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Autolysis of Escherichia coli
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Autolysis of unwashed exponential-phase Escherichia coli cells was efficiently
promoted by first submitting them to a quick downshock with distilled water
before an upshock with 0.5 M sodium acetate, pH 6.5. The association of these
two osmotic shocks had a remarkable synergistic effect and led to significant
decreases in turbidity and viability. Different factors influencing the rate of cell
lysis were examined. A close correlation was established between autolysis and
the degradation of peptidoglycan. Both phenomena were induced by the same
shock treatment, followed similar kinetics, and were efficiently blocked by addi-
tion of divalent cations. Cell lysis was also inducible by a shock treatment with
107> M ethylenediaminetetraacetic acid or ethylene glycol-bis(8-aminoethyl
ether)-N,N-tetraacetic acid and blocked by the addition of divalent cations.

Surprisingly, the conditions leading to the au-
tolysis of Escherichia coli cells have not been
extensively studied. Among the different factors
influencing the triggering of bacterial autolysis,
growth conditions, the osmotic environment,
and pH have been recognized as being particu-
larly important (30). By treating exponentially
grown cells of E. coli B with sodium bicarbonate
and sodium acetate, Mohan et al. (25) were able
to bring about cell lysis. The rupture of the cell
envelope, accompanied by the clearance of the
turbid bacterial suspension and the release of
intracellular material, is a late step in the pre-
sumably multistep autolytic process. It is gen-
erally assumed that peptidoglycan, by conferring
mechanical resistance to the cell envelope, plays
a key role in the osmotic protection of bacteria
(9, 10, 28) and that one of the main steps in
autolysis is its degradation by specific endoge-
nous hydrolases (15, 30, 34, 36). In E. coli, no
direct correlation between autolysis and the
breakdown of peptidoglycan has yet been estab-
lished. However, the formation of spheroplasts
in osmotically stabilized systems (20, 23, 29)
clearly suggested that the degradation of pepti-
doglycan is a required intermediate step in the
autolytic process and that endogenous peptido-
glycan hydrolases are an important part of the
autolytic system.

" Although a set of enzymes hydrolyzing pepti-
doglycan linkages has been described in E. coli
(see 33 for references), neither their exact in vivo
function nor their participation in autolysis has
been defined. Investigation of the autolysis of E.
coli could help to determine which peptidogly-
can hydrolases are involved in the early phases
of cell lysis and to understand how changes in
environmental conditions trigger the action of
these enzymes. Study of their abnormal behav-
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ior might provide some insight into the nature
of their normal physiological functions and that
of the regulatory mechanisms involved in their
control. For these reasons, we have undertaken
to examine more thoroughly the experimental
conditions which promote autolysis in E. coli
cells and, in particular, the effects of sudden
changes in the osmotic environment. Such de-
creases and increases of osmolality have been
referred to as downshocks and upshocks, respec-
tively (2). The results reported here concern the
induction of autolysis of exponential-phase cells
of E. coli by combined downshock and upshock
treatments, its control by divalent cations, and
its correlation with the degradation of peptido-
glycan. Different factors influencing the rate of
cell lysis were examined.

MATERIALS AND METHODS

Bacterial strains. Most of the experiments were
carried out with E. coli K-12 HfrH, which was a gift
from J. C. Patte (Institut de Microbiologie, Orsay,
France). The other strains of E. coli K-12 used were:
K335 (DAP") and D-09-M-10-20 (DAP~ Lys™) (kindly
provided by J. C. Patte); CE1042 (kindly provided by
B Lugtenberg, Department of Microbiology, Utrecht,
The Netherlands); and PA3092 and three tempera-
ture-sensitive strains derived therefrom (337, 4655,
and 4789, kindly provided by Y. Hirota, National
Institute of Genetics, Shizuoka-ken, Japan). E. coli
W7 (DAP~ Lys™) was a gift from C. Lazdunski
(C.B.B.M,, Centre National de la Recherche Scienti-
fique, Marseilles, France). E. coli B and E. coli K235
were American Type Culture Collection strains.

