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Electron microscopy of zoocin A-treated sensitive streptococcus cells revealed cytoplasmic disruption and
ultimately complete rupture of the cell wall. Culture viability and optical density were shown to decrease
rapidly and simultaneously in Streptococcus pyogenes FF22 but less quickly in the relatively more resistant
Streptococcus mutans 10449. Zoocin A was shown to cleave hexaglycine in a colorimetric cell-free microtiter
assay system, and it is concluded that the killing action of zoocin A, like that of lysostaphin, is most probably
the result of direct cleavage of the peptidoglycan cross-links in the cell wall. The relationship between
sensitivity to zoocin A and the peptidoglycan cross-linkage structure of Streptococcus zooepidemicus, Lactococcus
spp., S. pyogenes, Streptococcus gordonii, Streptococcus oralis, S. mutans, and Streptococcus rattus has been
evaluated.

The Lancefield group C streptococcus Streptococcus zooepi-
demicus 4881 has been shown to produce inhibitory activity
against strains of a variety of streptococcal species, including
all Streptococcus pyogenes strains, all mutans streptococcal
strains except Streptococcus rattus, and all S. zooepidemicus
strains other than strain 4881 itself (11). The molecule respon-
sible for this activity, zoocin A, was subsequently purified and
characterized (25). Sequencing and analysis of the structural
gene (zooA) for zoocin A revealed an open reading frame
corresponding to 285 amino acids (26). N-terminal amino acid
sequencing of mature zoocin A suggested that the 285-amino-
acid prepeptide is cleaved to yield a 262-amino-acid active
product with an estimated molecular mass of 27,877 Da. Com-
parison of the predicted amino acid sequence of zoocin A with
other published sequences revealed a number of homologous
regions and led us to propose that zoocin A is a domain-
structured molecule, possessing a catalytic domain in the N-
terminal portion of the molecule and a substrate recognition
domain in the C-terminal region. The proposed catalytic do-
main has considerable homology to sequences of proteins from
both gram-negative and gram-positive bacteria, including the
relatively well characterized endopeptidase lysostaphin (26).
The most intensively studied bacteriocins are the colicins

produced by Escherichia coli. These kill bacteria in a two-step
process, the first being adsorption to a cell surface receptor in
the outer membrane and the second representing the produc-
tion of irreversible widespread biochemical changes within the
cell (15, 17). In contrast, the mechanisms of action of bacte-
riocins produced by gram-positive bacteria are less well known.
Lantibiotics, the lanthionine-containing peptide bacteriocins
produced by certain gram-positive bacteria, have been shown
to insert into the bacterial membrane, resulting in the forma-
tion of pores (2), which in turn leads to a loss of proton motive
force and subsequent lysis of the cell. Other small, nonlantibi-
otic bacteriocins of gram-positive bacteria, such as pediocin, are
also known to form pores or channels in cell membranes (10).

All bacteria probably utilize cell wall lytic enzymes as part of
their growth and repair mechanisms. When secreted extracel-
lularly, such enzymes, bearing substrate or receptor-determin-
ing domains having specificity for the cell walls of only certain
other bacteria, may be functionally indistinguishable from bac-
teriocins. Lysostaphin, a lytic molecule active against Staphy-
lococcus aureus, is one such molecule. It has been suggested
that lysostaphin may function catabolically to release nutrients
from other staphylococci in the environment, with the pro-
ducer cell being protected by a specific immunity protein (8,
18). The lytic effect of lysostaphin results from a direct attack
on the integrity of the staphylococcal cell wall, specifically
bringing about cleavage of the pentaglycine cross-link within
the peptidoglycan macromolecule (4). The host specificity of
lysostaphin appears to be determined by a substrate recogni-
tion domain in the C-terminal portion of the molecule (32).
We report in this article that the mode of action of zoocin A

against sensitive streptococci is lytic, that lysis occurs as a direct
result of the interaction of zoocin A with the cell, and that
zoocin A and lysostaphin are both capable of cleaving the
peptide substrate hexaglycine. We propose that streptococcal
sensitivity to zoocin A may, in part, be a function of the type of
peptidoglycan cross-link possessed by the different species.

