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The effect of various salts on the autolysis of cell wall of a ribitol teichoic
acid-deficient mutant of Staphylococcus aureus H (strain 52A5 carrying tar-1)
was compared with the parent strain. In the presence of high concentrations of
certain salts such as 1.0 M NaCl, the mutant undergoes autolysis with the re-
lease of osmotically sensitive spheroplasts. The parent strain is not affected by
these conditions. The stimulation of lysis is related to an activation of N-acyl-

muramyl-L-alanine amidase.

Autolysis of cell walls has been implicated in
the regulation of the bacterial cell surface and
cellular division. This contention is supported
by studies which demonstrate that the zone of
lysis is confined to the newly synthesized cell
wall in the streptococcal model system (18, 31).
In other organisms, such as Bacillus subtilis,
there appears to be an interaction between tei-
choic acid and the autolysin(s) which modifies
the enzymatic activity (2). More recently,
Boylan et al. have noted a marked decrease in
autolytic activity in a temperature-sensitive
Rod~ mutant which is deficient in teichoic
acid (1).

A difference in distribution of autolysin was
noted earlier by Chatterjee et al. in a ribitol
teichoic acid-deficient mutant (tar-1) of Staph-
ylococcus aureus H (6). In this strain (52A5)
there was a greater localization of autolysin in
the cell walls of the mutant strain than in the
wild type; however, the mutant cell walls lysed
more rapidly. Because the mutant did not
grow in clumps if the strain was grown in 1.0 M
NaCl, we hypothesized that NaCl influenced
the autolysis of whole cells. The data pre-
sented demonstrate that high concentrations
of certain salts activate the N-acyl-muramyl-L-
alanine amidase bound to the cell wall pro-
ducing focal cleavage of the cell wall with the
release of osmotically sensitive spheroplasts.

MATERIALS AND METHODS

Bacterial strains and growth medium. The iso-
lation and characterization of the streptomycin-re-
sistant parent strain S. aureus H (str) and the de-

rived phage-resistant, teichoic acid-deficient mutant,
tar-1, have been described previously (5). Stock cul-
tures were maintained on Brain Heart Infusion agar
(BBL) slants and transferred every 3 weeks. The
growth medium (PYK broth) consisted of 0.5% Phy-
tone (BBL), 0.5% yeast extract (Difco) and 0.3%
K,HPO, adjusted to pH 7.2 with 4 N HCI. After au-
toclaving, glucose (0.2% final concentration) was
added. In some studies PYK medium contained 1.0
M NaCl.

Autolysis of whole cells. Cells were shaken at
100 rev/min overnight in 50 ml of PYK medium at
36 C. In the morning, an 8% inoculum of the over-
night culture was placed in fresh PYK medium and
grown at 230 rev/min to late logarithmic phase (ab-
sorbance of 2.40 to 2.60 at 585 nm). Growth was
monitored turbidimetrically (585 nm, 1.0-cm light
path) with a Beckman Acta III spectrophotometer.
Samples (6 to 7 ml) from exponential-phase cultures
of 1.0 x 10° to 1.7 x 10° cells/ml were harvested by
centrifugation at 2,000 x g for 4 min, washed twice in
potassium phosphate buffer (0.05 M, pH 7.0), resus-
pended in the appropriate autolysis buffer to a cell
concentration producing an absorbance ranging from
6.00 to 7.00 at 585 nm, and incubated at 37 C. Sam-
ples (0.5 ml) were removed at zero time and at 30
min intervals. Absorbance was measured after 10-
fold dilution in distilled water to eliminate the os-
motic protection of 1.0 M NaCl present in the autol-
ysis buffer. Cells damaged by autolysis lysed imme-
diately upon dilution. The zero-time absorbance of
diluted cell suspensions ranged between 0.560 to
0.680 and was designated 100%. Subsequent absorb-
ance decreases due to autolysis were calculated in
terms of percent decrease from the zero-time value
for absorbance. The logarithm of percent of initial
turbidity was plotted versus time of incubation to
determine the rate and extent of autolysis. The
standard autolysis buffer was either potassium phos-
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phate or tris(hydroxymethyl)aminomethane (T'ris)-
hydrochloride buffer (0.05 M, pH 7.0) containing 1.0
M NaCl. To determine viability during autolysis,
samples of autolyzing cell suspensions were diluted
in either distilled water or 1.0 m NaCl and appro-
priate dilutions were plated on nutrient agar (Difco)
with and without 1.0 M NaCl. The plates were incu-
bated for 48 hr at 37 C.