Growth conditions. All the strains used were
grown in a rich medium containing, per liter, 10 g of
Pastone (Institut Pasteur Production, Paris), 10 g of
yeast extract (Institut Pasteur Production), 5.6 g of
KH.PO,, and 29 g of K:HPO, supplemented with
thiamine (0.5 mg/liter), or in minimum medium M63
(24), supplemented with 0.5% glucose and thiamine.
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When necessary, 10™* M meso-a,a’-diaminopimelic
acid (DAP) and 107* M L-lysine were added. All liquid
cultures (40 ml of medium in 200-ml flasks) were
incubated at the appropriate temperature in a shaking
water bath. Growth was followed by measuring the
optical density at 600 nm (ODeoo) in a Gilford spectro-
photometer (model 240). A correlation between the
OD values and cell counts was made with exponential-
phase cells of E. coli K-12 HfrH grown in rich medium.
At different intervals of time during growth, 0.05-ml
culture samples were added to 10 ml of a 2.5% form-
aldehyde solution containing 0.85% sodium chloride.
After thorough agitation and appropriate dilutions,
cells were counted in a Coulter Counter model Fn
(Coultronics, Margency 95, France) equipped with a
30-pm-diameter orifice. An OD of 0.4 corresponded to
2.2 X 108 cells/ml.

Autolysis procedures. Cells from a 40-ml culture
with an OD of 0.4 were harvested by centrifugation at
room temperature (25°C) for 5 min at 12,000 X g.
After the supernatant fluid was discarded, the inside
of the centrifuge tube was wiped carefully with cotton
tips to remove as much growth medium as possible.
The unwashed pellet was immediately suspended by
vigorous agitation at room temperature in 20 ml of
distilled water or of the appropriate buffer. When
autolysis was induced by combining treatments with
water and buffer, cells were first suspended quickly in
10 ml of distilled water, and 15 s later 10 ml of buffer
was added. After absorbancy measurements at zero
time, the suspension was transferred to a 200-ml flask
and placed at the appropriate temperature in a water
bath without shaking. Cell lysis was followed by meas-
uring the decrease of turbidity at 600 nm with time.
The first-order rate constant of autolysis was calcu-
lated as k = 2.3 logio (Co/C)) X min~', where C and C,
were the turbidities at ¢ and ¢,.

Viability counts. The number of viable cells was
determined by the standard procedure for counting
colonies (in triplicate) on agar plates. Each sample (1
ml) taken from autolyzing cells was homogenized in a
2-ml Potter tissue homogenizer, and 0.1-ml portions of
appropriate dilutions with M63 medium were spread
on agar plates containing 2.5% antibiotic medium M3
(Difco Laboratories, Detroit, Mich.). Plates were in-
cubated for 48 h at 37°C before counting colonies. For
an exponentially growing culture of E. coli K-12 HfrH
(OD = 0.4), viability counts (2.5 X 10°/ml) correlated
well with the Coulter counts (2.2 X 10°/ml).

Measurements of peptidoglycan hydrolysis.
Cells of E. coli W7 grown at 37°C in 40 ml of rich
medium containing 10~* M [°H]DAP (specific activity,
60 mCi/mmol; C.E.A,, Saclay, France) were harvested
at the outset of the exponential phase (OD = 0.4) and
washed once with culture medium containing unla-
beled 107*M DAP. They were then submitted to the
double-shock treatment as described before and incu-
bated at 37°C. At different time intervals, 0.5 ml of
autolyzing ['H]DAP-labeled cells was treated in one
of three ways. (i) Cells were suspended in 0.5 ml of
10% trichloroacetic acid in ice for 1 h. Then 150-ul
samples, in triplicate, were centrifuged at 130,000 X g
for 30 min in a Beckman Airfuge air-driven ultracen-

_ trifuge. The pellets were washed once with 100 ul of

distilled water. Tritium in pellets and supernatants
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was converted into tritiated water by combustion in
an Oxymat apparatus (Kontron, Velizy 78, France).
Tritiated water was trapped in 18 ml of solvent con-
taining 7 g of (biphenylyl-4)-2-(tert-butyl-4-phenyl)-5-
oxadiazole-1,3,4, 20 g of naphthalene per 700 ml of
dioxane, and 300 ml of toluene. Samples were counted
by liquid scintillation spectrometry. (ii) Cells were
suspended in 0.5 ml of 10% trichloroacetic acid in ice
for 1 h, and the suspension was then filtered on a
membrane filter (0.45-um pore size; Millipore Corp.,
Bedford, Mass.) which was washed abundantly with
5% trichloroacetic acid. Tritium in the peptidoglycan
deposited on the filter was converted into tritiated
water as above and then counted. (iii) Cells were
suspended in 0.5 ml of 8% sodium dodecyl sulfate in
water at 100°C for 10 min. After cooling overnight at
room temperature, 150-ul samples, in triplicate, were
centrifuged at 130,000 X g for 30 min as before. The
pellet containing the insoluble [*H]DAP peptidogly-
can was washed once with 100 ul of distilled water.
Tritium in the pellets was then converted into tritiated
water and counted as above.

