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Liquid cultures of Staphylococcus epictermidis 1580 contained rather small
amounts of a bacteriocin, staphylococcin 1580, which was found both in the
supernatant fluid and in the cell pellet. It could be extracted from the cells
with 5% NaCl solution. The staphylococcin production could not be induced by
ultraviolet irradiation or treatment with mitomycin C. Bacteria grown on semi-
solid medium produced a much larger amount of the compound with a high
specific activity. The staphylococcin was purified by ammonium sulfate precip-
itation, ultracentrifugation, and chromatography on Sephadex columns. The
purified material was homogeneous on polyacrylamide gel electrophoresis. The
molecular weight was between 150,000 and 400,000. The bacteriocin was com-

posed of protein, carbohydrate, and lipid and consisted of subunits exhibiting a
molecular weight of about 20,000.

Bacteriocins are high-molecular-weight bac-
tericidal substances produced by various spe-
cies of bacteria and are active against the same
and related species. The specificity of their
action and their nature distinguish them from
most of the "classical" antibiotics. Many bac-
teriocins have been described and classified
(23, 32, 35), but only a few of them have been
studied in detail. The best studied of the bac-
teriocins are the colicins, bacteriocins pro-
duced by certain strains of Enterobacteriaceae.

Investigations of the chemical nature of bac-
teriocins have shown them to be a heteroge-
neous group of substances ranging from simple
proteins (7, 13, 17, 20) and proteins complexed
with carbohydrates and lipids (22, 24, 26) to
particles resembling phages (18, 25, 30, 40).
The lethal action of a bacteriocin on sensi-

tive bacterial cells seems to occur in two
phases, namely, initial combination of the bac-
teriocin with specific receptor sites located on
the cell surface followed by effect on an intra-
cellular biochemical target via the mediation
of a specific transmission system (19, 31).
The ability to synthesize bacteriocin de-

pends upon the presence of a bacteriocinogenic
factor. Certain bacteriocinogenic factors have
been identified as extrachromosomal elements
(plasmids) (3, 38).
The staphylococcins, bacteriocins produced

by staphylococci, were flrst described by
Frederique in 1946 (9). He distinguished sev-
eral different staphylococcins on the basis of

their inhibition spectrum. Probably because of
the difficulty of producing (1, 2, 10) and iso-
lating (21, 27, 34) many staphylococcins in
large amounts, little is known about their na-
ture, genetics, and mode of action (6, 28). Re-
cent studies of Dajani et al. (4, 5) and Gagliano
and Hinsdill (10) described the isolation and
purification of two different staphylococcins.
They have shown that, unlike many other bac-
teriocins, the production of staphylococcin
seems not to be induced by ultraviolet irradia-
tion or treatment with mitomycin C.

This study deals with the production and
purification of a bacteriocin produced by
Staphylococcus epidermidis. This bacteriocin
is different from the two staphylococcins just
mentioned.

MATERIALS AND METHODS
Microorganisms. The staphylococcin-producing

strain S. epidermidis 1580 was obtained from T.
Lachowicz of the Institute of Hygiene and Epidemi-
ology, Krakow, Poland. The strain is coagulase nega-
tive, does not ferment mannitol, and is not hemo-
lytic. S. aureus Oxford 209 P was used as indicator
strain. Both strains were grown on Trypticase soy
agar and were subcultured once a week.
Bacteriocin assay. Staphylococcin was deter-

mined by the method of Reeves (35) with slight
modifications. One milliliter of serial dilutions of the
bacteriocin was mixed in sterile tubes with 1 ml of
Trypticase soy broth (TSB) and 107 bacteria from an
exponential-phase culture of the indicator strain.
Subsequently, the tubes were incubated at 87 C for 4
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hr, and bacterial growth was determined by meas-
urement of the optical density at 600 nm (Fig. 1).
The increase in optical density corresponding to
100% survival was determined in a control tube con-
taining no staphylococcin. The reciprocal of the dilu-
tion yielding 50% increase was taken to be the ac-
tivity in arbitrary units per milliliter (A.U./ml).
Specific activities are represented as arbitrary units
per milligram of protein (A.U./mg).

