trans-

mit the inhibition in series were unsuccessful, further indicating an
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inability of the inhibitory substance to propagate within the sensitive

bacteria.

The spontaneous production of columnaricin was compared to

the growth of the broth culture. As no sudden fluctuations in culture

turbidity was observed it was apparent that the production of columnar-

icin was not coincidental with a mass lysis of the cell culture. In-

stead, the production of columnaricin steadily increased during the

logarithmic phase of growth. By the end of the log phase a maximal

concentration of inhibitory substance was reached. This level of

activity remained fairly constant until at least the end of the first 30

hours of growth. Since the production of bacteriocin is a lethal syn-

thesis (Ozeki et al., 1959), only a small portion of cells at any one

time are spontaneously releasing columnaricin. These results are in

agreement with those of Anacker and Ordal (1959), Kageyama and

Egami (1962), Higerd et al. (1967) and Takeya et al. (1967).

The maximal concentration of some bacteriocins is not attained

unless induced by ultraviolet irradiation or by other inducing agents.

When induced with ultraviolet light the abrupt release of bacteriocin

coincides with partial or complete lysis of the cell culture (Holland,

1961; Ivanovics, 1962; Kageyama and Egami, 1962; and Reeves,

1965). Although a partial lysis of the cell culture was observed

following UV irradiation, increased columnaricin production did

not occur. In fact, columnaricin released before irradiation was
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partially inactivated at a dosage higher than 2520 ergs per mm2.

perhaps other inducing agents such as mitomyocin C might prove

to be more successful in increasing the bacteriocin titer.

One interesting study was the comparison of the inhibitory

spectra of chloroformed cells of C. columnaris strains 3- P63 -12

and 2-B58-5B(1a) to that of a purified columnaricin preparation from

strain 3- P63 -12. In contrast to the intraspecific activity of the

columnaricin preparation against only strains of C. columnaris,

the chloroformed cells of both strains exhibited a broad spectrum

of inhibition against both Gram positive and Gram negative bacteria.

Although this inhibition might have been caused by the exhaustion of

an essential nutrient by the prior growth of the myxobacteria, it

seems more likely that the inhibition was caused by the production

of toxic substances. This rational implies that the purification pro-

cedures were sufficient to eliminate these substances from the

columnaricin preparation.

Purification of the intraspecific inhibitory substance was

attempted by two methods. In the first method, manganese chloride

was used to separate nucleic acids from the bacteriocin preparation.

DEAE-cellulose chromatography was used in the second method to

accomplish the same purpose. Both of these methods have been used

to purify other bacteriocins. It was found that the second method

was preferable for the following reasons. First of all,
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DEAE-cellulose chromatography separates many nonspecific com-

pounds from the active component, while manganese chloride will

only precipitate nucleic acids.

Secondly, it appeared that DEAE-cellulose chromatography was

slightly more effective in removing nucleic acids from the columnari-

cin preparation. Following treatment with an optimal concentration

of manganese chloride, the 280/260 ratio of absorbance of the active

fraction was 0.901. The 280/260 ratio of absorbance of the peak

active fractions were 1.0.

Thirdly, at the pH at which the purification was performed,

either a phosphate buffer or a Tris buffer is commonly used. How-

ever, a phosphate buffer could not be used with manganese chloride

since manganese phosphate is insoluble. But a distinct disadvantage

of using Tris buffer is that the method of Lowry et al. (1951) could

not be used to determine the concentration of protein in the samples.

Analysis of protein concentration by this method is routinely employed

when the concentration of protein in the sample is less than 200 i.Lg

per ml, as was found in many of the active samples.

The results obtained following fractionation of the columnaricin

preparation by DEAE-cellulose posed an interesting problem. Two

major peaks of columnaricin activity were eluted. Konisky and

Richards (1970) observed the same phenomenon following fractiona-

tion of colicin on a DEAE-Sephadex column. About 50 percent of the
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total activity in their crude extract did not adsorb to the column.

Unfortunately their studies were limited to the unadsorbed colicin.

The heterogeneous elution of the active component may be attributed

to one of two explanations: (1) the active component may have under-

gone a partial dimerization or complexing with another component

or (2) the presence of two different columnaricins. Aside from the

second fraction exhibiting a greater specific activity, no differences

were observed between the active fractions. It is evident, however,

that further comparative studies are necessary to determine which

explanation is correct. An initial study might be made of the activity

spectrum of each of the fractions, followed by a homogeneous purifi-

cation of the active fractions.

From the limited number of studies of the nature of bacteriocins,

it has become clear that bacteriocins comprise a highly heterogeneous

group of compounds. Bradley (1967) differentiates bacteriocins into

two major groups: a high molecular weight, sedimentable type com-

prised of bacteriophage-like particles, and a low molecular weight

type which is nonsedimentable at 100, 000 x g. Electron microscopic

studies have failed to resolve the morphology of the second group.

The results of this study showed that the columnaricin is of the latter

type. Elution of the active component in the void volume of the P-10

Bio-Gel column established that the columnaricin has a minimum

molecular weight of 20, 000.
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The failure to detect carbohydrates in the active fraction indi-

cated that the columnaricin is similar to other low molecular weight

bacteriocins which have been isolated as proteins. In general, these

bacteriocins are sensitive to trypsin but exhibit different sensitivities

to heat. The columnaricin was isolated from one particular strain

of C. columnaris, and other strains may well produce other types of

columnaricins. Comparative studies of the physical and chemical

nature of other columnaricins, as well as bacteriocins from other

myxobacteria, would be of considerable interest. It would also be

of interest to examine the sensitivity of resting cells (microcysts)

of Chondrococcus to bacteriocin activity. Studies of bacteriocins

from bacterial populations in natural enviornments might serve to

clarify their interrrelationships.
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