Electron microscopy of whole cells. Loga-
rithmic-phase cells grown in PYK medium with or
without 1.0 M NaCl were first fixed at 5 C for 60 min
in 0.1 M cacodylate-hydrochloride buffer, pH 6.8,
containing 2.5% glutaraldehyde and 0.01 M CaCl,.
The cells were sedimented and washed in Kellen-
berger Veronal-acetate buffer, pH 6.1 (22). Cells were
then fixed at 5 C for 14 hr in Kellenberger buffer
containing 1% osmic acid, pre-embedded in Kellen-
berger buffer containing 2% agar and soaked in 0.5%
uranyl acetate solution for 2 hr at 25 C prior to dehy-
dration in ethanol. After dehydration the cells were
embedded in Epon 812. Examination and photog-
raphy were performed with a Phillips electron micro-
scope.

Synthesis of cell walls and proteins. Washed
early-logarithmic-phase cells were suspended in
PYK medium (1.5 x 10 to 2.0 x 10° cells/ml) and
shaken at 37 C. After 5 min of incubation a radioac-
tive amino acid, either *H-L-lysine (0.1 xCi/ml) or
14C-glycine (0.04 uCi/ml, New England Nuclear),
was added. At suitable intervals, 1.0 ml of culture
was pipetted into cold 10% trichloroacetic acid, and
incorporation into protein and peptidoglycan was
measured after the Park and Hancock method of
fractionation (29). Radioactivity was measured in a
Beckman LS 230 scintillation counter by using a
toluene base scintillation fluid containing Triton X-
100.

Preparation and analysis of cell walls. Mutant
cells were grown to logarithmic phase in 2-liter
flasks containing 500 ml of PYK medium, with or
without 1.0 M NaCl, and harvested by centrifugation
at 10,000 x g for 10 min. Cell walls were isolated by
mechanical disintegration in a Braun homogenizer as
described previously (5). Walls used for autolysis
experiments were prepared similarly except that the
boiling and trypsin treatments were omitted (6). In
some experiments the cell wall polymers released
from autolyzing whole cells were also isolated. Mu-
tant cells were grown to logarithmic phase in 800 ml
of PYK medium containing 1.0 M NaCl, harvested
by centrifugation at 10,000 x g for 5 min, washed in
Tris-hydrochloride buffer (0.05 M, pH 7.0), split into
two samples (140 ml each) and autolyzed in Tris-
hydrochloride buffer, with or without 1.0 M NaCl.
Samples were removed at appropriate intervals and
sedimented at 10,000 x g for 10 min. The superna-
tant fluids were dialyzed at 4 C against distilled
water, lyophilized, and stored at —20 C.

The qualitative and quantitative analyses of N-
terminal amino acids were determined by the proce-
dure of Ghuysen et al. (14). Reducing groups were
determined by the method of Thompson and
Shockman (37). Cell walls were hydrolyzed by 6 N
HCl at 100 C for 12 hr for examination with a
Technicon TSM amino acid analyzer. Results were
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computed from a standard containing the wall
amino acids and amino sugars that had been heated
with HCI under identical conditions.

RESULTS

Effect of NaCl on autolysis of intact cells.
Preliminary experiments indicated that tar-1
grew as individual cells rather than in clumps
when the PYK medium contained 1.0 M NaCl.
Therefore, we investigated the effect of NaCl
on resting cells by suspending them in buffer
containing NaCl and determining the rate of
autolysis. A dramatic difference in both the
rate and extent of autolysis resulted when tar-
1 was incubated in the presence of 1.0 M NaCl
(Fig. 1), whereas no significant difference was
found with wild type cells. Tris-hydrochloride
and potassium phosphate buffers (0.05 M, pH
7.0) gave the same results. The rate and extent
of lysis of tar-1 was dependent on the concen-
tration of NaCl (Fig. 2) with an optimum at
1.0 M. Greater molarities of NaCl did not pro-
duce further increases in the rate or extent of
autolysis.

The enhancement of autolysis by NaCl was
reproducible, but the amount of lysis varied
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F16. 1. Effect of NaCl on the autolysis of Staphylo-
coccus aureus H (str) (O, @) and mutant tar-1
(A, A). Cells were incubated at 37 C in Tris-hydro-
chloride buffer (0.05 M, pH 7.0) with (®, A) or with-
out (O, A) 1.0 M NaCl.
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Fic. 2. Dependence on NaCl concentration of
autolysis of tar-1. Cells were incubated at 37 C in
0.05 M Tris-hydrochloride buffer, pH 7.0 (®), and in
buffer containing 0.25 M (O), 0.5 M (A), or 1.0 M
NaCl (A).

with different preparations of cells (cf. Fig. 1
and 2). Lysis was more pronounced and repro-
ducible if tar-1 was grown in PYK medium
containing 1.0 M NaCl. The optimum pH and
temperature for NaCl-induced lysis of wild
type and tar-1 were 6.5 to 7.0 and 37 C, re-
spectively.