Protein assay. The protein was determined by
the method of Lowry (29) with bovine serum al-
bumin as reference.

Induction. S. epidermidis 1580 was inoculated
and grown overnight in 2% proteose peptone no. 3
(Difco). The overnight culture was diluted to about
108 cells/ml with the same medium. The diluted cul-
ture was transferred to a New Brunswick gyratory
shaker at 37 C. When the culture reached a concen-
tration of 6 x 108 cells/ml, mitomycin C was added
in a final concentration of 0.1, 0.5, or 1 ug per ml.
After 30 min the cells were harvested by centrifuga-
tion and incubated in proteose peptone medium for
an additional 4 hr.

Induction by ultraviolet irradiation was performed
with an ultraviolet lamp (Mineralight R51) at a dis-
tance of 25 cm for 5, 10, 15, 20, and 30 sec (about 800
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FIG. 1. Quantitative determination of the staphy-
lococcin activity. Serial dilutions (1 ml) of the bacte-
riocin were mixed with 1 ml of exponential-phase
culture of the indicator strain (107 cells/mI). After
incubation, bacterial growth was determined by
measurement of the absorbance at 600 nm. The re-
ciprocal of the dilution yielding 50%o increase in ab-
sorbance with respect to the control (containing no
staphylococcin) was taken to be the activity in arbi-
trary units per milliliter.

ergs per cm2 per sec). A 10-ml bacterial suspension
(108 cells/ml) in a 10-cm petri dish was used.

Polyacrylamide gel electrophoresis. Polyacryl-
amide gel electrophoresis was performed according
to the methods described by Ornstein (33) and
Weber (39). Gels (3 and 10%) in 0.05 M phosphate
buffer (pH 7.0) with or without 0.1% sodium dodecyl
sulfate (SDS) were used; 5 mA was applied per tube
(diameter 6 mm) at room temperature. The proteins
were stained with Coomassie brillant blue R 250 (12),
and the carbohydrates were located with the per-
iodic acid-Schiff reaction (12). The staphylococcin
activity and lipid compounds could be detected after
removal of the SDS by soaking the gels in 0.01
M tris(hydroxymethyl)aminomethane - hydrochloride
buffer (pH 7.0) for 18 hr. To detect lipid compounds
the gels were stained with Oilred 0 (12). The staphy-
lococcin activity could be located by embedding the
gel in 1.3% agar plus 3% TSB and by spraying the
indicator strain over it. After one night at 37 C the
inhibition zone locates the staphylococcin 1580.

Continuous flow dialysis. Continuous flow di-
alysis was performed in an ultrafiltration cell model
52 from Amicon Co., Lexington, Mass.

Chemicals. Mitomycin C and Antifoam B were
purchased from Sigma Chemical Co., St. Louis, Mo.
Sephadex G-200 and G-50 were obtained from Phar-
macia, Uppsala, Sweden. Trypticase soy broth was
purchased from BBL, Cockeysville, Md. Acrylamide,
N,N,N',N'-tetramethylethylenediamine and methy-
lenebisacrylamide were purchased from Fluka A. G.,
Buchs, Switzerland. Proteose peptone no. 3, nutrient
broth, and brain heart infusion were purchased from
Difco Laboratories, Detroit, Mich.

RESULTS
Demonstration of bacteriocin production.