MATERIALS AND METHODS

Media and chemicals. All commercial media used in this study were prepared
as described in the manufacturers’ specifications. The media used were Todd-
Hewitt broth (THB) (Difco Laboratories, Detroit, Mich.) and Columbia agar
base (GIBCO BRL, Life Technology Ltd., Paisley, United Kingdom). Blood agar
was made by the addition of 5% (vol/vol) whole human blood to Columbia agar
base. Lysostaphin, hexaglycine, triethylamine, 2,4,6-trinitrobenzene-1-sulfonic
acid-3-hydrate (TNBS), sodium borate, and all chemicals used in the preparation
of chemically defined medium were obtained from Sigma Chemical Co. (St.
Louis, Mo.). All other chemicals and reagents were from BDH Chemicals (Port
Fairy, Victoria, Australia).
Bacterial strains. The bacterial strains used in this study are listed in Table 1.

Stock cultures of all strains were stored in skim milk at2708C and when required
were subcultured onto blood agar. Strains in regular use were maintained as
plate cultures on blood agar and subcultured every 2 weeks in a 5% (vol/vol)
CO2-in-air atmosphere at 378C.
Spectrum of inhibitory activity of the zoocin A producer S. zooepidemicus 4881.

The deferred antagonism procedure, essentially as described by Tagg and Ban-
nister (30), has been described previously (25) and was used to determine the
sensitivity of the strains listed in Table 1 to zoocin A.
Titration assay to determine the inhibitory concentration of zoocin A. The
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method to determine the inhibitory concentration of zoocin A has been de-
scribed previously (25). In brief, the inhibitory concentration of zoocin A was
given as the reciprocal of the highest twofold dilution to give complete inhibition
of a lawn of the specified indicator organism.
Estimation of protein concentration. The method used for estimating protein

concentration was a modification of that used by Peterson (16). Standards were
made by diluting bovine serum albumin in distilled water, purified with a Milli-Q
system (Millipore Inc., Molsheim, France; MQ water), at a concentration be-
tween 0.2 and 0.8 mg/ml. Copper tartrate solution contained 0.019% cupric
sulfate, 0.038% sodium potassium tartrate, and 4.81% sodium carbonate. Folin-
Ciocalteu reagent was diluted to 50% (vol/vol) with MQ water. To 50 ml of each
sample were added 50 ml of 1 M sodium hydroxide and 250 ml of copper tartrate
solution. These contents were thoroughly mixed in small test tubes and incubated
at room temperature for 10 min. Subsequently, 50 ml of diluted Folin-Ciocalteu
reagent was added, the contents of each tube were thoroughly mixed, and the
tubes were incubated for 20 min at room temperature; 100-ml volumes were then
transferred to each of three wells of a flat-bottom microtiter plate, and the
optical density at 690 nm (OD690) was measured.
Preparation of zoocin A. Batch cultures (5 to 10 liters) of S. zooepidemicus

