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A biochemical method was developed to quantitatively compare the effective-
ness of beta-lactams in triggering murein degradation (autolysin activity) in
Escherichia coli. Bacteria prelabeled in their cell walls with radioactive diami-
nopimelic acid in growth medium were exposed for 10 min to the antibiotics at
the appropriate minimal growth inhibitory concentrations and at multiples of
these values, and the rate of cell wall degradation was followed during subsequent
incubation of the cells in a buffer solution. Beta-lactams with high affinity for the
penicillin-binding protein (PBP)-1 were the most effective triggers of autolytic
wall degradation; beta-lactams selective for PBP-2 were the poorest; and antibi-
otics preferentially binding to PBP-3 showed intermediate activities. The relative
effectiveness of beta-lactams in autolysin triggering was found to parallel the
effectiveness of the same drugs in causing rapid loss of viability, culture lysis, and
spheroplast formation. Autolysin triggering was suppressed by inhibitors of pro-
tein and ribonucleic acid biosynthesis but not by inhibitors of deoxyribonucleic
acid synthesis. The beta-lactam-induced cell wall degradation did not seem to
involve a direct stimulation of enzyme activity or synthesis of new enzyme
molecules, and murein sacculi isolated from cells that had been preexposed to a
triggering dose of beta-lactam treatment exhibited the same sensitivity to crude,
homologous autolysins as sacculi prepared from untreated control bacteria. On
the basis of these observations, mechanisms are considered for the triggering of
E. coli autolysins and for the role of autolytic activity in bacterial spheroplast

formation, lysis, and death.

Structurally different beta-lactams are known
to cause considerably different physiological ef-
fects in Escherichia coli. For instance, cepha-
loridine or cephalothin causes rapid lysis of cul-
tures (11, 29). Others, such as cephalexin, cause
inhibition of cell division and induce the forma-
tion of long filamentous cells (11, 29). Still an-
other group of beta-lactams, namely, mecillinam
(10, 21) and, at low concentrations, thienamycin
and clavulanic acid (31), cause the formation of
ovoid cells. In parallel to their different physio-
logical effects, beta-lactams also seem to differ
in their affinities to the penicillin-binding pro-
teins (PBPs) of the E. coli plasma membrane
(28), and beta-lactams which show strong cell
lytic action have high affinity for PBP-1 (PBP-
la and/or -1b) (30, 33). Recent studies on a
series of mutants defective in PBPs have indi-
cated that PBP-1 mutants defective in PBP-1b
were hypersensitive to penicillin and a double
mutant carrying a temperature-sensitive muta-
tion in PBP-1a plus a constitutive defect in PBP-
1b would undergo culture lysis when shifted to
the restrictive temperature (22, 33).

In several gram-positive bacteria, penicillin-
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induced cell lysis was shown to involve the ac-
tivity of murein hydrolases (“autolysins”), since
in cells with suppressed autolytic activities pen-
icillin caused only inhibition of growth without
cell lysis (1, 7, 36).

Degradation of murein during penicillin treat-
ment of E. coli was first reported by Schwarz
and Weidel (27). Goodell et al. showed that lytic
effects of beta-lactams against E. coli may be
dissociated from effects on shape, division, and
elongation by growth at low pH (9). More re-
cently, direct activation by penicillins of ex-
tracted autolysins of E. coli and Klebsiella pneu-
moniae was demonstrated (6). Thus, the possi-
bility that autolysins might have an important
role in beta-lactam-induced lysis of gram-nega-
tive bacteria has already been suggested.

In this communication, a biochemical method
is described that has allowed a comparison of
beta-lactams with respect to their effectiveness
in triggering autolysin activity in E. coli. We
found that the autolysin-triggering efficiency of
various beta-lactams was related to the lytic,
bactericidal, and spheroplast-inducing action of
these antibiotics. The results are consistent with
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a mechanism in which inhibition of a protein in
PBP group 1 is presumed to lead to the trigger-
ing of the activity of one (or more) of the murein
hydrolases of E. coli which, in turn, is responsi-
ble for lysis, protoplast formation, and loss of
viability.