S. epidermidis 1580 produced a substance with
antagonistic activity against various staphylo-
cocci and other gram-positive bacteria. This
was demonstrated first by using a technique
described by Gratia (14). S. epidermidis 1580
was inoculated as a spot on a solid medium
and incubated at 37 C for 18 hr. Then the indi-
cator strain S. aureus Oxford 209 P was
sprayed over it. After another 18-hr incubation
an inhibition zone could be detected around
the inoculum. This inhibition zone was not due
to the production of acid or base or phages but
to a bacteriocin called staphylococcin 1580 in
this study. No phages had been produced
since material extracted with water from the
inhibition zone did not produce plaques when
incubated at 37 C for 24 hr in soft brain heart
infusion agar containing 106 cells of S. aureus
Oxford 209 P.
Production of staphylococcin 1580. S. epi-

dermidis 1580 produced the bacteriocin in well
aerated liquid cultures in which foaming was
restricted by Antifoam B (Sigma). No staphy-
lococcin activity could be detected in the su-
pematant fluid or in the pellet obtained by
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centrifugation of a S. epidermidis 1580 culture
grown under anaerobic conditions. Addition of
antifoam was necessary since this staphylo-
coccin was very sensitive to mechanical agita-
tion as was shown by a rapid inactivation upon
bubbling air through an active preparation.
This inactivation was not due to oxidation
since mechanical agitation in a pure nitrogen
atmosphere caused the same effect.

Various media, including proteose peptone
no. 3, Trypticase soy broth (TSB), brain heart
infusion, a synthetic medium as described by
Richmond (36), and nutrient broth were com-
pared for staphylococcin production (Table 1).
The largest production and the highest specific
activity were obtained in the TSB medium. No
detectable amounts of the bacteriocin were
produced in the synthetic medium. Activity
was always found both in the supernatant fluid
(about 80%) and the pellet (about 20%). The
bacteriocin activity of all supernatant fractions
was greatly enhanced by dialysis. Possibly, the
cultures contain a small-molecular-weight in-
hibitor either produced by S. epidermidis 1580
or present in the original media. This inhib-
iting substance needs further study. The sta-
phylococcin can be obtained from the bacterial
pellet by extraction with 5% NaCl in 0.05 M
phosphate buffer (pH 7.0). In a similar way
colicins were previously isolated by
Herschman and Helinski (17).
The optimal temperature and pH range for

staphylococcin production were between 35

TABLE 1. Comparison of staphylococcin production
in various mediaa

Activity in Specific
supematant Ac- activity

tivity
Medium Before After in Super- Pellet

dial- dial- pellet natant" (A.U./
ysis ysis (A.U.) (A.U./ (A)(A.U.)c (A.U.) mg) mg)

Proteose peptone 0 90 10 0.27 0.1
no. 3

Brain heart infu- 0 180 40 0.51 0.2
sion

Nutrient broth 0 110 20 0.62 0.15
Synthetic medium 0 0 0 0.0 0.0
Trypticase soy 50 400 80 1.0 0.45

broth
Dialyzed Tryp- 50 400 80 93.0 0.45

ticase soy broth -

aThe pellet and supernatant of a 100-ml culture
was tested.

I Determined after dialysis.
CA.U., Arbitrary units; see Materials and

Methods.

and 38 C and between pH 6.5 and 8.0, respec-
tively.
The amount of staphylococcin 1580 present

in liquid cultures was too small to allow an ef-
ficient purification procedure. Moreover, sta-
phylococcin production was not induced by
ultraviolet irradiation or treatment with mito-
mycin C (Fig 2). In the presence of 0.5 Ag of
mitomycin C per ml or with ultraviolet irra-
diation of 15 sec the highest phage titer of
about 106 plaque-forming units per ml was
measured. Upon growth of the cells on a semi-
solid medium, a crude staphylococcin prepara-
tion was obtained with an activity 20 times
higher than that in liquid cultures of the same
volume.
Extraction of staphylococcin 1580. S. epi-