4881 were grown (36 h, pH 6.9-controlled in chemically defined medium [25])
with 0.5% maltose as the carbohydrate source and a 0.3% (vol/vol) inoculum of
a chemically defined medium overnight starter culture. The cells were removed
from the culture by centrifugation at 15,0003 g for 25 min, and the zoocin A was
concentrated in the retentate (400 ml) with a 10,000-molecular-weight hollow-
fiber cartridge filter (CD Medical Inc., Miami Lakes, Fla.). Zoocin A was recov-
ered from the retentate by the addition of ammonium sulfate to 90% saturation,
precipitation on ice overnight, and collection of the precipitate by centrifugation
at 15,000 3 g for 25 min and then dissolution of it in 100 ml of saline. This
preparation was filtered through a 50,000-molecular-weight-cutoff ultrafiltration
membrane (Diaflo; Amicon, Inc., Beverly, Mass.) until approximately 5 ml of
retentate remained. Aliquots of 500 ml were loaded onto a Superose 12 (Phar-
macia AB Biotechnology, Uppsala, Sweden) gel filtration column, equilibrated
and run at 1 ml/min, in 25 mM ammonium acetate buffer (pH 6.0). One-milliliter
fractions were collected and assayed for zoocin A activity. Active fractions were
pooled, lyophilized, resuspended in saline, and stored at 2208C until required.
The purity of zoocin A was assessed by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) by the method of Laemmli (13) using 12%
discontinuous gels, a Mini-Protean II electrophoresis system (Bio-Rad, Rich-
mond, Calif.), and the manufacturer’s chemicals and protocols. Molecular weight
markers were supplied by Pharmacia (Pharmacia LKB Biotechnology, Inc., Pis-
cataway, N.J.). Following electrophoresis, protein bands were visualized by stain-
ing with brilliant blue R 250 (Sigma). All of the purified zoocin A used in this
study was prepared as a single pool. Figure 1 shows the results obtained from
running different quantities of this material in an SDS-PAGE gel. Some lanes
were deliberately overloaded to detect possible contaminating proteins present
in relatively low amounts. Further chromatographic separation (MonoS and ion
exchange; Pharmacia) of this material produced a single chromatographic peak
(A280) and no apparent increase in purity by SDS-PAGE. Analysis of this ma-
terial by mass spectrometry (matrix-assisted laser desorption ionization-time of
flight; Lasermat 2000 mass analyzer; Finnigan Mat, San Jose, Calif.) yielded a
single mass corresponding to the predicted mass of zoocin A. N-terminal amino
acid sequencing of another batch of zoocin A, judged by SDS-PAGE to be of
similar purity to that used in the present study, yielded a single peptide sequence
(25).
Transmission electron microscopy of zoocin A-treated cells. S. zooepidemicus

4881, Streptococcus mutans 10449, and S. pyogenes FF22 were grown overnight in
THB at 378C. Cells were pelleted by sequential centrifugation of five 1-ml
volumes of each culture in the same microcentrifuge tube. To each pellet were
added 250 ml of zoocin A diluted in saline to approximately 80 mg/ml (titers of
0, 2, and 128 against S. zooepidemicus 4881, S. mutans 10449, and S. pyogenes
FF22, respectively) and 250 ml of double-strength THB. The cells were then
resuspended and the tubes were incubated in a water bath at 378C for 2 h before
pelleting and fixing were performed.

Fixing and embedding of cells for electron microscopy. The sectioning proce-
dure was a modification of that used by Dajani et al. (5). The cell pellets were
fixed for 45 min with 2% (vol/vol) glutaraldehyde and 0.025% calcium dichloride
in 0.1 M cacodylate buffer (pH 6.5). After fixing, the cell pellet was washed twice
(10 min per wash) with 0.1 M sodium cacodylate buffer (pH 6.5) containing 7.5%
sucrose, care being taken to not disrupt the pellet. This was followed by the
addition of 1% osmium tetroxide in 0.1 M cacodylate buffer, incubation for 45
min at ambient temperature, three 5-min washings of the cell pellet in 0.1 M
cacodylate buffer, and staining in 0.5% uranyl acetate for 45 min at ambient
temperature. The pellet was dehydrated in 70% (vol/vol) ethanol for 5 min
before being transferred to a conical embedding capsule (BEEM Conical Em-
bedding Capsules, Thuringowa, Australia). The pellet was further dehydrated by
incubating for 10 min each in 95% ethanol, two changes of 100% ethanol, and
two changes of propylene oxide. Infiltration of the pellet was achieved by se-
quentially filling the BEEM capsule with a mixture consisting of two parts
propylene oxide and one part agar 100 resin for 2 h, a mixture consisting of one
part propylene oxide and one part resin for 2 h, undiluted resin for 4 h, and
undiluted resin and accelerator for 6 h.
Preparation and viewing of ultrathin sections.Ultrathin sections were cut with

a glass knife by use of an ultratome (8800 Ultratome III; LKB-Produkter AB,
Bromma, Sweden) and mounted on copper grids. The sections were stained for
20 min with uranyl acetate (a saturated solution in 50% ethanol) at 608C, washed
with MQ water, and dried on tissue paper. The grids were placed onto a drop of
Sato lead citrate with the section side face downwards. After 5 min, the grids
were washed with MQ water and dried on tissue paper. The grids were viewed
with an Akashi electron microscope (EM-002; Akashi Seisakusho Ltd., Tokyo,
Japan) at 65 kV.
Effect of Zoocin A on the viability and OD of S. zooepidemicus 4881, S. pyogenes