MATERIALS AND METHODS

Bacterial strain and culture conditions. E. coli
x 1776 F~ tonA53 dapD8 minA1 supE42 A40(gal-uvrB)
A” minB2 rfb-2 gyrA25 oms-2 thyA57* met 065 oms-1
A29(bioH-asd) cycB2 cycAl hsdR2 (3) was used in all
experiments. Bacteria were cultured without aeration
at 32°C in Penassay broth (Difco antibiotic medium
no. 3) supplemented with 2,6-diaminopimelic acid
(DAP; 20 pg/ml), biotin (0.2 ug/ml), and thymidine
(30 ug/ml) (supplemented Am-3 medium).

Murein was radioactively labeled by adding (DL-
meso)-2,6-diamino[ U-*H]-pimelic acid ((*H]DAP, 1.5
Ci/mmol; Amersham/Searle Corp., Arlington Heights,
Il.) and L-lysine (1 mg/ml) to the medium (["H]DAP
medium); 1.0 uCi of [PH]DAP was added per milliliter
of culture medium, giving a final DAP concentration
of 3.126 ug/ml.

Antibiotics and reagents. Benzylpenicillin (Pfizer
Inc., New York, N.Y.), cephaloridine and cephalothin
(Eli Lilly & Co., Indianapolis, Ind.), ampicillin (Bristol
Laboratories, Syracuse, N.Y.), sodium dicloxacillin
and 6-aminopenicillanic acid (6-APA) (both from
Wyeth Laboratories Inc., Philadelphia, Pa.), mecilli-
nam (Leo Co., Ballerup, Denmark), chloramphenicol
(GIBCO Laboratories, Grand Island, N.Y.), and rif-
ampin (Sigma Chemical Co., St. Louis, Mo.) were
commercial products. Cephalexin was a gift from Ken-
neth Price of Bristol Laboratories, Syracuse, N.Y., and
mitomycin C was donated by Maria Tomasz of Hunter
College, New York, N.Y. Penicillinase and sodium
deoxycholate (DOC) were purchased from Riker Lab-
oratories Inc., Northridge, Calif., and Sigma Chemical
Co., St. Louis, Mo., respectively. All other chemicals
and media components were reagent-grade, commer-
cially available products.

Assay of triggered autolysin. The term “trigger-
ing” of autolysin (or autolysin activity) is used
throughout this paper to refer to a specific way of
provoking cell wall hydrolysis (without any specific
mechanistic implications), as defined by the operations
to be described next.

After growth in medium supplemented with
[*HIDAP for several generations, cells in the exponen-
tial growth phase were collected by centrifugation
(4,300 X g, 5 min), transferred to isotope-free growth
medium, and incubated for 50 min (ie., a period of
about one generation) in order to deplete cellular pools
of the ["H]DAP. After this period, 1.5-ml portions of
the culture were distributed into a number of small
tubes containing beta-lactams at various concentra-
tions (representing multiples of the corresponding
minimum inhibitory concentration [MIC] values) and
incubated for an additional 10 min. The cultures were
immediately chilled (ice bath) and then centrifuged at
3,300 X g for 5 min at 4°C. Cells were washed with 1.5
ml of ice-cold phosphate buffer (0.1 M, pH 7.0), resus-
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pended in 1.5 ml of the same buffer containing 10 mM
MgSO,, and incubated at 32°C. The total time needed
to transfer the cells to the buffer was about 5 to 8 min.
After 0, 30, 60, 90, and 120 min of incubation, 200-pl
portions were removed into prechilled Eppendorf mi-
crocentrifuge tubes containing 20 ul of 38% formalde-
hyde (to stop murein hydrolase activity).

After centrifugation at 12,000 X g for 10 min in the
cold (4°C), radioactivity in 100 ul of the supernatants
was counted. To determine total radioactivity of the
reaction mixture, 200-ul portions were mixed with 20
ul of 4% DOC and incubated for 30 min at 32°C; a 100-
ul portion of this suspension was used to determine
radioactivity. The activity of autolysin triggered by
beta-lactams was expressed as the rate of degradation
(percentage) of murein during a 2-h incubation of the
beta-lactam-treated cells in buffer. The rates were
corrected for the spontaneous rate of release of radio-
activity from the control (untreated) cells.

Assay of spheroplast-forming ability. Cells in
exponential growth phase (10° viable units/ml) were
collected by centrifugation at 4,300 X g for 5 min and
suspended in %o volume of supplemented Am-3 me-
dium. Two-milliliter portions of a protoplasting me-
dium (supplemented Am-3 containing 5% sucrose, 0.1%
MgSO,, and antibiotics at multiples of their MICs)
were distributed into small (11 by 100 mm) test tubes
and were inoculated with 0.1-ml portions of the con-
centrated cell suspension. The suspensions were in-
cubated at 32°C under slow shaking for 1 h, and the
percentage of bacteria converted to spheroplasts (de-
fined as spherical cells) was determined by microscopic
observation (Carl Zeiss microscope). At least 500 cells
(in eight randomly selected fields) were counted for
each determination.

