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Low concentrations of glutaraldehyde (0.1 % or higher) blocked cellular and wall
autolysis. The site of autolytic activity was studied by allowing cell autolysis to pro-
ceed for very short periods (0 to 15 min) before addition of glutaraldehyde. Electron
microscopy of ultrathin sections showed that the primary site of autolytic activity
was the leading edge of the nascent cross wall. The base of the cross wall seemed
more resistant than the tip. Evidence supporting the involvement of autolysin ac-
tivity in continued wall extension and in cell separation as well as in the initiation of
new sites of wall extension was obtained. In cells exposed for 10 min to chloram-
phenicol, wall dissolution was very much slower but occurred at the same cross wall
site.

Streptococcus faecalis ATCC 9790 has been
previously shown to contain an autolysin (a :
1,4 N-acetylmuramide glycanhydrolase) which
exists in the cell in both latent and cell wall-
bound, active forms. Exponential-phase cells
(LOG cells) are prone to rapid autolysis. Both
biochemical (9, 17) and electron microscopic
(16) evidence suggest that the wall-bound active
form is located at, or very near, the most recently
synthesized portion of the wall. With the electron
microscope, wall autolysis, resulting from the
action of the active form of the enzyme in situ,
was shown to result in the release of concentric
ribbons of walls, beginning at the coccal equator
and proceeding toward the poles. In contrast, the
action of egg-white lysozyme, or isolated, par-
tially purified autolysin on detergent-inactivated
walls, or latent autolysin in situ (after trypsin ac-
tivation) resulted in random wall dissolution. We
now report on electron microscopic observations
of the action of the active form of the autolysin
in whole streptococci, particularly during the
early stages of cell autolysis. This proved to be
possible since a variety of observations strongly
suggest that autolysis of LOG cells in buffers is
due to the action of the active and not the latent
form of the enzyme on the walls (9, 16, 17).
Evidence for this includes the following: (i)
Trypsin, which activates the latent form of the
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autolysin in isolated walls, does not affect the rate
of autolysis of whole cells unless they have been
first damaged (e.g., by a mild heat treatment).
(ii) In growth reinitiation experiments, the specific
activity of the latent form of the autolysin in iso-
lated walls begins to increase immediately,
whereas that of the active form is delayed and
parallels the ability of cells to autolyze (9). The
present studies of ultrathin sections indicate that
the major site of action of the active form of the
autolysin is along the leading edge and side of the
growing cross wall. Although chloramphenicol
treatment results in a rapid decrease in the rate of
cellular autolysis, autolysin action, at a much
slower rate but at the same location, could still
be seen in cells exposed to chloramphenicol for
short periods.

MATERIALS AND METHODS

Effects of fixatives on cellular autolysis. LOG cells
were harvested on membrane filters (0.65 Mum pore
size; Millipore Corp.), washed three times with 5 ml of
ice-cold deionized distilled water, suspended in 0.01 M
phosphate (pH 6.5), and allowed to autolyze at 37 C.
Similar samples of cells were first treated for 1 hr with
various concentrations of calcium carbonate-neutral-
ized glutaraldehyde, neutralized Formalin, or buffered
osmium tetroxide (pH 6.5) and treated as above. Auto-
lysis of cells was followed as previously described (15,
17). As treatment with glutaraldehyde (4%) seemed to
stop cell autolysis in a most rapid manner (see below),
this treatment (for 1.5 hr) was selected for morpho-
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logical studies. Fixed cells were harvested by centrifu-
gation (15,000 X g, 20 min) and placed into 2% agar
[made with 0.01 M phosphate (pH 6.2) to which 0.08 M
potassium chloride and 0.01 M magnesium acetate were
added]. Cubes of agar-embedded cells were cut and
washed overnight in the above phosphate buffer,
followed by three more changes of phosphate and one
change of Veronal-acetate buffer. The cells were
postfixed in osmium tetroxide and uranyl acetate by
the method of Kellenberger et al. (6), embedded in
Epon 812 (7a), and sectioned. The sections were
stained for 20 min with saturated uranyl acetate in
50% ethanol and lead citrate (11) for 5 min. LOG
cells were also treated with chloramphenicol (50
Ag/ml) at a turbidity equivalent to 0.4 mg (dry weight)
per ml, for 10 min after allowing autolysis to take
place. Such cells were fixed and sectioned as described
above.