RESULTS

The induction of autolysis in E. coli cells by
different osmotic shocks was investigated. When
unwashed exponential-phase cells of E. coli K-
12 grown at 37°C in rich medium were rapidly
suspended in distilled water (downshock), a 20%
decrease in turbidity was observed (Fig. 1). If
the shock treatment was performed by suspend-
ing cells either in growth medium diluted 10-fold
or in 0.05 to 0.2 M sodium acetate, no lysis was
observed. For salt concentrations between 0.3
and 0.8 M, autolysis occurred and was optimal
at 0.5 M. However, only a 20% decrease in OD
was obtained (Fig. 1), and no further significant
change was observed even after prolonged in-
cubation (16 h). Shock treatments with higher
concentrations of sodium acetate suppressed the
ability of cells to autolyze.

Unexpectedly, autolysis of unwashed expo-
nential-phase cells of E. coli K-12 was efficiently
promoted by first submitting them to a quick
water shock (downshock) before the addition of
0.5 M sodium acetate, pH 6.5 (upshock). The
association of both shock treatments had a re-
markable synergistic effect on both the rate and
extent of autolysis as compared with treatment
with sodium acetate alone. The initial rate of
lysis was increased threefold, whereas turbidity
and colony-forming ability greatly decreased
(Fig. 1). Concomitantly, UV-absorbing material
was released. All of the experiments reported
here concern autolyses promoted by the com-
bined effect of water and buffer. Reproducibility
and consistency in our results were obtained
when all inductions of lysis were performed un-
der the same experimental conditions. However,
it should be stressed that the efficiency of this
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F1c. 1. Kinetics of autolysis of E. coli K-12 HfrH.
Exponential-phase cells were grown at 37°C in rich
medium, and autolysis was assayed as loss of OD of
the cell suspensions during incubation at 37°C. Au-
tolysis induced by: (V) 0.5 M sodium acetate pH 6.5,
(W) distilled water, (@) distilled water and 0.5 M
sodium acetate pH 6.5. (V) Loss of colony-forming
units; ((J) absorbancy of supernatants at 260 nm;
(O) absorbancy at 280 nm. Before measuring absor-
bancies, samples were first centrifuged at 12,000 X g
for 2 min to remove bacteria.

procedure was to some extent dependent upon
how the downshock with water was performed.
Although not systematically examined, the ra-
pidity of dispersion of cells in water, the amount
of cells, the ratio of water to cell pellet, and the
delay between the two shock treatments seemed
to influence the intial rate constant of autolysis.
Therefore, the & values given in the present
paper should not be considered as absolute val-
ues.

Effect of pH, buffer concentration, and
growth conditions. The initial rate of autolysis
was dependent on the pH of the sodium acetate
buffer and was optimal at pH 6.5 (Fig. 2). This
effect was comparable to that observed by Mo-
han et al. (25) with E. coli B. The concentration
of the sodium acetate buffer also markedly influ-
enced the rate of cell lysis, which was optimal at
0.5 M (Fig. 3). A similar low & value was found
for buffer concentrations of 0.05 and 1 M (Fig.
3) and corresponded presumably to the sole
effect of the water shock, since in the absence of
this treatment no detectable lysis was observed
at these buffer concentrations. The initial rate
of autolysis was over four times greater (k = 9
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x 1073 min™') with cells grown at 37°C in rich
medium than with cells grown in minimal me-
dium (% = 2.1 X 10 min™") (Table 1). Further-
more, it was observed that the rate of cell lysis
was influenced by the phase of growth at which
bacteria were harvested. Cells in the stationary
phase autolyzed slowly, independently of the
medium in which they were grown (Table 1).
The effect of growth temperature was most pro-
nounced for exponential-phase cells grown in
rich medium (Table 1).

Effect of temperature. The initial rate of
autolysis was clearly dependent on the temper-
ature at which cells were incubated after induc-
tion (Fig. 4). There was no optimum between 20
and 50°C (Fig. 5). Between 20 and 30°C, cell
lysis followed first-order kinetics, whereas at
37°C and above, the curves were biphasic (Fig.
4). This seemed to indicate that at the higher
temperatures a competition must exist between
cell lysis and a certain inactivation of the auto-
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Fi16. 2. Effect of pH on the initial rate of autolysis
of E. coli K-12 HfrH. Exponential-phase cells grown
at 37°C in rich medium were treated in the usual way
with water and 0.5 M sodium acetate of different pH
values. Autolysis was assayed at 30°C as described
in Material and Methods.
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Fic. 3. Effect of the sodium acetate concentration
on the initial rate of autolysis of E. coli K-12 HfrH.
Exponential-phase cells grown at 37°C in rich me-
dium were treated in the usual way with water and
sodium acetate, pH 6.5, of different concentrations.
Autolysis was assayed at 30°C.