dermidis 1580 was grown in petri dishes con-
taining a semisolid medium consisting of 0.4%
agar and dialyzed TSB at 37 C for 48 hr. Dia-
lyzed TSB was the outer fluid obtained on di-
alysis of 60 g of TSB in 100 ml of water
against 2 liters of water at 4 C for one night. A
semisolid medium on the basis of dialyzed
TSB was chosen to facilitate the further puri-
fication steps by the absence of high-molecu-
lar-weight substances. After the incubation
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FIG. 2. The effect of mitomycin C on the produc-
tion of staphylococcin 1580. To a culture of Staphy-
lococcus epidermidis 1580 in the exponential phase,
mitomycin C (0.5 ug/ml) was added at the moment
indicated by the arrow. Samples withdrawn at the
times indicated were assayed for staphylococcin ac-
tivity (A) and absorbance at 600 nm (0). Samples of
an untreated culture were assayed in the same way
(open symbols).
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period the petri dishes were placed at -20 C
for 4 hr. Thereafter, the medium was thawed.
The contents of the petri dishes were pooled
and the resulting slurry was centrifuged at
18,000 x g for 10 min in a Sorvall RC-2B centri-
fuge. The supernatant fluid obtained was
designated as the crude staphylococcin prepa-
ration.
Purification of staphylococcin 1580. A

scheme of the followed purification procedure
is given in Fig. 3. A saturated solution of
ammonium sulfate (pH 7.0) was added slowly
to the crude preparation of staphylococcin
under constant stirring at 4 C. The majority of
the compound was obtained in the fraction
precipitated between 0 and 55% saturation
(Fig. 4). The 55% saturated suspension was
further stirred for 30 min and centrifuged at
18,000 x g for 10 min. The pellet was dis-
solved in 0.05 M phosphate buffer (pH 7.0), and

the clear solution was dialyzed for 18 hr
against the same buffer. During dialysis an
inactive precipitate was formed which was
removed by centrifugation at 18,000 x g for 10
min. This procedure yielded a high purifica-
tion (Table 2), because all the low-molecular-
weight substances had been removed.
The next steps of the purification procedure

are based on the high molecular weight of the
staphylococcin and the dissociation of it into
subunits in the presence of 6 M urea. The bac-
teriocin preparation was centrifuged at 150,000
x g in a Spinco L-50 ultracentrifuge for one
night. The pellet containing all the activity
was dissolved in 0.05 M phosphate buffer (pH
7.0). Upon centrifugation in 0.1% SDS or in 6
M urea the activity could be detected only in
the supematant fraction. After removal of the
SDS or urea by dialysis and centrifugation of
the staphylococcin preparation at 150,000 x g,

Staphylococcus epidermidis 1580
On semisolid medium (37 C, 48 hr)

Freezing and thawing

I
Centrifugation at 4 C (23,000 x g)

Supematant fluid

I
(NH4) 2SO4 precipitation (0-55%
fraction) and centrifugation
at 4 C (23,000 x g)

Supematant fluid
(discard)

Pellet dissolved in
phosphate buffer (pH 7.0)

Centrifugation
150,000 x g

Pellet dissolved in
phosphate buffer

I
Sephadex G-200 column

'I,
Sephadex G-50 column
(in the presence of 6 M urea)

I,
Staphylococcin 1580

FIG. 3. Isolation and purification of staphylococcin 1580.

Supematant fluid
(discard)

I
Pellet

(discard)
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the activity could be detected again only in
the pellet. Therefore, it is likely that the sta-
phylococcin consists of subunits. The dissolved
pellet was applied to a Sephadex G-200
column (2.8 by 44 cm) prepared in 0.05 M

phosphate buffer (pH 7.0). The activity was

eluted from the column in the first peak at the
void volume (Fig. 5). The active fractions were
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FIG. 4. Distribution of the staphylococcin activity
and protein in the fractions precipitated by ammo-
nium sulfate. A crude staphylococcin preparation
(100 ml) was fractionated by addition of a saturated
ammonium sulfate solution. The precipitates formed
were dissolved in 0.02 M phosphate buffer (pH 7.0)
and after dialyzation the total staphylococcin ac-
tivity (solid line) and protein (dashed line) was de-
termined.