FF22, and S. mutans 10449 cultures.Overnight THB cultures of S. zooepidemicus
4881, S. pyogenes FF22, and S. mutans 10449 were diluted with fresh THB to an
OD550 of 0.5 in test tubes (12 by 1 cm), and 300 ml of each culture was inoculated
into 4.2 ml of prewarmed (378C) THB. When the OD550 reached 0.225, 160, 20,
and 160 mg of zoocin A in 0.5 ml of saline were added to the S. zooepidemicus
4881 (final titer, 0), S. pyogenes FF22 (final titer, 8), and S. mutans 10449 (final
titer, 1) cultures, respectively. An equivalent volume of MQ water was added to
each control tube. At times 0, 45, 90, 120, 150, 180, 190, 200, 210, 240, 330, 445,
and 1,285 min, the OD550 of each culture was measured with a spectrophotom-
eter (Spectronic 20; Milton Roy Co., New York, N.Y.), 100-ml samples were
taken and diluted 1022, 1023, and 1024 in saline, and each dilution was spiral
plated (Spiral System, Inc., Cincinnati, Ohio) on blood agar. After overnight
incubation in air plus 5% CO2, colonies were counted in sections containing
more than 20 colonies.
Acetylation of N-acetylhexaglycine. The method used for acetylation of N-

acetylhexaglycine was a modification of the procedure used by Kline et al. (12).
Hexaglycine (1 g) was suspended in 100 ml of MQ water, stirred constantly, and
dissolved by twice adding 0.78 ml of triethylamine followed by 0.26 ml of acetic
anhydride. After 1 h and at hourly intervals for the next 3 h, 0.39 ml of trieth-
ylamine was added followed immediately by 0.26 ml of acetic anhydride. One
hour after the final addition of acetic anhydride, the mixture was acidified to pH
2 by the dropwise addition of 1 M hydrochloric acid (HCl) and the resultant
precipitate was collected by centrifugation at 27,000 3 g for 15 min. The pre-
cipitate was washed by resuspending in 10 mM HCl, centrifuging as described
above, and resuspending the pellet in 40 ml of MQ water. The precipitate was
dissolved by the dropwise addition of 1 M sodium hydroxide, sufficient to attain
a final pH of 8. This solution was filtered through a 0.2-mm-pore-size cellulose
nitrate filter (Micro Filtration Systems, Dublin, Calif.), acidified to pH 2, and
centrifuged as before to collect the precipitate. The precipitate was washed once
with 1 mM HCl as described previously and dried for storage by lyophilization.

FIG. 1. SDS-PAGE of purified zoocin A. Lanes: 1, 2, 3, and 4, approximately
24, 16, 8, and 4 mg of zoocin A preparation, respectively; 5, molecular mass
standards.

TABLE 1. Bacterial strains used in this study

Species Strain designations (references)