TaBLE 1. Initial rate constants of autolysis of E.
coli K-12 HfrH cells grown under different
conditions®

Initial rate constant (k, 10~ min™')

Exponential-phase cells .
Autol- grown in: Stationary-phase

ysis cells grown in:
temp Rich me-  Minimal me-
(°C) dium dium
Rich  Minimal
o o medium medium
30°C 37°C 30°C 37°C  ,i'37oC  at37°C

30 48 51 12 16
37 58 9 21 1.6 11

% Autolysis was promoted in the usual way with
water and 0.5 M sodium acetate, pH 6.5, and run at
either 30 or 37°C.

lytic system. A similar situation has been de-
scribed at 40°C and above with Neisseria gon-
orrhoeae (7, 13). The rate of autolysis was also
influenced by the temperature at which cells
were harvested. When cell cultures were cooled
down rapidly to 5°C before centrifugation, the
rate of autolysis was greatly decreased, even
though the subsequent water and buffer treat-
ments were carried out at 25°C. No differences
were observed when cell harvesting and the
shock treatments promoting autolysis were all
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performed at room temperature (25°C) as com-
pared with 37°C.

Effect of different ions and chelating
agents. The efficiency of potassium, calcium,
and magnesium acetates in stimulating the au-
tolysis of water-shocked cells was compared with
that of sodium acetate (Fig. 6). The same kinet-
ics were observed with K* as with Na*. However,
with Mg?* and Ca®* the rate and extent of au-
tolysis were much lower (Fig. 6). Moreover, au-
tolysis was immediately and totally inhibited
when magnesium acetate (final concentration,
50 to 100 mM) was added to autolyzing cells 30
min after induction by the double-shock treat-
ment with water and sodium acetate (final pH
of 7.2). Concomitantly, the viability counts re-
mained constant (3 X 10° cells/ml) for at least 2
h after the addition of magnesium acetate,
whereas with the noninhibited autolyzing cells
they decreased to 10° cells/ml during the same
period of time. Addition of calcium acetate at
the same concentration (50 to 100 mM) gave an
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Fi1c. 4. Effect of temperature on the kinetics of
autolysis of E. coli K-12 HfrH. Exponential-phase
cells grown in rich medium at 37°C were treated in
the usual way with water and 0.5 M sodium acetate,
PH 6.5. Autolysis was monitored at the different tem-
peratures and was expressed as a logarithmic plot of
OD versus time.
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Fi1c. 5. Arrhenius plot of the initial rate of autol-
ysis. The conditions are those of Fig. 4. The numbers
within the graph represent temperature in degrees
centigrade.

effect similar to that of magnesium acetate, but
a lag period of 10 to 15 min was observed before
autolysis stopped completely. When E. coli K-
12 cells were submitted to a downshock with an
aqueous solution of 107> M EDTA (pH 5.8) or
to a shock with water followed by the addition
of 10~ M (final concentration) EDTA, autolysis
was fully induced with the same kinetics as with
the combined shock treatments with water and
sodium acetate buffer (see Fig. 1). Ethylene gly-
col-bis(B8-aminoethyl ether)-N, N-tetraacetic
acid (EGTA) (10~2 M) had the same effect as
EDTA. The effect of EDTA could be completely
stopped by the addition of 1072 M (final concen-
tration) Mg?* or Ca®* acetate.