Salt specificity. There was some specificity
in the type of salt which induced lysis of tar-1.
Tris-hydrochloride buffers (0.05 M, pH 7.0)
containing 1 M solutions of NaCl, KCl, NaBr,
and NH,C] each stimulated autolysis to the
same extent. Equivalent and higher molarities
of NaNO,, Na,SO,, (NH,),SO,, NH,NO,,
LiCl, urea, sucrose, and divalent cations, such
as MgCl,, were inactive.

MgCl, has been reported to protect a marine
bacterium from NaCl-induced lysis (9). A sim-
ilar effect was noted in tar-1 when MgCl, was
added to the standard autolysis buffer (Fig. 3).
The inhibition of lysis increased with in-
creasing concentrations of MgCl, until com-
plete inhibition at 1.0 M MgCl,. To determine
whether this inhibition was reversible, tar-I
was preincubated for 30 min at 37 C in Tris-
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hydrochloride buffer containing 1.0 M MgCl,,
washed twice in buffer, and incubated at 37 C
in standard autolysis buffer (0.05 M Tris-hy-
drochloride plus 1.0 M NaCl, pH 7.0). No lysis
occurred during 120 min of incubation, sug-
gesting that Mg?* inhibition was irreversible.
LiCl can dissociate autolysin from cell walls
of S. faecalis (30) and B. subtilis (10). Because
LiCl did not enhance autolysis of tar-I, the
possibility of removal of autolysin by the salt
was investigated. LiCl (0 to 4.0 M) added to
standard autolysis buffer adversely affected
the lysis of tar-1 (Fig. 4). The inhibition in-
creased with LiCl concentration, and no autol-
ysis was observed in the presence of 4.0 M
LiCl. Because this inhibition was reversible by
dilution of the LiCl or washing the cells, it is
unlikely that the inhibition by LiCl was
merely due to dissociation of the autolysin.
Requirement for NaCl. The requirement
for the continued presence of NaCl to achieve
lysis of tar-1 was studied by incubating the
cells for 60 min at 4 C (a condition which does
not permit lysis), washing the cells to remove
NaCl, and resuspending them in various
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Fi6. 3. Inhibition of lysis of tar-1 by MgCl,. Cells
were autolyzed in Tris-hydrochloride buffer alone (O)
and in buffer containing 1.0 M MgCl, (D), 1.0 M
NaCl (@), 1.0 M NaCl + 0.5 M MgCl, (A), and 1.0 M
NaCl + 0.12 M MgCl, (A).
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Fi6. 4. Inhibition of autolysis of tar-1 by LiCl.
Autolysis was followed in Tris-hydrochloride buffer
(O) and in buffer containing 4.0 M LiCl (O), 1.0 M
NaCl (@), 1.0 M NaCl + 2.0 M LiCl (A), and 1.0 M
NaCl + 1.0 M LiCl (A).

buffers at 37 C. There was a 68% decrease in
turbidity after 120 min of incubation in the
absence of NaCl, whereas cells incubated in
standard autolysis buffer (containing 1.0 M
NaCl) showed only 22% greater lysis (Fig. 5).
Thus, exposure to 1.0 M NaCl can sensitize tar-
1 so that subsequent autolysis may occur in
the absence of salt.

Effect of NaCl on cellular morphology.
One characteristic feature of tar-1 is its tend-
ency to grow in clumps when grown in PYK
broth (6). A phase contrast photomicrograph of
tar-1 grown in PYK medium is shown in Fig.
6. After these cells were incubated in buffer
containing 1.0 M NaCl for 120 min, they ap-
peared as well-separated cocci with little or no
clumping (Fig. 7). Although the cells shown in
Fig. 7 appear intact, they lysed immediately
when the osmotic protection of NaCl was re-
moved by introducing distilled water under
the coverslip (Fig. 8).