Other assay procedures. Culture growth and cul-
ture lysis were monitored with a Coleman nephocolor-
imeter (24). Viable titers of the cultures were assayed
by routine plating procedures. Antibiotics were re-
moved before plating by dilution to levels that had no
detectable effect on bacterial growth in liquid culture
or in agar medium. Growth media were used as dilu-
ents. Radioactivity was measured in 6 ml of Biofluor
(New England Nuclear Corp., Boston, Mass.) by a
Nuclear-Chicago Mark II scintillation spectrometer.

Triggering of murein hydrolase by 5% tricho-
loroacetic acid or 20% sucrose treatment. A sus-
pension of cells (5 X 10° viable units/ml) in 0.01 M
tris-(hydroxymethyl)aminomethane  (Tris)-maleate
buffer (pH 6.2) containing 10 mM MgSO, was mixed
with trichloroacetic acid (final concentration, 5%) or
sucrose solution (final concentration, 20%), and the
sample was kept on ice for 10 min. The cells were
washed three times by centrifugation in the buffer and
resuspended in the same buffer (12).

Preparation of murein labeled with radioac-
tive DAP from penicillin-treated and nontreated
cells. After several generations of growth in [PH]DAP
medium, the bacteria were transferred into isotope-
free growth medium for one generation. The culture
was divided into two portions (8 ml each); one received
500 ug of benzylpenicillin per ml, and the other served
as control. After incubation for 10 min, cells were
collected by centrifugation (4,300 X g, 5 min) and
suspended in 1 ml of ice-cold water. The cell suspen-
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sion was placed into an equal volume of boiling 1%
sodium dodecyl sulfate. After boiling for 10 min, the
samples were centrifuged (35,000 X g, 60 min, 25°C)
to pellet the murein (2). The pellet was washed three
times with 5 ml of 0.01 M Tris buffer (pH 7.5) contain-
ing 0.02 M NaCl and finally suspended in 1 ml of ice-
cold water.

Preparation and assay of murein hydrolase.
Exponentially growing cells from 50-ml cultures (cell
concentration, 10° viable cells/ml) were collected by
centrifugation and washed with 10 ml of 0.05 M Tris
buffer (pH 7.4) containing 0.08 M KCl, 7 mM MgCl,,
and 2 mM ethylenediaminetetraacetic acid (EDTA).
Bacterial envelopes were prepared by suspending the
cells in 3.5 ml of the same buffer, adding 3.5 g of glass
beads (0.7-mm diameter; Minnesota Mining & Manu-
facturing Co., St. Paul, Minn.), and shaking them for
10 min at 60 Hz in a Mickle cell disruption apparatus
(The Mickle Laboratory Engineering Co., Gomshall,
England). The envelopes were collected by centrifu-
gation (35,000 X g, 60 min) and suspended in 1 ml of
0.01 M Tris buffer (pH 7.8) containing 5 mM EDTA
and 2% Triton X-100 at 0°C to solubilize the envelope.
Murein hydrolase activity was assayed in 0.01 M Tris-
maleate buffer (pH 6.2) containing 0.01 M Mg** and
1% Triton X-100 at 32°C, using [*H]murein (0.02 mg
[dry weight] per ml of incubation mixture) as a sub-
strate (12).

Electron microscopy. Thin sectioning and elec-
tron microscopic observation were carried out accord-
ing to methods described previously (8).

RESULTS
Culture lysis induced by benzylpenicillin
or by DOC. E. coli x 1776 is sensitive to surfac-
tants (3), and addition of DOC to cell suspen-
sions caused lysis as indicated by the rapid de-
crease in the optical density or light-scattering
value (Fig. 1).
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F1G6. 1. DOC-induced cell lysis of E. coli x 1776.
Cells were harvested at the exponential phase of
growth, resuspended in 0.1 M potassium phosphate
buffer (pH 7.0), and incubated at 32°C. DOC (800 pg/
ml) was added to culture B at the times indicated.
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Figure 2 shows the effect of benzylpenicillin
(500 pg/ml; corresponding to 8 X MIC) on E.
coli x 1776 cultures. Turbidity decrease (cell
lysis) started 30 min after the addition of ben-
zylpenicillin, and lysis could not be prevented by
the addition of penicillinase as early as 5 to 15
min after the addition of penicillin.