Relationship between autolysis and deg-
radation of the peptidoglycan. If there is a
close correlation between the degradation of
peptidoglycan by specific endogenous hydro-
lases and cell lysis, it could be expected that
peptidoglycan fragments would be released in
the course of autolysis. To follow the extent of
peptidoglycan degradation, the amounts of sol-
uble and insoluble peptidoglycan material were
determined at different times of autolysis. E.
coli strain W7 was chosen since its peptidoglycan
can be readily and specifically labeled with
[PH]DAP (42). Moreover, E. coli W7 cells auto-
lyzed well (Table 2) when submitted to the
double-shock treatment. At different time inter-
vals, samples of autolyzing cells were suspended
in cold 5% trichloroacetic acid and were either
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filtered or centrifuged for 30 min at 130,000 X g.
Another series of samples was treated with 4%
sodium dodecyl sulfate at 100°C and centrifuged
for 30 min at 130,000 X g. The results (Fig. 7)
showed that, at the different time intervals of
autolysis considered, the amounts of radioactiv-
ity remaining on the filters, in the trichloroacetic
acid pellets, or in the sodium dodecyl sulfate
pellets were the same. Thus, the labeled pepti-
doglycan found in the trichloroacetic acid fil-
trates was not sedimentable at 130,000 X g nor
precipitable in 4% sodium dodecyl sulfate. The
loss of insoluble peptidoglycan material closely
paralleled the appearance of soluble material in
the supernatant (Fig. 7). Furthermore, the rate
(k =9 % 10~ min™") and extent of peptidoglycan
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Fi1G. 6. Effect of cations on the initial rate of au-
tolysis of E. coli K-12 HfrH. Exponential-phase cells
grown in rich medium at 37°C were treated in the
usual way with water and the appropriate 0.5 M
acetate buffer, pH 6.5. Autolysis was allowed to occur
at 37°C. Symbols: (@) Sodium acetate; (A) potassium
acetate; (O) calcium acetate; (M) magnesium acetate;
(@) addition of solid magnesium acetate or solid
calcium acetate (final concentration of 0.1 M) to the
cell suspension 30 min after induction of autolysis by
treatment with water and 0.5 M sodium acetate, pH
6.5.
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TABLE 2. Initial rate constants of autolysis of E.
coli strains*

Initial rate con-
E. coli strain stant
(k, 10~ min™')
PA3092 .. ... .. ........ . .. .. 3.2
337 5
4655 ... ... 12.6
4789 8.3
D-09-M-10-20 . . ... .. ... ... ... ... .. 34
CE1042 .. ... .. ... ... ... ... ... 7.6
K33 ... ... o 2.3
K-12HffH ... ... . ... ... ... 48
K-12HfrH ... ... ... 5.1
B 124

“ Strains were grown in rich medium at 30°C except the last
two which were grown at 37°C. After induction in the usual
way with water and 0.5 M sodium acetate, pH 6.5, autolyses
were all run at 30°C.

degradation were similar to those of the decrease
in ODsgg (B = 8 X 10~ min~!). The close rela-
tionship between autolysis and peptidoglycan
degradation was further substantiated by ex-
amining the effect of magnesium ions on auto-
lyzing [PH]DAP-labeled cells of E. coli W7 (Fig.
7). When magnesium acetate was added at a
final concentration of 0.5 M 30 min after induc-
tion of autolysis, both autolysis and the degra-
dation of peptidoglycan were immediately
blocked.

Comparison of different strains of E. coli.
The initial rate constants of autolysis of different
strains of E. coli were determined under the
same conditions (Table 2). A fairly large range
of k values was encountered. This variability
was observed among wild-type strains (K-12
HfrH, B, and K235) and also with isogenetic
strains such as PA3092 and 4655, which differed
by a 1:4 ratio in their & values. Moreover, no
direct correlation was found between the rates
of autolysis and the rates of growth of the dif-
ferent strains.

DISCUSSION

In the present paper, different osmotic shocks
promoting the autolysis of E. coli cells were
studied. Conditions leading to cell lysis have
been investigated recently in a few gram-nega-
tive bacteria (4, 7, 21, 25). Among these, the use
of EDTA was reported (6, 7, 27, 34), but as far
as we are aware, the association of a downshock
with water and an upshock with sodium acetate
has not yet been described. The effects of certain
factors influencing the rate of lysis of E. coli K-
12, such as pH, temperature, and buffer concen-
tration, closely resemble those described previ-
ously for E. coli B (25) and N. gonorrhoeae (13).
However, it is difficult to make quantitative
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comparisons between our results and those of
Mohan et al. (25), since they washed their cells
with 0.2 M sodium bicarbonate before treating
them with sodium acetate.