The cell wall of the parent S. aureus H
grown at 42 C displays trilaminar morphology
which is noted in most gram-positive cell walls
(Fig. 9a and b). In sharp contrast, the mutant
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(tar-1) does not have a visible outer electron-
dense layer and contains increased amounts of
ragged homogeneous cell wall material (Fig.
10a and b). The division planes are distorted
and irregular (Fig. 10a). When this mutant is
suspended in broth containing 1.0 M NaCl
there are focal disruptions of the cell wall (Fig.
11a, arrow) with the release of vesicles. After
completion of autolysis, the spheroplasts are
apparently extruded from hydrolyzed frag-
ments of cell wall (Fig. 11b, arrow). A detailed
study of the morphology of this mutant and
the changes observed during autolysis will be
presented in a subsequent publication.

Cell viability during autolysis. The re-
covery of viable cells was dependent on the
presence of osmotic stabilization both in the
dilution medium and nutrient agar plates.
When cells undergoing autolysis were diluted
and plated in the presence of 1.0 M NaCl, a
significant number of viable cells could be re-
covered (Fig. 12). No recovery was observed
when these cells (diluted in 1.0 M NaCl) were
plated in the absence of NaCl (data not shown).
Autolyzing mutant cells underwent exponen-
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Fic. 5. NaCl sensitization of tar-1. Cells were
preincubated in buffer containing 1.0 M NaCl for 1
hr at 4 C, washed free of salt, resuspended in buffer
with (A) or without (O) 1.0 M NaCl and autolyzed at
37C.
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FiG. 6. Phase contrast photomicrograph of tar-1 grown in PYK broth medium to late logarithmic phase.
x2,500.

Fic. 7. Phase contrast photomicrograph of tar-1 after 2 hr of incubation at 37 C in Tris-hydrochloride
buffer (0.05 M, pH 7.0) containing 1.0 M NaCl. x2,500.

Fic. 8. Phase contrast photomicrograph of the same field shown in Fig. 7 immediately after distilled water
was introduced under the coverslip. x2,500.
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Fic. 10. Mutant (tar-1) grown at 42 C in PYK broth medium. Note the absence of the outer electron-
dense cell wall layer, increase in wall thickness with loose organization, irregular cross wall formation, and
mottled cytoplasm; compare with Fig. 9. Magnification: a, x30,000; b, x70,000.
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Fic. 11. Mutant (tar-1) grown in PYK broth medium containing 1.0 M NaCl. The cell wall is more com-
pact, and areas of focal degradation can be observed with the release of vesicles (arrow in a). Note the cyto-
plasmic membrane, granular cytoplasm, and large nucleoid masses. Spheroplasts are observed (b) and large
fragments of cell wall are present (arrow in b). Magnification: a, x100,000; b, x80,000.
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Fic. 12. Viability of tar-1 during autolysis. Com-
parison of cell viability during autolysis after dilu-
tion and plating in the presence (O) or absence (®)
of 1.0 M NaCl. See text for details.

tial decrease in cell viability when they were
diluted and plated without osmotic stabiliza-
tion (Fig. 12). Similar results were obtained if
the cells diluted in distilled water were plated
on nutrient agar containing 1.0 M NaCl, sug-
gesting that initial damage by osmotic shock
was irreversible.

NaCl effect on protein and peptidoglycan
synthesis. Mutant cells grown in the presence
of 1.0 M NaCl have damaged cell walls and
autolyze faster than cells grown without salt.
To test the possibility that this effect was due
to inhibition of cell wall biosynthesis, the rate
of peptidoglycan synthesis by whole cells was
examined in the presence of 1.0 M NaCl. Table
1 shows that the rate of *C-glycine incorpora-
tion into protein and peptidoglycan was the
same in the presence or absence of NaCl. Sim-
ilar results were obtained with °H-L-lysine.
Therefore, NaCl had no detectable effect on
the rate of cell wall synthesis.

Autolysis of isolated cell walls. Because
salt has been shown to stimulate whole cell
autolysis, it was important to determine
whether NaCl affected autolysis of isolated
mutant cell walls. We found that walls auto-
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TaBLE 1. Protein and peptidoglycan synthesis in

tar-1°

Incorporation of '*C-glycine

(counts/min/ml of culture)
Time of . PYK medium plus

incubation PYK medium 1.0 M NaCl

. Peptido- . Peptido-
Protein glycan Protein glycan
15 min 1,700 8,200 1,400 7,200
30 min 3,700 17,200 2,600 16,400
60 min 7,600 58,000 6,100 52,000

% The analysis of distribution of radioactivity be-
tween protein and peptidoglycan was performed as
described in Materials and Methods.

lyzed at the same rate regardless of the pres-
ence of NaCl in the growth medium or incuba-
tion buffer. Thus, unlike whole cells, autolysis
of isolated cell walls was not affected by NaCl.