RESULTS
Effects of fixatives on cellular autolysis. Ini-

tially it was necessary to find fixation conditions
which would, as far as possible, rapidly and com-
pletely stop cellular autolysis. Figure 1A shows
that fixation for 1 hr with 3% glutaraldehyde al-
most completely stopped cellular autolysis,
whereas 10% Formalin and 0.1 % osmium tetrox-
ide were much less effective. (The concentration
of OS04 commonly used as a prefixative in the
Kellenberger et al. method is usually 0.1 %.) After
16 hr at 37 C, glutaraldehyde-fixed cells lost less
than 2% of their initial turbidity. This same level
of protection from autolysis was observed even
when the time of exposure to glutaraldehyde was
reduced to 5 min and when the concentration was
reduced to 0.1 %. Wheh the concentration of os-
mium tetroxide was increased to 1%, the inter-
fering effect of the black reduction products made
comparative turbidimetric measurements of
doubtful value. In spite of this, it was judged that
1% osmium tetroxide was probably equal to
glutaraldehyde in stopping cellular autolysis.
Glutaraldehyde (1 %) was also effective in rapidly
stopping the autolysis of isolated walls (Fig. iB).
On the basis of its rapid effect, even at low concen-
tration, glutaraldehyde (4%) was used as a pre-
fixative for these studies.

Observations of cells undergoing autolysis.
During cellular autolysis, it appears that dissolu-
tion of the growing cross wall takes place well
before dissolution of peripheral wall can be ob-
served. Figure 2 shows a central section of a cell
undergoing autolysis (from a suspension at 74%
of its initial turbidity). It is obvious that much of
the cytoplasmic contents of the cell shown in Fig.
2 has already been lost. This indicates an opening
somewhere in the wall of this cell, perhaps at a
point visible in another section. However, the
peripheral wall in this section appears to be in-
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FIG. 1. Inhibition of cellular autolysis (A) and
trypsin-activated wall autolysis (B) by various fixatives.
A, Cellular autolysis. Exponential-phase cells were har-
vested, washed byfiltratioiz, andplaced in 0.01 M sodium
phosphate, pH 6.5. The cells were exposed for I hr at
room temperature to 0.1% OS04 (V), 10% Formalin
(0), or 3% glutaraldehyde (LOI). The untreated con-
trol(A) was incubatedfor 1 hr at 0 C. B, Wall autolysis.
LOG walls were suspended in 0.01 M sodium phosphate,
pH 6.5 (0.7 mg/ml); trypsin (1 ,sg/ml) was added, and
the wall suspensions were incubated at 37 C. Glutaralde-
hyde (1%) was added to one tube at zero time (V) and
to other tubes at the times indicated by the arrows. One
tube (0) remained as a control. Cellular and wall
turbidity were followed as previously described (9, 18).

tact and maintains the typical dark-light-dark
tribanded structure seen in the wall on central
sections of S. faecalis cells (5). Only at the area of
the cross wall can considerable, localized wall dis-
solution be seen. To obtain information concern-
ing the stages of wall (and cell) dissolution which
preceded that shown in Fig. 2, LOG cells at still
earlier stages of autolysis (100 to 90% of the ini-
tial turbidity, 0 to 15 min of autolysis) were ex-
amined. Areas of the wall involved with cross wall
formation, typified by that shown within the rec-
tangle in Fig. 2, were of particular interest. Fig-
ure 3 shows an area of cross wall formation from
a typical section of a LOG cell control (before
autolysis). At this stage of centripetal cross wall
growth, the nascent cross wall is nearly twice as
thick as the nearby peripheral wall and is tightly
sheathed by the septal membrane. Figures 4 to 9
show corresponding areas from cells in the very
early stages of autolysis. As cellular autolysis
proceeds, the septal membrane appears to main-
tain its position as the sides and leading tip of the
cross wall become less electron dense (e.g., Fig.
4-7). Initially, autolysis seems to take place at the
leading edges of the nascent cross wall ("zone of
solubilization," Fig. 14). The base of the cross
wall seems to be somewhat less rapidly hydrolyzed
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FIG. 2. Central, longitudinal section of a cell 60 min after the beginning of autolysis (at 74% of the initial