S. zooepidemicus ....4881 (zoocin A producer strain [24]), 8b, 8d, 8f,
8h, 8i, 8j, 8l, 9c, 9j (1)

S. gordonii ..............ATCC 10558, DL1, D105, G102, C219, 38, M5
(11)

S. mutans................MT703R, OMZ175, MT8148, 13M, UTB1,
UTB2, NCTC 10449 (11)

S. oralis ...................H1 (31), C104, 34, ATCC 15914, J22 (11)
S. pyogenes..............FF22, 71-679, 71-698, W-1 (30)
S. rattus...................ATCC 19645, BHT (11), LG1 (27), IB, 6F71 (28)
Lactococcus spp.....T-21 (30), DRC1, DRC2, 223, ML8, 1816, C2a

a New Zealand Dairy Research Culture Collection.
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To ascertain whether all amine groups were acetylated, a 5 mM solution of
N-acetylhexaglycine in 0.1 M sodium bicarbonate plus 5 mg of TNBS per ml was
prepared. This was incubated at ambient temperature for 20 min in 1-ml cu-
vettes, and the OD420 was read. If the OD was greater than 0.05, the hexaglycine
was reacetylated with one more addition of 0.39 ml of triethylamine and 0.26 ml
of acetic anhydride.
Preparation of standard N-acetylhexaglycine stock and N-acetylhexaglycine

substrate solution. A 100 mM N-acetylhexaglycine stock was prepared by sus-
pending N-acetylhexaglycine in MQ water, dissolving by the dropwise addition of
0.1 M sodium hydroxide, and diluting in MQ water such that a 1:100 dilution of
the solution had an OD214 of 0.235. The 100 mM N-acetylhexaglycine stock was
stored at 2208C until used. The standard N-acetylhexaglycine substrate solution
was made by diluting 100 mM N-acetylhexaglycine stock 1:10 in assay buffer.
Assay buffer consisted of 5 mM trisodium citrate plus 1 mM disodium EDTA in
0.1 M sodium borate solution adjusted to pH 8.0 by the dropwise addition of 0.1
M sodium hydroxide.
Determination of endopeptidase activity by a colorimetric hexaglycine mi-

croassay. A stock solution of lysostaphin (0.2 mg/ml) was prepared in 20 mM
sodium acetate buffer (pH 4.5) and stored at 2208C. Lysostaphin and zoocin A
were prepared to an initial concentration of 80 mg/ml in 0.5% (vol/vol) Tween 20,
and serial twofold dilutions were prepared in this medium over a concentration
range of 0.04 to 40 mg/ml. Assay wells (flat-bottom microtiter trays; Nunc,
Roskilde, Denmark) were prepared in quadruplicate and consisted of 50 ml of
diluted zoocin A or lysostaphin mixed with 50 ml of standard N-acetylhexaglycine
substrate solution. The microtiter plates were covered to prevent evaporation
and incubated at 378C for 90 min, and the presence of free amine groups was
visualized by the addition of 10 ml of TNBS (3.25 mg/ml in 0.1 M sodium
bicarbonate) to each well. After 20 min of incubation at ambient temperature,
the reaction was stopped by the addition of 50 ml of 1 M sodium acetate to each
well and the OD405 was read. Positive control wells contained twofold dilutions
of glycine (from an initial concentration of 1.66 mg/ml) in 0.5% Tween 20.
Negative control wells contained either lysostaphin or zoocin A to which was
added 50 ml of MQ water instead of substrate solution or N-acetylhexaglycine
substrate but with no zoocin A or lysostaphin.

RESULTS
Spectrum of inhibitory activity of the zoocin A producer S.

zooepidemicus 4881. All S. zooepidemicus (other than the zoo-
cin A producer strain itself), S. pyogenes, Streptococcus gordo-
nii, and S. mutans strains tested proved sensitive to zoocin A.
In contrast, all Lactococcus, Streptococcus oralis, and S. rattus
strains were resistant (Table 2).
Electron microscopy of zoocin A-treated cells. Electron mi-

croscopic examination of zoocin A-treated S. zooepidemicus
4881 cells showed no observable differences from MQ water-
treated S. pyogenes FF22 cells (Fig. 2A). Zoocin A-treated S.
pyogenes FF22 cells (Fig. 2B) showed a loss of dark-staining
cytoplasmic material into the surrounding extracellular space,
the aggregation of cytoplasmic remains, and separation of cell
membranes from cell walls. Various stages of cellular degen-
eration could be identified, from early stages showing large
amounts of cytoplasmic material and bead-like aggregates to
the almost complete loss of cytoplasmic structure with only a
few aggregates remaining (Fig. 2C). This “ghosting” of cells