Inhibition of autolysis by CAP. The en-
hanced autolysis of cells in the presence of
NaCl could conceivably result from a change
in the substrate-enzyme relationship due to
contraction of the cell walls, decreased syn-
thesis of cell wall, activation of autolytic en-
zymes, or a de novo protein synthesis. The
data in Table 1 strongly indicate that autolysis
is not due to a decrease in synthesis of pepti-
doglycan in the presence of salt. To investigate
whether de novo synthesis of a lytic enzyme
was occurring, chloramphenicol (CAP) was
added to whole cells in the standard autolysis
buffer, where cell wall and protein synthesis is
minimal due to starvation for amino acids, and
in PYK broth where cell wall and protein bio-
synthesis occur. When CAP (100 ug/ml) was
added to the standard autolysis system there
was no inhibition of autolysis indicating that
de novo protein synthesis was not a significant
factor. However, when cells growing in PYK
medium were pretreated with CAP (100 ug/ml),
washed and suspended in the autolysis buffer,
inhibition of autolysis occurred within 10 min
of treatment with CAP (approximately 25% of
the cell division cycle), as shown in Fig. 13.
This system, therefore, appears similar to that
of S. faecalis where resistance to autolysis oc-
curs either due to unbalanced cell wall biosyn-
thesis (35) or liberation of an inhibitor of auto-
lytic enzymes in the presence of CAP (M.
Sayare, L. Daneo-Moore, and G. D. Shock-
man, Bacteriol. Proc., p. 48, 1971).

Enzymes involved in autolysis. Previous
studies have demonstrated that the major au-
tolysin in tar-1 is N-acyl-muramyl-L-alanine
amidase (6). It was of importance to determine
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whether NaCl-enhanced lysis was due to this
enzyme. Washed logarithmic-phase cells were
incubated at 37 C in buffer, with or without 1.0
M NaCl, and samples were withdrawn after 0,
30, and 60 min of incubation. The supernatant
fluids (10,000 x g, 10 min) were dialyzed at 4
C against distilled water to remove salt, and
the nondialyzable fractions (NDF) were con-
centrated by lyophilization. During autolysis
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Fic. 13. Inhibition of autolysis of tar-1 by chlor-
amphenicol (CAP). Cells were grown in PYK broth
medium without CAP (@), or with CAP (100 ug/ml)
for 10 (A) and 30 min (A), washed, and incubated at
37 C in buffer containing 1.0 M NaCl.
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there was an increase in both N-terminal
amino groups and reducing groups in the NDF
fractions (Table 2). The ratio of total N-ter-
minal amino groups to reducing groups in the
NDF increased during autolysis when cells
were incubated with 1.0 M NaCl, whereas no
such increase was noted when cells were incu-
bated without salt (Table 2). The only detect-
able N-terminal amino acid in the NDF was
alanine, suggesting that NaCl-enhanced autol-
ysis primarily involved amidase activity. The
molar ratios of alanine to the wall glycans (N-
acyl-muramic acid and N-acyl-glucosamine)
for tar-1 cell wall and NDF hydrolysates were
0.89 and 0.91, respectively. Therefore, autolysis
did not cause extensive degradation of the cell
wall with release of dialyzable fragments.

DISCUSSION

Staphylococci are resistant to high concen-
trations of NaCl (23). This property is often
used to select staphylococci from mixed cul-
tures because many bactéria are inhibited by
concentrations of salt in excess of 1.4 M (4, 24).
The one-step pleiotropic mutant deficient in
ribitol teichoic acid (tar-1) is extremely sensi-
tive to 1.0 M NaCl and autolyzes in its pres-
ence. This observation prompted us to investi-
gate further the effect of NaCl on this mutant.
The results demonstrate that high concentra-
tions of specific salts activate a cell wall-bound
N-acyl-muramyl-L-alanine ' amidase, resulting
in focal cleavage of cell wall. With osmotic
stabilization reversion of some of the cells with
damaged cell walls can occur. This finding is
of considerable interest because clinically iso-
lated L-forms (21), wall-defective mutants of
Bacillus pumilus (3), B. subtilis (Sal-1) (39), B.
subtilis TOF (15), and L-forms produced in
vitro (20) are either stabilized or prevented
from reverting to wild type by high concentra-
tions of NaCl.