Although little is known about the effects of
osmotic shocks on E. coli, it has been shown (2,
8, 17) that they can lead to the release of various
cations (K*, Ca®*, Mg**, etc.) and small compo-
nents (amino acids, sugars, etc.). Our results
suggest that the release of Mg?* or Ca?* may
play a key role in the triggering of autolysis. The
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F1G6. 7. Degradation of the peptidoglycan of E. coli
during cell lysis. Exponential-phase cells of E. coli
W7 were grown at 37°C in rich medium containing
107* M [*H]DAP (60 mCi/mmol) and washed once
with culture medium containing unlabeled DAP (10™*
M). Cells were submitted to the double-shock treat-
ment with water and sodium acetate. At different
times, samples of autolyzing cells were suspended
either in 5% trichloroacetic acid or 4% sodium dodecyl
sulfate and centrifuged. The radioactivity present in
the trichloroacetic acid pellets (O), in the sodium
dodecyl sulfate pellets (D), in the trichloroacetic acid
supernatants (@), on the membrane filters (X), and
in the trichloroacetic acid pellets after addition of
magnesium acetate to autolyzing cells () was deter-
mined. Results were expressed as percentages of the
radioactivity found in the pellets at zero time (11,700
cpm for 0.5-ml samples of cell culture). Owing to the
endogenous DAP and peptidoglycan precursors, the
amount of radioactivity present in the trichloroacetic
acid supernatant at zero time was far from negligible
(9,000 cpm for 0.5-ml samples of cell culture). This
background value was substracted before calculating
the percentage of cpom released in the supernatant at
the different times of autolysis considered.
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importance of these cations was stressed by the
fact that they could prevent or immediately
terminate cell lysis. The commitment to autol-
ysis is thus not irreversible. It should be noted
that when Mg®* or Ca®* acetate was added to
autolyzing cells, the viable counts remained con-
stant for at least 2 h. Furthermore, autolysis
could be efficiently brought about by a rapid
downshock with 10° M EDTA or EGTA and
also subsequently blocked by the addition of
Mg®* or Ca®*. The stimulation of autolysis by
such chelating agents and the inhibiting effect
of divalent cations have been observed with
other gram-negative bacteria (6, 7, 27, 34). It can
therefore be speculated that one of the effects of
the different osmotic shocks described here is to
remove Mg?* and Ca®* from the cell and that
this removal is an essential initial step in the
induction of the autolytic process. Preliminary
results showed that sodium chloride was far less
efficient than sodium or potassium acetate in
the upshock. Presumably the acetate anion acts
as a weak chelating agent. The synergistic effect
of the two osmotic shocks could perhaps be
explained by the fact that the initial downshock
with water not only removes some divalent cat-
ions from the cell, but in some way facilitates
the accessibility of acetate ions to critical diva-
lent ion binding sites. An alternative explanation
could be that acetate ions prevent divalent cat-
ions released by the downshock from being re-
captured by the cell.

A close correlation was established between
the degradation of peptidoglycan and autolysis.
Both phenomena were induced by the same
shock treatment, followed similar kinetics, and
were efficiently blocked by addition of divalent
cations. It is difficult to consider the degradation
of peptidoglycan by specific hydrolases and the
subsequent cell lysis as normal physiological
processes. The existence of peptidoglycan hy-
drolases has led to the idea that they must play
a role in bacterial growth which requires rapid
modifications of the peptidoglycan network (10,
11). Thus, under normal growth conditions,
there must exist rapid and sensitive regulatory
mechanisms that enable these enzymes to carry
out their physiological functions without ex-
pressing their potentially dangerous deleterious
action. It is not yet clear how this discrimination
is accomplished in the cell envelope.

If it is assumed that the removal of Mg?* and
Ca®* is a key factor in promoting autolysis, it
remains to be understood how these cations
influence either directly or indirectly the action
of peptidoglycan hydrolases. It has been found
that there is an optimal Mg®* concentration for
the peptidoglycan hydrolases of E. coli function-
ing together in vitro (12). However, since it is
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unknown which hydrolases are involved in the
autolytic process, it is presently impossible to
say whether there is any direct in vivo effect of
Mg®* or Ca’*. Another possibility is that the
control of these hydrolases is dependent on the
state of the envelope as a whole and that the
removal of divalent cations from the cell induces
some disorganization of the envelope, which in
turn triggers the uncontrolled action of pepti-
doglycan hydrolases by a yet unknown mecha-
nism. Different observations partially substan-
tiate this point of view. For instance, the orga-
nization of the envelope of E. coli is dependent
on divalent cations, since treatments with
EDTA have been shown to increase the perme-
ability of the outer membrane (19), dissociate
lipopolysaccharide (3, 26), and promote the re-
lease of lipopolysaccharide (18). Addition of di-
valent cations reverses the first two effects (3,
19, 26). Another point is that a proper associa-
tion between the outer membrane and peptido-
glycan seems to be a critical factor in the control
of the autolytic system (31). In E. coli these two
structures are closely associated owing to link-
ages mediated by outer membrane proteins (5).
Recently, Hirota et al. (14, 31) have isolated a
mutant (/po) lacking the lipoprotein of Braun.
This mutant was hypersensitive to EDTA,
which caused a very rapid cell lysis. The addition
of Mg?* neutralized the effect of EDTA. The
importance of proper organization of the cell
envelope for the control of peptidoglycan hydro-
lases has also been stressed by Hartman et al.
(12), who investigated conditions promoting the
degradation of peptidoglycan independently of
cell lysis. It was found that in E. coli the pepti-
doglycan-hydrolyzing system does not act spon-
taneously, but that it must be induced by more
or less drastic treatments. It was concluded from
these results that in intact cells, a delicate bar-
rier exists between peptidoglycan and its degrad-
ing hydrolases. Its maintenance was said to de-
pend on the presence of divalent cations and on
preservation of the integrity of the cell envelope
(12).