appeared to occur rapidly, since relatively few cells were ob-
served in intermediate stages. Most ghosted cells showed signs
of cell wall damage, leading in its final stages to extrusion of
the cytoplasmic membrane from the ruptured cell (Fig. 2D).
Rupture of the cell wall appeared to occur most often at the
point of septum formation (Fig. 2E). Zoocin A-treated S. mu-
tans 10449 cells (Fig. 2F) also showed substantial differences
from MQ water-treated cells. The changes observed in cellular
structure appeared to be similar to those observed for zoocin
A-treated S. pyogenes FF22 cells. The proportion of apparently
intact to ghosted cells was different for zoocin A-treated S.
pyogenes FF22 and S. mutans 10449 cells, being approximately
8 and 72%, respectively.
Effect of zoocin A on the viability and OD of S. pyogenes

FF22, S. mutans 10449, and S. zooepidemicus 4881 cultures. The
addition of zoocin A to mid-log-phase S. pyogenes FF22 cul-
tures resulted in a rapid reduction in both viable count (Fig.
3A) and OD550 (Fig. 3B) when compared with that of compa-
rable cultures that received MQ water. In contrast, the addi-
tion of zoocin A to mid-log-phase S. mutans 10449 cultures
showed a significant decrease in viable count (Fig. 3C) only
after 445 min of incubation with zoocin A and showed no
significant decrease in OD (Fig. 3D) over the course of the
experiment. The addition of zoocin A to mid-log-phase S.
zooepidemicus 4881 cultures resulted in no significant differ-
ence in viable count or OD550 from those obtained in MQ
water-treated control cultures.
Determination of endopeptidase activity by a colorimetric

hexaglycine microassay. The OD405 increased with increasing
enzyme concentration (Fig. 4). The dose response for lyso-
staphin was linear between enzyme concentrations of 5 and 40
mg/ml, giving a linear regression coefficient of 0.936 over this
range. Over the same range of enzyme concentrations, the
linear regression coefficient for zoocin A was 0.866, and over
the range of 10 to 40 mg/ml, it was 0.919. Control wells con-
taining enzyme but no substrate showed no significant change
in absorbance (standard deviationn21 of 0.029 and 0.026 for
those wells containing lysostaphin and zoocin A, respectively)
over the range (0.04 to 40 mg/ml) of enzyme concentrations
used, demonstrating that the rise in absorbance in the test wells
was not due to the reaction of either lysostaphin or zoocin A
with TNBS. Control wells containing N-acetylhexaglycine sub-
strate and TNBS but no enzyme showed no significant change
in absorbance (SDn 2 1 of 0.013) over the course of the exper-
iment, demonstrating that the rise in absorbance in the test
wells was not due to a reaction of the TNBS with the N-
acetylhexaglycine substrate.

DISCUSSION

Zoocin A-treated S. pyogenes FF22 and S. mutans 10449 cells
showed ghosting, the most commonly observed point of cell
rupture being the region of septum formation. Similar ghosting
and rupture at the point of septum formation have been re-
ported for Enterococcus faecalis cells incubated in the presence
of an autolysin (9). It may be that the point of septum forma-
tion is the most susceptible site for hydrolytic cleavage or that
this is the weakest point in the structural integrity of the di-
viding cell. The considerably higher proportion of ghosted to
intact cells observed in zoocin A-treated S. pyogenes FF22 cells
compared with that observed in zoocin A-treated S. mutans
10449 cells is thought to reflect the relative sensitivities of these
two strains to zoocin A rather than a difference in the action of
zoocin A against these different species. The MIC of zoocin A
for S. mutans 10449 was 64 times higher than that for S.
pyogenes FF22. The MIC for S. zooepidemicus 4881 was not