TaBLE 2. Release of amino acid and reducing groups during autolysis of tar-1°

Total DNP amino groups and reducing groups in NDF
Incuba.tion in Control buffer Buffer with 1.0 M NaCl
autolysis buffer
(min) . . . .
DNP-amino Reducing e DNP-amino Reducing e
(nmoles)® (nmoles) Ratio (nmoles)® (nmoles) Ratio
0 1.2 0.44 2.7 1.0 1.01 1.0
30 2.8 0.99 2.8 18.0 2.71 6.6
60 2.4 0.85 2.8 70.2 5.42 13.0

o Cells were incubated at 37 C in autolysis buffer.

Samples were removed at 0, 30, and 60 min and the

nondialyzable supernatant fluids (NDF) were isolated as described in Materials and Methods.
® Results are expressed as nanomoles of dinitrophenylated (DNP) amino groups or reducing groups per

milligram of NDF.

¢ Ratio of nanomoles of DNP amino groups per nanomole of reducing groups.
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Recent reviews (13, 33-36) have emphasized
that autolytic enzymes (those which specifi-
cally hydrolyze polymers in the bacterial cell
wall) occur ubiquitously in bacteria. Autolysins
are postulated to play a role in bacterial
growth because greatest autolytic activity has
been found in the septum region of strepto-
cocci (18, 31). Mitchell and Moyle (27), and
more recently Forsberg and Rogers (12), have
suggested that one role of autolysin is related
to séparation of individual cells after comple-
tion of division. Other proposed roles include:
(i) making openings in old wall so new pol-
ymer can be added (7) and (ii) modifying the
wall during septum formation (32). Autolysin
may also produce focal gaps in the cell wall to
facilitate the passage of deoxyribonucleic acid
(DNA) during DNA-mediated transformation
(38).

We have shown that salt-activated autolysis
in tar-1 results from focal cleavage of cell wall.
(i) Most of the peptidoglycan is recovered in
the nondialyzable supernatant fluid of auto-
lyzing cell suspensions. The molar ratio of
glycan to alanine in the nondialyzable fraction
is equivalent to that seen in the intact cell
wall. (ii) Large fragments of cell wall are iden-
tified in electron micrographs of autolyzed cul-
tures. (iii) The minimal release of reducing
groups precludes extensive digestion of the cell
wall and release of small molecular weight
fragments as predicted from the cell wall
structure of S. aureus (13). This hydrolysis is
similar to that noted first by Mitchell and
Moyle (27) and confirmed by Cripps and Work
(8).

Autolysin in wild type cells of S. aureus H
was previously reported to be located in the
soluble fraction of cell-free extracts, whereas
autolysin in tar-1 was closely associated with
isolated cell walls (6). This differential location
of autolysin in tar-1 could be due to an altered
conformation or charge distribution resulting
from the lack of polymerized teichoic acid. At
present it is not possible to exclude binding to
the cytoplasmic membrane instead of the cell
wall. Mirelman et al. (26) reported that care-
fully washed, isolated tar-1 walls contain
membrane fragments with more C-17
branched and less C-20 fatty acids than wild
type walls. Furthermore, Rogers (33) has re-
cently proposed that connecting bridges may
form between the bacterial wall and cyto-
plasmic membrane when intermediates in wall
synthesis are bound simultaneously to mem-
brane components and wall. We suggest that
autolysin in tar-1 may be bound to membrane
fragments or cell walls by hydrophobic interac-
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tions. The effect of NaCl would be similar to
the effect of chaotropic ions on hydrophobic
areas (16). Thus, water is more disordered and
lipophilic in the presence of ions such as Br-
and Cl-, resulting in a weakening of the hydro-
phobic areas of membranes and multicompo-
nent enzymes. Of the ions tested for ability to
activate autolysis, only salts containing these
anions were effective. Frank and Evans (11)
state that all the alkali and halide ions, except
Li* and F-, disorder the structure of water,
which may explain why autolysis was not en-
hanced by LiCl. On the other hand, DeVoe
and Oginsky (9) suggested that Mg?* ions may
form cross-bridges within phospholipids or
protein side chains in the cell envelope of a
marine bacterium, preventing Na*-induced
lysis. The finding that autolysis was irrevers-
ibly inhibited by Mg?* suggests that this ion
may form cross-bridges and prevent Na* acti-
vation in tar-1.

Marquis (25) and Ou and Marquis (28) have
demonstrated salt-induced shrinkage of iso-
lated cell walls of gram-positive bacteria due
to electrostatic contraction of wall peptido-
glycan. Cell wall contraction may accelerate
autolysis by bringing substrate closer to the
enzyme. Teichoic acid appears to be involved
in the binding of ions on the cell surface (17,
19). In the absence of this polymer, the con-
traction of the substrate may be enhanced in
whole cells. Therefore, studies are in progress
to determine the effects of deletion for cell
wall polymers on the binding of ions and the
porosity of cell walls.