Recently, important results have been ob-
tained in the study of the control of autolysis in
gram-positive bacteria. Specific cell envelope
components such as lipoteichoic acids have been
found to play a critical role in the regulation of
autolysins, and a general scheme for their con-
trol has been proposed (32). In E. coli, it is still
unknown whether any particular envelope com-
ponent has a similar function or whether the
control of autolysins depends more on general
properties of the envelope (membrane potential,
ionic state of the periplasm, etc.). Undoubtly,
further studies of E. coli mutants having defi-
ciencies in the cell envelope as well as determi-
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nation of the main peptidoglycan hydrolases
involved in the autolytic process should provide
more information on the mechanism of autolysis.
Mutants of E. coli with altered peptidoglycan
hydrolases have been described (16, 22, 35), but
the autolytic process has not yet been investi-
gated in these strains.

ACKNOWLEDGMENTS

We express our sincere thanks to S. Szmelcman (Institut
de Microbiologie, Orsay, France) for stimulating discussions.

This investigation was supported by grants from the Centre
National de la Recherche Scientifique and from the Déléga-
tion Générale a la Recherche Scientifique et Technique.

LITERATURE CITED

1. Braun, V. 1975. Covalent lipoprotein from the outer
membrane of Escherichia coli. Biochim. Biophys. Acta
415:335-377.

Britten, R. J., and F. T. McLure. 1962. The amino acid
pool in Escherichia coli. Bacteriol. Rev. 26:292-335.

3. Brunner, D. P., R. A. Caputo, and R. W. Treick. 1977.
Functional reconstitution of EDTA-treated Esche-
richia coli. Biochem. Biophys. Res. Commun. 74:919-
925.

. Christian, J. H. B.,, and M. Ingram. 1959. Lysis of
Vibrio costicolus by osmotic shock. J. Gen. Microbiol.
20:32-42.

5. Dirienzo, J. M., K. Nakamura, and M. Inouye. 1978.
The outer membrane proteins of gram-negative bacte-
ria. Biosynthesis, assembly and functions. Annu. Rev.
Biochem. 47:481-532.

6. Eagon, R. G., and K. J. Carson. 1965. Lysis of cell walls
and intact cells of Pseudomonas aeruginosa by ethyl-
enediamine tetraacetic acid and by lysozyme. Can. J.
Microbiol. 11:193-201.

7. Elmros, T., L. G. Burman, and G. D. Bloom. 1976.
Autolysis of Neisseria gonorrhoeae. J. Bacteriol. 126:
969-976.

8. Epstein, W., and S. G. Schultz. 1965. Cation transport
in Escherichia coli. V. Regulation of cation content. J.
Gen. Physiol. 49:221-234.

9. Ghuysen, J. M. 1968. Use of bacteriolytic enzymes in
determination of wall structure and their role in cell
metabolism. Bacteriol. Rev. 32:425-464.

10. Ghuysen, J. M., and G. D. Shockman. 1973. Biosyn-
thesis of peptidoglycan, p. 37-130. In L. Leive (ed.),
Bacterial membranes and walls. M. Dekker Inc., New
York.

11. Glaser, L. 1973. Bacterial cell surface polysaccharides.
Annu. Rev. Biochem. 42:91-112.

12. Hartmann, R., S. B. Bock-Hennig, and U. Schwarz.
1974. Murein hydrolases in the envelope of Escherichia
coli. Properties in situ and solubilization from the en-
velope. Eur. J. Biochem. 41:203-208.

13. Hebeler, B. H;, and F. E. Young. 1975. Autolysis of
Neisseria gonorrhoeae. J. Bacteriol. 122:385-392.

14. Hirota, Y., H. Suzuki, Y. Nishimura, and S. Yasuda.
1977. On the process of cellular division in Escherichia
coli: a mutant of E. coli lacking a murein lipoprotein.
Proc. Natl. Acad. Sci. U.S.A. 74:1417-1420.

15. Hughes, R. C. 1970. Autolysis of isolated cell walls of
Bacillus licheniformis N.C.T.C. 6346 and Bacillus sub-
tilis Marburg strain 168. Biochem. J. 119:849-860.