pooled and concentrated in an ultrafiltration
cell model 52 (Amicon). This preparation was
applied to a Sephadex G-50 column (2.8 by 40
cm) prepared in 0.2 M phosphate buffer (pH
7.0) containing 6 M urea (Fig. 6). Now, the ac-
tivity was eluted from the column in the
second peak. The active fractions were pooled,
dialyzed in a continuous-flow dialyzer model
52 (Amicon), and lyophilized. This substance
is designated as the purified staphylococcin
1580. Lyophilization of purified staphylococcin
1580 resulted in a total loss of the activity
which could be prevented by addition of 0.5%
bovine serum albumin to the pure bacteriocin.
The results of this purification are summa-

rized in Table 2. Several other attempts were

made to purify the staphylococcin further.
Gradient elution from diethylaminoethyl-cel-
lulose columns with a variety of sodium chlo-
ride and pH gradients, differential adsorption,
and elution from calcium phosphate gels failed
to yield preparations with increased specific
activities. Upon precipitation with alcohol or

acetone, a precipitate was formed which con-
tained no activity. Staphylococcin 1580 was
applied to a Sepharose 4B column (2.0 by 26
cm) prepared in 0.05 M phosphate buffer (pH
7.0). The staphylococcin was eluted as a single
peak in the region of the low-molecular-weight
substances. This means that the molecular
weight of staphylococcin 1580 was smaller than
400,000.
Polyacrylamide gel electrophoresis. Poly-

acrylamide gel electrophoresis at pH 7.0 or 8.9
in the presence or absence of 0.1% SDS was
used as a criterion of homogeneity of the puri-
fied staphylococcin 1580. In the absence of
SDS it appeared as a large diffuse zone on 3%
gels upon staining for protein, lipid, or carbo-
hydrate, whereas in 10% gels the bacteriocin
did not migrate from the origin and the ac-
tivity could be detected at the top of the gel.
In the presence of 0.1% SDS, dissociation into
subunits occurred and the staphylococcin ap-
peared as a single band coincident with the

TABLE 2. Purification of staphylococcin 1580a

Vol Arbitrary Protein Specific Re- TimesPurification step (ml) units (mg) activity covery purified(A.U.) (A.U./mg) (%

Crude preparation 1,200 100,000b 5,250 19 100 1
Ammonium sulfate precipitate 60 95,000 12.0 7,900 95 415
150,000 x g pellet 10 95,000 4.0 23,800 95 1,250
Sephadex G-200 gel filtration 25 90,000 2.2 40,800 90 2,150
Sephadex G-50 gel filtration 50 82,000 0.73 112,500 82 5,900

a Eighty petri dishes (1,600 ml) were used.
bDetermined after dialysis of the crude preparation.
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FIG. 5. Sephadex G-200 gel filtration of staphylo-
coccin 1580. The elution occurred in 0.05 M phos-
phate buffer (pH 7.0). Each 5-ml fraction was as-

sayed for staphylococcin activity (0) and protein (0).
Tubes 21 through 34 were pooled yielding a 95%
recovery of the total activity applied to the column.

02
300

0.1j

~~100

a

0 20

40
60

FRACTION NUMBER

FIG. 6. Sephadex G-50 gel filtration of staphylo-
coccin 1580. The elution occurred with 0.2 M phos-
phate buffer (pH 7.0) containing 6 M urea. Each 5-ml
fraction was assayed for staphylococcin activity (0)
and protein (0). The tubes 45 through 57 were

pooled yielding a 90% recovery of the total activity
applied to the column.

zone which stained for protein, lipid, and car-

bohydrate (Fig. 7). Comparison with the posi-
tion of molecules with known molecular weight

showed that the subunit must have a mole-
cular weight between 10,000 and 25,000. Con-
trols were run in order to detect interference of
SDS in the determination of the lipid and bac-
teriocin activity band.