turbidity). Note that the entire cross wall is no longer visible (rectangular area), but that peripheral wall seems to
be intact. The wall bands (arrows) mark the separation of"new" equatorial, peripheral wallfrom "old" polar wall
(5). Bar equals 0.1 pm.
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so that the base of the remaining cross wall is then
broader than the tip (Fig. 4 and 6 and "zone of
inhibition," Fig. 14). In some cases, a rather
narrow zone of lesser electron density can be seen
running up the center of the cross wall (e.g., Fig.
5 and "zone of separation," Fig. 14). As autolysis
proceeds, the cross wall begins to be dissolved
from its tip (Fig. 6) toward the base (Fig. 7), and
finally perforation of the wall seems to occur fre-
quently through the central portion of the cross
wall (Fig. 7). This point of rupture can be seen
occasionally to allow the membrane to extrude
through the resulting opening (Fig. 8). Such an
extrusion of membrane would appear to result in
a localized rupture of the wall, releasing cytoplas-
mic contents to the medium, tending to equalize
the internal and external osmotic pressures (Fig.
9). Such an initial localized perforation could then
account for the observation that, at most points
along the cross wall annulus, the septal membrane
retains its invaginated position even after apparent
cross wall dissolution (Fig. 2). Cords of ribosomes
and membrane-associated ribosomes remain in
partially autolyzed cells and, in fact, are even more
prominent in such cells (Fig. 2). It appears that
the removal of soluble cytoplasmic material and
some small particulates increases the definition of
the remaining ribosomes. Figure 10 shows the
cross wall area of a pair of cells that have just
about completed their cross wall. In such cells
autolysin action is very similar to that of cells in
an earlier stage of division, except that the "zone
of inhibition" extends deeper into the cross wall.
In such cases, dissolution of a central line down
the cross wall can be seen. This line would corre-
spond to the outer surface of the walls of the two
daughter cells. Such observations lead to at least
an inference for a requirement for autolysin action
in cell separation.

In dividing cells, a completed cross wall will
separate to form one of the two polar regions of
the new daughter cells. Autolysin activity at the
one pole but not the other can be seen to occur
for some time in a few cells. Figure 12 shows such
an example, where dissolution of the wall at one
pole, probably the one resulting from the most
recent division, of the cell can be seen.

After dissolution of the cross wall, autolysin
then continues to attack the peripheral wall ad-
jacent to the cross wall area (Fig. 13), and the wall
lytic action moves toward the coccal poles. The
stage of wall dissolution shown in Fig. 13 proba-
bly corresponds to the early stages of dissolution
of isolated LOG walls previously seen by the neg-
active staining technique (16). Even after extensive
leakage of the cytoplasmic contents, the plasma
membrane usually continues to maintain its in-

tegrity and is often seen to be most closely associ-
ated with the wall band area of the cell (e.g., Fig.
13).

Effect of chloramphenicol on cellular autolysis.
The addition of chloramphenicol (50 Ag/ml) to an
exponentially growing culture results in cessation
of exponential growth and a rapid inhibition of
cellular autolysis. In this way chloramphenicol
mimics the effect of amino acid starvation (10).
Cells treated for 10 min with chloramphenicol will
still autolyze, but very slowly. Also, morphologi-
cally, the location and pattern of initial autolysin
attack appears to be virtually identical (Fig. 11)
except that the period of incubation must be much
longer (60 to 120 min versus 0 to 15 min for LOG
cells). It was noted, however, that the resistant
core of the cross wall was more persistent (Fig.
11) than those observed in LOG cells.

DISCUSSION

The present observations add a new dimension
to earlier results from this laboratory. Not only is
the active form of the autolysin located in re-
cently synthesized portions of the wall (9, 17), but
we now show that its action, in exponential-
phase cells undergoing autolysis, appears to begin
at the leading tip and edge of the centripetally
growing cross wall. On the basis of electron mi-
croscopic observations of exponentially growing
cells, we recently proposed (5) that both centrip-
etal cross wall growth and peripheral wall ex-
tension result from wall synthetic activity occur-
ring at or near the leading edge of the septum-
the same area at which cellular autolysis appears
to be initiated.

It would then seem that this cellular location
would be ideal for a role for the autolysin in cell
wall synthesis. Cleavage of the f31,4 linkage be-
tween N-acetylmuramic acid and N-acetylglucosa-
mine by the enzyme (18) could certainly lead to
new acceptor sites for insertion of peptidoglycan
disaccharide monomer units according to the
known wall biosynthetic mechanism (19). The
role for such a wall lytic enzyme in the initiation
of new sites of wall growth in the middle of old
wall was relatively obvious. Association of autoly-
sin with the growing tip of the cross wall in cells
that have almost completed a division (e.g., Fig.
10) suggests a continuing role for the enzyme dur-
ing centripetal cross wall growth. Autolysin ac-
tion appears to continue at one pole of a recently
divided cell (Fig. 12) and a narrow zone of de-
creased electron density, running up the center of
a growing cross wall, can be seen occasionally
(e.g., Fig. 5 and 10). The eventual separation or
weakening of a common cross wall into polar,
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FIG. 3-11. Stages ofcross wall dissolution. FIG. 3. Control (nonautolyzing cross wall). FIG. 4. Primary attack
at the leading edge of the cross wall. The base of the cross wall remains intact and the septal membrane maintains
its original invaginated position. FIG. 5. Appearance of a central "channel" or "zone of separation" after partial
cross wall dissolution. FIG. 6. Degradation ofcross wall proceeding from the tip toward the base. FIG. 7. Beginning
of wall perforation. FIG. 8. Membrane eversion, probably occurring at the first site of wall perforation in this cell.
FIG. 9. Beginning of cytoplasmic leakage. FIG. 10. Autolytic attack of a completed cross wall. FIG. 11. Autolytic
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FIG. 12. Autolysis occurring at a single pole of a cell. As a result of centripetal equatorial wall synthesis, one
pole of each cell is one or more generations newer than the other. Autolytic activity is frequently retained at the
apparently newerpole well after subsequent cross wall completion and cell separation. Bar equals 0.1 ,um.