ACKNOWLEDGMENTS

This investigation was supported by Public Health
Service grants AI-10141 and AI-10093 from the National
Institute of Allergy and Infectious Diseases and by grant GB-
24379 from the National Science Foundation.

The senior author (R.W.G.) is a postdoctoral fellowship
awardee (GM-40,845) of the National Institute of General
Medical Sciences.

We gratefully acknowledge the assistance of Mercedes
Edwards in preparing the electron micrographs.

LITERATURE CITED
1. Boylan, R. J., N. H. Mendelson, D. Brooks, and F. E.
Young. 1972. Regulation of the bacterial cell wall:
analysis of a mutant of Bacillus subtilis defective in
biosynthesis of teichoic acid. J. Bacteriol. 110:281-

290.

2. Brown, W. C, D. K. Fraser, and F. E. Young, 1970.
Problems in purification of a Bacillus subtilis autolytic
enzyme caused by association with teichoic acid.
Biochim. Biophys. Acta 198:308-315.

3. Burmeister, H. R., and C. W. Hesseltine. 1968. Induc-
tion and propagation of a Bacillus subtilis L form in
natural and synthetic media. J. Bacteriol. 95:1857-
1861.

4. Chapman, G. H. 1945. The significance of sodium chlo-
ride in studies of staphylococci. J. Bacteriol. 50:201-
203.



Vor. 111, 1972

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chatterjee, A. N. 1969. Use of bacteriophage-resistant
mutants to study the nature of the bacteriophage re-
ceptor site of Staphylococcus aureus. J. Bacteriol. 98:
519-527.

. Chatterjee, A. N., D. Mirelman, H. J. Singer, and J. T.

Park. 1969. Properties of a novel pleiotropic bacterio-
phage-resistant mutant of Staphylococcus aureus H.
J. Bacteriol. 100:846-853.

. Chatterjee, A. N., and J. T. Park. 1964. Biosynthesis of '

cell wall mucopeptide by a particulate fraction from
Stapylococcus aureus. Proc. Nat. Acad. Sci. U.S.A.
51:9-16.

. Cripps, R. E., and E. Work. 1967. The accumulation of

extracellular macromolecules by Staphylococcus au-
reus grown in the presence of sodium chloride and
glucose. J. Gen. Microbiol. 49:127-137.

. DeVoe, I. W, and E. L. Oginsky. 1969. Antagonistic ef-

fect of monovalent cations in maintenance of cellular
integrity of a marine bacterium. J. Bacteriol. 98:1355-
1367.

Fan, D. P. 1970. Cell wall binding properties of the Ba-
cillus subtilis autolysin(s). J. Bacteriol. 103:488-493.

Frank, H. S., and M. W. Evans. 1945. Free volume and
entropy in condensed systems. ITII. Entropy in binary
liquid mixtures; partial molal entropy in dilute solu-
tions; structure and thermodynamics in aqueous elec-
trolytes. J. Chem Phys. 13:507-532.

Forsberg, C., and H. J. Rogers. 1971. Autolytic enzymes
in growth of bacteria. Nature (London) 229:272-273.
Ghuysen, J. 1968. Use of bacteriolytic enzymes in deter-
mination of wall structure and their role in cell me-

tabolism. Bacteriol. Rev. 32:425-464.

Ghuysen, J. M., D. J. Tipper, and J. L. Strominger.
1966. Enzymes that degrade bacterial cell walls, p.
685-699. In E. F. Neufeld and V. Ginsburg (ed.),
Methods in enzymology, vol. 8. Academic Press Inc.,
New York.

Good, C. M., and P. A. Pattee. 1970. Temperature-sen-
sitive osmotically fragile mutants of Staphylococcus
aureus. J. Bacteriol. 104:1401-1403.

Hatefi, Y., and W. G. Hanstein. 1969. Solubilization of
particulate proteins and nonelectrolytes by chaotropic
agents. Proc. Nat. Acad. Sci. U.S.A. 62:1129-1136.

Heptinstall, S., A. R. Archibald, and J. Baddiley. 1970.
Teichoic acid and membrane function in bacteria.
Nature (London) 225:519-521.