DISCUSSION
Bacteria grown on semisolid Trypticase soy

agar yielded the largest extracellular staphylo-
coccin production and the highest specific ac-

tivity. The production was optimal under the
same conditions which are optimal for the
production of extracellular proteins (37). In
contrast to the staphylococcins isolated by
Dajani et al. (5) and Gagliano and Hinsdill (10),
staphylococcin 1580 could be obtained from
the cells by extraction with 5% NaCl solution.
Colicin E2 and colicin E3 can also be obtained
by extraction with a NaCl solution (17). In
contrast to many other bacteriocins, the sta-
phylococcin 1580 production could not be in-

1

2
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A B C

FIG. 7. Polyacrylamide gel electrophoresis of puri-
fied staphylococcin 1580 on 10% gels with 0.1% so-

dium dodecyl sulfate. The gels were tested on sta-

phylococcin activity (gel A) and stained for protein
(gel B). Serum albumin (1), a-chymotrypsinogen (2),
and cytochrome C (3) were used as references (gel C).

240



PRODUCTION AND PURIFICATION OF A BACTERIOCIN

duced by ultraviolet irradiation or treatment
with mitomycin C. This is in agreement with
the results of Gagliano and Hinsdill (10) and
Dajani et al. (4).

Purification of staphylococcin 1580 was
achieved by a combination of ammonium sul-
fate precipitation, dialysis, ultracentrifugation,
and gel filtration on Sephadex columns.
Many bacteriocins have been purified in re-

cent years. Bacteriocins from certain Esche-
richia coli strains (30) as well as from Pseudo-
monas aeruginosa (18), Listeria monocytogenes
(15), Vibrio comma (40), and Lactobacillus
acidophilus (25) resemble elements of bacterio-
phages or whole phages. Megacin C, a bacteri-
ocin produced by Bacillus megaterium (20),
colicin E2 and E3 (17), and cloacin DF 13, a
bacteriocin produced by Enterobacter cloacae
DF 13 (13), are simple proteins with molecular
weights of approximately 60,000.

Different from these bacteriocins are those
which have been identified as lipo-polysaccha-
ride-protein complexes. Colicin V-K 357 (22)
and colicin I, produced by Salmonella stras-
bourg (24), and a bacteriocin produced by Lac-
tobacillus fermenti strain 466 (26) have been
shown to be lipo-polysaccharide-protein com-
plexes. Staphylococcin 1580 seems to belong to
this class of bacteriocins, whereas the bacteri-
ocin produced by Staphylococcus aureus type
71, isolated by Dajani et al. (5), is only protein-
aceous of nature. Staphylococcin 1580 resem-
bles the bacteriocin isolated by Gagliano and
Hinsdill (10) as to the chemical composition
but differs as to the behavior during produc-
tion and isolation. Staphylococcin 1580 is to-
tally different from the staphylococcin recently
isolated by Dobardzic et al. (8) which appeared
to be a phage-like particle. Comparison with
other staphylococcins is not possible because
the lack of data (2, 11, 21, 28).
Urea and SDS split staphylococcin 1580 into

smaller units, which migrated as one band on
polyacrylamide gel electrophoresis and con-
sisted of protein, lipid, and carbohydrate. The
dissociation and association of the staphylo-
coccin into subunits was a reversible process.
Gel filtration indicated that the molecular
weight of the subunits is between 10,000 and
25,000. However, this molecular weight cannot
be calculated exactly from the position on the
polyacrylamide gel with respect to the position
of the references (39), since the subunits con-
sist of protein, lipid, and carbohydrate and the
references consist only of protein. Protein gen-'
erally exposes a much more compact structure
than carbohydrate.
A subsequent paper deals with a further

study of the chemical nature and some proper-
ties of staphylococcin 1580.
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