Although both DOC and benzylpenicillin
caused cell lysis (as indicated by the optical
measurements), the mechanisms of the two
processes appeared to be quite different.
Whereas penicillin-induced cell lysis was accom-
panied by an extensive degradation and release
of cell wall material into the outside medium,
there was virtually no detectable cell wall deg-
radation during DOC-induced culture lysis (Fig.
3). Electron microscopic observation of DOC-
lysed and penicillin-lysed bacteria revealed a
general fading (decrease in contrast) in the cy-
toplasm of the DOC-treated cells, whereas pen-
icillin treatment produced cell envelope frag-
ments and empty vesicles (Fig. 4).

Triggering of autolysin activity and cell
lysis. A series of experiments was performed to
evaluate and compare the effectiveness of var-
ious beta-lactams in causing culture lysis (mea-
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F1G6. 2. Growth of E. coli x 1776 in the presence of
benzylpenicillin. Cultures were distributed to a num-
ber of culture tubes at time zero, and cultures B, C,
D, and E received 500 pg of benzylpenicillin. Cultures
C, D, and E also received 100 U of penicillinase per
ml after 5, 10, and 15 min, respectively.
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Fic. 3. Effect of DOC and benzylpenicillin on
release of cell wall materials. After several genera-
tions of growth in [PH]DAP medium, the bacteria
were cultured in medium with nonradioactive DAP
for one generation. (A) Five milliliters of the culture
was centrifuged at 4,300 X g for 5§ min. Cells were
suspended in 5 ml of 0.1 M potassium phosphate
buffer (pH 7.0), distributed into two tubes (2.5 ml
each), and incubated at 32°C. One tube received DOC
(800 pg/ml) at time zero. (B) Another 5 ml of the
culture was distributed into two tubes (2.5 ml) each
and continued to cultivation. One tube received ben-
zylpenicillin (500 ug/ml) at time zero. Portions (200
pl) were taken at the times indicated and put into ice;
20 ul of 4% solution of serum albumin and 20 pl of
50% trichloroacetic acid solution (wt/vol) were added
sequentially. After sedimentation of precipitates (5
min at 12,000 X g), radioactivity in 100 pl of super-
natant was counted in 6 ml of Biofluor. Degradation
rate of murein is expressed as the percentage of
radioactive label released.
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sured by the conventional optical procedures)
and initiating cell wall degradation (measured
by the biochemical technique described in Ma-
terials and Methods).

Figure 5 summarizes the effect of various beta-
lactams (applied at multiples of their MICs) on
cell lysis of E. coli x 1776 and on triggering of
autolytic activity. It may be seen that beta-lac-
tams differed widely in their effectiveness both
in causing culture lysis and in triggering cell wall
degradation. Antibiotics which are known to
cause rapid lysis when added to growing E. coli
cultures, i.e., cephaloridine and cephalothin,
were more effective in triggering of autolysin
activity than benzylpenicillin. Benzylpenicillin
and ampicillin caused the formation of filamen-
tous cells at low concentrations and rapid lysis
at high concentrations. Low concentration of
these antibiotics did not trigger autolysin, but at
high concentrations autolysin was triggered ef-
fectively. Cephalexin, which causes the forma-
tion of filamentous cells throughout a wide range
of drug concentrations, was a poor trigger of
autolysin even at high concentrations. Dicloxa-
cillin and 6-APA were also less effective than
benzylpenicillin. Mecillinam, which induces the
growth of ovoid cells, scarcely triggered autoly-
sin. Thus, cell lysis by beta-lactams in culture
conditions was well correlated with the activity
of autolysis triggered by short-term treatment of
cells with corresponding beta-lactams.

Inhibition of autolysin triggering by in-
hibitors of protein and RNA biosynthesis.

o

F16. 4. Electron micrographs of E. coli x 1776 cells after DOC and penicillin-induced lysis. Bacteria were
fixed in glutaraldehyde after 2 h of treatment with detergent or drug. (A) Control cells; (b) DOC-treated cells;
(C) penicillin-treated cells (as described in the legend to Fig. 3).



842

KITANO AND TOMASZ

ANTIMICROB. AGENTS CHEMOTHER.