TABLE 2. Sensitivity of selected streptococcal species to zoocin A
when tested by deferred antagonism and their cell wall

peptidoglycan cross-links

Group testeda Proportionb (%) of
sensitive strains

Peptidoglycan
cross-linkc

Cell wall
teichoic acidd

S. zooepidemicus 9/10e (90) L-Ala2-3 2
S. pyogenes 4/4 (100) L-Ala2-3 2
S. gordonii 7/7 (100) L-Ala2-3 2
S. mutans 7/7 (100) L-Ala2-3 2
S. rattus 0/5 (0) L-Ala2-3 1
Lactococcus spp. 0/7 (0) D-Asp 1
S. oralis 0/5 (0) Direct 2

a Individual strain designations are given in Table 1.
b Number of strains sensitive to zoocin A/number of strains tested.
c Data from references 22 and 23. Subscripts indicate the number of amino

acids in cross-link.
d Data from references 7 and 23. 2, absent; 1, present.
e The single zoocin A-resistant S. zooepidemicus strain is the producer strain, 4881.
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FIG. 2. Transmission electron microscopy of zoocin A-treated S. pyogenes FF22 and S. mutans 10449 cells. (A) S. pyogenes FF22 cells treated with MQ water; (B)
S. pyogenes FF22 cells treated with zoocin A; (C) S. pyogenes FF22 cells treated with zoocin A illustrating the range of cellular disruption observed; (D) S. pyogenes
FF22 cells treated with zoocin A showing complete extrusion of the cytoplasmic membrane from the ruptured cell; (E) S. pyogenes FF22 cells treated with zoocin A
showing cell wall rupture at the point of septum formation; (F) S. mutans 10449 cells treated with zoocin A. Bars, 1 mm.
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determined, but previous studies have shown it to be not less
than 4,000 times the MIC for S. pyogenes FF22 (25). The
formation of ghosted cells alone does not necessarily imply
that the cell wall is the primary site of cell damage. Pediocin
AcH, which is thought to act primarily by forming pores or
channels in cell membranes, can also cause ghost formation,
and bacteria having differing susceptibilities to pediocin have
been reported to give rise to a variety of morphological ap-
pearances, ranging from apparently normal to total ghosting (3).
Lysostaphin-treated Staphylococcus aureus cells show a rapid

reduction in both viable count and OD (21). Zoocin A-treated

S. pyogenes FF22 cultures showed an immediate and simulta-
neous loss of both OD and viability, suggesting that as with
lysostaphin, lysis occurred as a direct result of zoocin A activity
against the cell wall. In contrast, zoocin A-treated S. mutans
10449 cultures showed relatively little decrease in OD, even
after prolonged incubation. However, the culture OD did stop
rising within 10 min of the addition of zoocin A, and electron
micrographs of S. mutans 10449 cells treated with a compara-
ble concentration of zoocin A showed a number (28%) of
ghosted or partially ghosted cells after 120 min of incubation.
We believe the relative lack of effect of zoocin A against S.
mutans 10449 cultures to be dose related and not to be indic-
ative of an alternative mode of action.
Peptidoglycan is insoluble as a result of the extensive cross-

linking of the subunits during cell wall synthesis, and the hy-
drolysis of sufficient cross-links will bring about solubilization
of the cell wall and consequent cell lysis (29). Several methods
to detect the endopeptidase activity of lysostaphin have been
developed, most of which measure the reduction in OD occur-
ring as a result of solubilization of whole cells or cell wall
extracts in the presence of the enzyme (14). However, difficul-
ties in producing reproducible substrates, interference of ex-
tract components with the action of the enzyme, and the lack
of standard controls make the interpretation of such assays
difficult. Using N-terminally capped hexaglycine as the sub-
strate and TNBS as the colorimetric reagent, Kline et al. de-
veloped a sensitive and reproducible microtiter assay for the
quantitation of lysostaphin which avoids these difficulties (12).
The authors further suggested that this assay could be modified
to measure the activity of other endopeptidases. The applica-
tion of this assay in the present study enabled the catalytic
activity of zoocin A to be measured independently of its host
specificity determinants. The linear dose-response relationship