FIG. 13. After cross wall removal, the peripheral wall is attacked. Note membrane associated with the wall band
areas of the cell wall. Bar equals 0.1 p.m.
activity in a cell previously treated for 10 min with chloramphenicol (50 ,g/ml). Fig. 3 to 9, and 11 are at the
same magnification which is indicated by the bar in Fig. 3. Fig. 10 is at a lower magnification, indicated by the
bar in the figure. The bars equal 0.1 .um.
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peripheral wall of the two daughter cells could
also involve autolysin action, although this may
represent merely separation of two cell wall
layers synthesized separately. These last observa-
tions suggest that the factors thought to be in-
volved in the chaining and unchaining of strepto-
cocci (2, 7) may be identical with the autolysin.
At present we are attributing all three of these
roles (in initiation of new wall synthetic sites, in
continued wall elongation, and in cell separation)
to the sole wall lytic activity that we have been
able to detect in this organism (18).

After dissolution of the cross wall and cell
lysis, the autolysin continues to act on the nearby
peripheral wall (Fig. 13). This type of "creeping"
action can be attributed to the high affinity of
autolysin for the wall (9, 14, 17, 18). Such a high
degree of affinity would appear to be helpful in
restricting the area of action of the enzyme. How-
ever, Coyette and Ghuysen (la) have recently
found that the autolysin of Lactobacillus acidoph-
ilus (also an N-acetylmuramidase) does not
have the same degree of affinity for its own walls.
The diagrammatic representation of the initial

stages of cellular autolysis (Fig. 14) summarizes
our current ideas. Cellular autolysis begins in the
"zone of solubilization," perhaps starting at the
nascent cross wall tip and working back towards
the base. This is the area likely to be involved in
wall extension. Activity in the "zone of separa-
tion" would be involved with the process of cell
separation.
Treatment of LOG cells with chloramphenicol

results in cell wall thickening (12) and in a rapid
loss in the ability of cells to autolyze, but in a much
less rapid decrease in content of the active form
of the autolysin (10). However, the present elec-
tron microscopic observations show that the
initial stages of cellular autolysis occur at the iden-
tical place in both LOG and chloramphenicol-
treated cells, that is, the leading tip and edge of the
nascent cross wall. However, after chlorampheni-
col treatment, the rate of dissolution of the cross
wall is strikingly reduced, and the central core of
the cross wall seems to be particularly resistant to
dissolution. The "semi-resistant core" and "zone
of inhibition" (Fig. 14) reflect, in part, our ideas
concerning resistance to cellular dissolution after
chloramphenicol treatment. In addition, these re-
gions of the cross wall may reflect an unknown
mechanism whereby the growing and dividing cell
can limit autolysin action to pertinent areas of the
wall.
Chloramphenicol not only has little effect on the

location of the initial stages of autolysis, but there
is little or no change in the overall susceptibility
of walls isolated from chloramphenicol-treated
cells to the action of isolated autolysin (10).

Core

FIG. 14. Diagrammatic view of cellular autolysis at
the cross wall. The "zone of solubilization" represents
the area between the autolyzinig cross wall and the mem-
brane and is probably filled with hydrolyzed wall ma-
terial. Thte "semi-resistant core," and especially the
bc,se of the cross waill, may be more resistanit to dis-
solution than the leading edges. The "zone ofinhibition"
extends into and includes the peripheral wall, which dis-
solves quite slowly as compared to the cross wall.