16. Iwaya, M., and J. L. Strominger. 1977. Simultaneous
deletion of D-alanine carboxypeptidase 1B-C and pen-
icillin-bi g CC t IV in a mutant of Escherichia
coli K 12. Proc. Natl Acad. Sci. U.S.A. 74:2980-2984.

L

-

17.

18.

19.

21.

22.

23.

24.

25.

27.

3L

32.

35.

AUTOLYSIS OF E. COLI 59

Kung, F. C,, J. Raymond, and D. A. Glaser. 1976.
Metal ion content of Escherichia coli versus cell age. J.
Bacteriol. 126:1089-1095.

Leive, L. 1965. Release of lipopolysaccharide by EDTA
treatment of E. coli. Biochem. Biophys. Res. Commun.
21:290-296.

Leive, L. 1968. Studies on the permeability change pro-
duced in coliform bacteria by ethylenediaminetetraac-
etate. J. Biol. Chem. 243:2373-2380.

Leutgeb, W., and U. Schwarz. 1967. I. Abbau des Mu-
reins als erster Schritt beim Wachstum des Sacculus. Z.
Naturforsch. 22b:545-549.

Macleod, R. A. 1965. The question of the existence of
specific marine bacteria. Bacteriol. Rev. 29:9-23.

Matsuhashi, M., Y. Takagaki, I. N. Maruyama, S.
Tamaki, Y. Nishimura, H. Suzuki, U. Ogino, and
Y. Hirota. 1977. Mutants of Escherichia coli lacking
in highly penicillin-sensitive D-alanine carboxypepti-
dase activity. Proc. Natl. Acad. Sci. U.S.A. 74:2976-
2979.

McQuillen, K. 1960. Bacterial protoplasts, p. 249-359. In
1. C. Gunsalus and R. Y. Stanier, (ed.), The bacteria.
Academic Press Inc., New York and London.

Miller, J. H. 1972. Experiments in molecular genetics, p.
431-432, Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Mohan, R. R,, D. P. Kronish, R. S. Pianotti, R. L.
Epstein, and B. S. Schwartz. 1965. Autolytic mech-
anism for spheroplast formation in Bacillus cereus and
Escherichia coli. J. Bacteriol. 90:1355-1364.

de Pamphilis, M. L. 1971. Dissociation and reassembly
of Escherichia coli outer membrane and of lipopolysac-
charide, and their reassembly on to flagellar basal bod-
ies. J. Bacteriol. 105:1184-1199.

Rayman, M. K,, and R. A. Macleod. 1975. Interaction
of Mg?* with peptidoglycan and its relation to the
prevention of lysis of marine pseudomonads. J. Bacte-
riol. 122:650-659.

. Rogers, H. J. 1970. Bacterial growth and the cell enve-

lope. Bacteriol. Rev. 34:194-214.

. Schwarz, U., and W. Weidel. 1965. Zum Wirkungsme-

chanismus von penicillin. II. Nachweis eines Penicillin-
induzierten hydrolytischen Abbaus von Murein und
Mureinvorstufen in E. coli B. Z. Naturforsch. 20b:153-
152

. 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 thick-
ening. Bacteriol. Rev. 29:345-358.

Suzuki, H., Y. Nishimura, S. Yasuda, A. Nishimura,
M. Yamada, and Y. Hirota. 1978. Murein-lipoprotein
of Escherichia coli: a protein involved in the stabiliza-
tion of bacterial cell envelope. Mol. Gen. Genet. 167:1-
9.

Tomasz, A., and J. V. Holtje. 1977. Murein hydrolases
and the lytic and killing action of penicillin, p. 209-215.
In D. Schlessinger (ed.), Microbiology—1977. American
Society for Microbiology, Washington, D.C.

. van Heijenoort, J., C. Parquet, B. Flouret, and Y.

van Heijenoort. 1975. Envelope-bound N-acetylmu-
ramyl-L-alani idase of Escherichia coli K 12. Pu-
rification and properties of the enzyme. Eur. J. Bio-
chem. 58:611-619.

. Wegener, W. S,, B. H. Hebeler, and S. A. Morse. 1977.

Cell envelope of Neisseria gonorrhoeae: relationship
between autolysis in buffer and the hydrolysis of pep-
tidoglycan. Infect. Immun. 18:210-219.

Yem, D. W,, and H. C. Wu. 1976. Isolation of Esche-
richia coli K-12 mutants with altered levels of 8-N-
acetylglucosaminidase. J. Bacteriol. 125:372-373.

. Young, F. E. 1966. Autolytic enzyme associated with cell

walls of Bacillus subtilis. J. Biol. Chem. 241:3462-3467.