Higgins, M. L., H. M. Pooley, and G. D. Shockman.
1970. Site of initiation of cellular autolysis in Strepto-
coccus faecalis as seen by electron microscopy. J. Bac-
teriol. 103:504-512.

Hughes, A. H., M. Stow, L. C. Hancock, and J. Baddiley.
1971. Function of teichoic acids and effect of novo-
biocin on control of Mg*+ at the bacterial membrane.
Nature N. Biol. 229:53-55.

Kagan, B. M. 1968. Antibiotic sensitivities of staphylo-
coccal L-forms, p. 314-318. In L. B. Guze (ed.), Mi-
crobial protoplasts, spheroplasts and L-forms. The
Williams & Wilkins Co., Baltimore.

Kagan, B. M. 1968. Role of L-forms in staphylococcal
infection, p. 372-378. In L. B. Guze (ed.), Microbial
protoplasts, spherophasts and L-forms. The Williams

SALT-ACTIVATED AUTOLYSIS

22.

23.

24.

25.
26.

27.

28.

3L

32.

33.

34.

35.

36.

31.

38.

39.

283

& Wilkins Co., Baltimore.

Kellenberger, E., A. Ryter, and J. Sechaud. 1958. Elec-
tron microscope study of DNA-containing plasms. II.
Vegetative and mature phage DNA as compared with
normal bacterial nucleoids in different physiological
states. J. Biophys. Biochem. Cytol. 4:671-678.

Koch, F. E. 1942. Elektioniihrboden fiir staphylokokken.
Zentralbl. Bakteriol. Parasitenk. Infektionskr. Hyg.
149:122-124.

Matiland, H. B,, and G. Martyn. 1948. A selective me-
dium for isolating staphylococcus based on the differ-
ential inhibiting effect of increased concentrations of
sodium chloride. J. Pathol. Bacteriol. 60:553-561.

Marquis, R. E. 1968. Salt-induced contraction of bac-
terial cell walls. J. Bacteriol. 95:775-781.

Mirelman, D.,, D. R. D. Shaw, and J. T. Park. 1971.
Nature and origins of phosphorus compounds in iso-
lated cell walls of Staphylococcus aureus. J. Bacteriol.
107:239-244.

Mitchell, P., and J. Moyle. 1957. Autolytic release and
osmotic properties of “protoplasts” from Staphylo-
coccus aureus. J. Gen. Microbiol. 16:184-194.

Ouy, L., and R. E. Marquis. 1970. Electromechanical in-
teractions in cell walls of gram-positive cocci. J. Bac-
teriol. 101:92-101.

. Park, J. T., and R. Hancock. 1960. A fractionation pro-

cedure for studies of the synthesis of cell-wall muco-
peptide and of other polymers in cells of Staphylo-
coccus aureus. J. Gen. Microbiol. 22:249-258.

Pooley, H. M., J. M. Porres-Juan, and G. D. Shockman.
1970. Dissociation of an autolytic enzyme-cell wall
complex by treatment with unusually high concentra-
tions of salt. Biochem. Biophys. Res. Commun. 38:
1134-1140.

Ranhand, J. M., C. G. Leonard, and R. M. Cole. 1971.
Autolytic activity associated with competent group H
streptococci. J. Bacteriol. 106:257-268.

Rogers, H. J. 1963. The bacterial cell wall. The result of
adsorption, structure or selective permeability? J.
Gen. Microbiol. 32:19-24. °

Rogers, H. J. 1970. Bacterial growth and the cell enve-
lope. Bacteriol. Rev. 34:194-214.

Rogers, H. J., and H. R. Perkins. 1968. Cell walls and
membranes. E. and F. N. Spon Ltd., London.

Shockman, G. D. 1965. Symposium on the fine structure
and replication of bacteria and their parts. IV. Unbal-

anced cell wall synthesis: autolysis and cell wall
thickening. Bacteriol. Rev. 29:345-358.

Strominger, J. L., and J. Ghuysen. 1967. Mechanisms of
enzymatic bacteriolysis. Science 156:213-221.

Thompson, J. S., and G. D. Shockman. 1968. A modifi-
cation of the Park and Johnson reducing sugar deter-
mination suitable for the assay of insoluble materials:
its application to bacterial cell walls. Anal. Biochem.
22:260-268.

Young, F. E. 1966. Autolytic enzyme associated with cell
walls of Bacillus subtilis. J. Biol. Chem. 241:3462-
3467.

Young, F. E., P. Haywood, and M. Pollock. 1970. Isola-
tion of L-forms of Bacillus subtilis which grow in
liquid medium. J. Bacteriol. 102:867-870.