The relative resistance to autolysis of chlor-
amphenicol-treated cells could be due in part to
the increased thickness of the walls, but it would
seem that the increased resistance to autolysis of
the core and base of the cross wall is of greater
significance. At present, we have no information
concerning the precise nature of this change, but
it does seem likely that localized differences in the
extent of cross-linking of the peptidoglycan could
be a factor. Tipper (20) proposed that newly
synthesized wall is less cross-linked than older
wall in Staphylococcus aureus. Also, it seems
likely that the cross-linking transpeptidation
reaction takes place outside the permeability
barrier of the cell, whereas synthesis of the linear
glycan chains takes place, at least partially, in the
membrane fraction (21). This physical separation
suggests that the processes may also be separated
in time. Chloramplenicol treatment, which ap-
pears to result in a rapid decrease in the rate of
cross wall and peripheral wall extension, may al-
low the cross-linking reactions to occur closer to
the growing edge of wall extension. At present we
do not know whether the degree of local cross-
linking affects the rate of autolysin action, al-
though we can speculate that it may be necessary
to break a greater number of glycan bonds to
solubilize a more highly cross-linked wall.
We currently favor the idea of a common cross

wall which later thickens and becomes separated
into the walls of the two daughter cells. This situ-
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ation is not as clearcut as the one seen in Bacillus
cereus (1) and B. megaterium (3), where a cross
wall of single thickness is completed and then
thickens during cell separation to a width equal to
that of the two daughter cells. In S. faecalis, cen-
tripetal cross wall growth begins at a thickness
approximately equal to that of the nearby periph-
eral wall and gradually doubles in thickness dur-
ing cross wall closure (5). It remains possible,
however, that the cross wall is made up of two
separate layers initially of half thickness, and each
rapidly attains full thickness. Despite the tri-
banded (dark-light-dark) staining consistently
seen on antitangential cuts through the wall, we
have no evidence of layering of the wall com-
ponents in this organism. It does seem likely that
the charged phosphate groups of the teichoic
acid-like polymers present (14) would tend to
repel each other and to be concentrated on the
outer wall surfaces. The presence of these
polymers in the wall favorably affects the rate
of hydrolysis of the wall substrate by the autolysin
(18) without significantly affecting the nature of
the binding of the enzyme to the wall (14).
Thus, local concentrations of teichoic acid in
the wall could "channel" autolysin action. For
example, an increased concentration of teichoic
acid down the middle of a centripetally growing
cross wall could direct autolysin action up this
"track," thus favoring cell separation. The role
of teichoic acids in cell separation is supported
by the findings of Mirelman et al. (Bacteriol.
Proc., p. 47, 1969) and of Tomasz (21). The
former observed that a mutant of S. aureus H,
which contains a greatly decreased amount of
teichoic acid in its walls, failed to divide into sepa-
rate cells. Tomasz (21) observed that the substi-
tution of ethanolamine for choline in the wall
teichoic acid (8) of Diplococcus pneumoniae re-
sulted, among other things, in growth in ex-
tremely long chains.
With B. megaterium, Fitz-James and Hancock

(4) observed a similar localized distortion or par-
tial dissolution of cross wall 10 min after penicillin
addition to "fully recovered, rapidly dividing
cells" in a sucrose-stabilized growth medium.
These investigators observed the accumulation of
fibrous wall-like material between the septal mem-
brane and the nascent cross wall, suggesting to
them that it represented unorganized wall ma-
terial. We did not observe a fibrous accumulation
in autolyzing cells of S. faecalis. At early stages
of cellular autolysis, before rupture of the cyto-
plasmic membrane and release of cytoplasmic
contents, the septal membrane maintains its con-
figuration against the high internal osmotic pres-
sure of the cell (e.g., Fig. 4 to 7). Thus it is likely
that the products of wall dissolution remain in this

less electron-dense area between the septal mem-
brane and the remaining cross wall to counteract
the high internal osmotic pressure. This is espe-
cially likely since the wall of this organism is
highly cross-linked (18) and complete autolytic
digestion of isolated walls did not result in the re-
lease of detectable quantities of low-molecular-
weight products (18).

Penicillin inhibits the transpeptidation reaction
leading to cross-bridging of the wall peptidogly-
can (17). Thus, this unorganized fibrous material
observed by Fitz-James and Hancock (4) has
been interpreted to be a result of inhibition of
cross-linking (19). Penicillin inhibition results in
cell lysis or spheroplast formation. In fact, peni-
cillin at relatively low concentration results in
lysis of S. faecalis when placed in a medium
which permits wall synthesis but not a net in-
crease in protein (13). This has been considered
to be due to continued action of the autolytic
enzyme system. Thus the fibrous material seen in
penicillin-treated B. megaterium could result, in
part, from action of a wall lytic system.
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