FIG. 3. Effect of zoocin A on the viability and OD of S. pyogenes FF22 and S. mutans 10449 cultures. (A and B) Effect of addition of zoocin A on the viable count
(A) and OD550 (B) of S. pyogenes FF22 cultures. The values obtained for incubation times greater than 240 min have been omitted for the sake of clarity and do not
differ significantly from those reported for 240 min. (C and D) Effect of addition of zoocin A on the viable count (C) and OD550 (D) of S. mutans 10449 cultures. The
arrows show the time of zoocin A addition. R2, regression coefficient for the best-fit third-order polynomial (Cricket Graph version 1.3; Cricket Software, Malvern, Pa.).
Symbols: g, control (addition of MQ water); Ø, test (addition of zoocin A).

FIG. 4. Cleavage of hexaglycine substrate by lysostaphin and zoocin A. The
OD405 reported is the mean value at each enzyme concentration less the mean
of the corresponding negative control wells 6 SDn 2 1 of the values for each
enzyme concentration. Symbols: u, lysostaphin; 3, zoocin A.
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of chromophore development to enzyme concentration shows
that zoocin A, like lysostaphin, was capable of cleaving hexa-
glycine and, furthermore, that the specific activities of the two
enzymes for this substrate were similar. This supports our
previous suggestion that the conserved catalytic domains of
zoocin A and lysostaphin imply a common mode of action (26).
S. zooepidemicus, S. pyogenes, S. gordonii, and S. mutans

strains were sensitive to zoocin A, and all of these contain di-
or tri-alanine cross-links in their peptidoglycan. In contrast, S.
oralis and Lactococcus strains were resistant to the action of
zoocin A and contain direct covalent and single D-Asp amino
acid cross-links, respectively (22). It has been suggested that
the presence of lysostaphin selects for mutants of Staphylococ-
cus staphylolyticus having shorter peptide cross-links and a
greater percentage of serine in their cross-links (19). We sug-
gest that in the case of S. oralis and possibly in the case of
Lactococcus strains, resistance occurs as a result of the inability
of zoocin A to cleave the peptidoglycan cross-link. S. rattus
strains are closely related to S. mutans strains, both having di-
or tri-alanine cross-links in their peptidoglycan (23), and yet
they differ completely in their sensitivity to zoocin A. This
suggests that S. rattus at least must possess some novel means
of defense against zoocin A. The presence of teichoic acid and
lipoteichoic acid in staphylococcal cell walls has been shown to
have a significant protective effect against the lantibiotic Pep5
(20), and the presence of exogenous lipoteichoic acid was
shown to completely inhibit the binding of pediocin AcH to
lactobacillus cells (3). It is interesting to note that of the strains
tested in this study, only S. rattus and Lactococcus spp. possess
teichoic acid in their cell walls. However, the possible role of
teichoic or lipoteichoic acid in protecting cells from attack by
zoocin A has not yet been examined experimentally. For most
bacteriocins, including lysostaphin, the producer cell is pro-
tected from the effects of its own bacteriocin through the
action of a specific immunity product (6). Since all of the S.
zooepidemicus strains tested (other than strain 4881) are sen-
sitive to zoocin A, it is not unreasonable to speculate that the
zoocin A producer strain may also utilize a similar mechanism
to protect itself from zoocin A. If this is the case, there may be
at least three different mechanisms by which resistance to zoo-
cin A may be effected, i.e., by lacking the specific cell surface
determinants recognized by zoocin A (25, 26), by possessing a
noncleavable peptidoglycan cross-link, or by producing a spe-
cific immunity product.
In summary, we suggest that the killing of streptococci by

zoocin A occurs as a result of cleavage of the streptococcal
peptidoglycan cross-links by zoocin A. This conclusion is sup-
ported by the observed effects of zoocin A on the cell wall of
sensitive streptococci, its lack of ability to kill streptococci
having direct covalently bonded peptidoglycan cross-links, its
ability to enzymatically cleave hexaglycine, and the homology
of the N-terminal region of zoocin A to that region of the
lysostaphin molecule believed to contain the catalytically active
sites (26).
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