Growth Hydrolysis rate Growth Hydrolysis rate
N Cephaloridine of murein Cephalothin of murein
0 0
400 1 400H 1
2
200 | 2 200 1
4 4
1
100 8 100 8
g 16 % 16
50 6 SOL 186
Benzylpenicillin Ampicillin

400

200

100

400

200

100

50

400

200

100

50

0
1 1
4
2 8
4 16
8
16
Mecillinam 6—APA
o o]
1,24 1 40°F al
8,16
| 2 1 i 2
200]
4
8 100]
16 16
o]
Cephalexi
p xin 01.2,4 Dicloxacillin
1 400] 1
| 2 2
16 200| l
4 4
8 8
100} 16 8
16
50|
0 60 120 180 o0 10 20 O 60 120 180 O 10 20
Minutes Per cent Minutes Per cent

F16. 5. Effect of different concentrations of various beta-lactams on cell lysis of E. coli x 1776 and triggering
of autolysin activity. Bacterial cultures were grown in modified antibiotic no. 3 medium without shaking. In
the exponential phase of growth (arrow), the cultures received antibiotics at the concentrations indicated by
the numbers (multiples of their MICs), and the growth response of the bacterial cultures was followed by
nephelometry. Activity of triggered autolysin by various concentrations (multiples of their MICs) of beta-
lactams is also illustrated by the histogram at the right side of each figure. The activity is expressed as the
degradation rate (percentage) of murein in 2 h (see Materials and Methods).
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It is well known that active cellular growth is
required for both the penicillin-induced death
and lysis of bacteria (14, 20, 25). We examined
the effect of inhibitors of protein and of ribonu-
cleic acid (RNA) and deoxyribonucleic acid
(DNA) biosynthesis on triggering of autolysin
activity. Autolysin triggering was completely in-
hibited by pretreatment of the bacteria with
chloramphenicol or rifampin before exposure to
benzylpenicillin. In fact, rifampin treatment was
found to suppress even the slow spontaneous
degradation of cell walls that is observable dur-
ing incubation of control cells in the buffer (see
curve C in Fig. 6). Pretreatment with an inhibi-
tor of DNA synthesis (mitomycin C) had only
minor inhibitory effect.

Triggering of autolysin and cell death. To
clarify whether autolysin might cause loss of E.
coli viability, the viability change during treat-
ment with various beta-lactams was followed by
measuring the colony-forming ability. Figure 7
demonstrates the relative viability at 2 h after
the addition of beta-lactams at multiples of their
MICs. Antibiotics which have strong autolysin-
triggering activity were also found to cause the
fastest and most extensive loss of viability. In
the case of mecillinam under the culturing con-
ditions used, there was no loss of viable titer
within 2 h, even after exposure to high concen-
trations of the drug. Thus, cell death in the early
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F1G. 6. Effect of inhibitors of protein, and RNA
and DNA biosynthesis on triggering of autolysin by
beta-lactams. After several generations of growth in
[PH]DAP medium, four tubes of culture (8 ml each)
were transferred into isotope-free medium for one
generation, resuspended in the same medium, and
given (A) no drug, (B) 100 pg of chloramphenicol per
ml, (C) 100 pg of rifampin per ml, and (D) 0.2 pg of
mitomycin C per ml, respectively. After 20 min, each
culture was distributed into five tubes (1.5 ml each)
and received cephaloridine at different multiples of
its MIC. The activity of triggered autolysin was mea-
sured by the method described in the text and ex-
pressed as hydrolysis rate (percentage) of murein
measured after 2 h of incubation.
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Fi1c. 7. Bactericidal action of various beta-lac-
tams. The cultures in the exponential growth phase
(2 X 10" cells/ml) received antibiotics at the concen-
trations (multiples of their MICs) indicated by the
numbers. After 2 h, 200 ul portions of the cultures
were immediately diluted with modified Am-3 me-
dium, and the number of viable cells was determined.
Antibiotics: (A) mecillinam; (B) cephalexin; (C) 6-
APA; (D) dicloxacillin; (E) cephaloridine; (F) ceph-
alothin; (G) benzylpenicillin; (H) ampicillin.

stage of beta-lactam treatment also correlated
well with the activity of triggered autolysin.

Triggering of autolysin and spheroplast
formation. Induction of spheroplast formation
by penicillin has been known for some time (19),
and it seems likely that this phenomenon also
depends on the action of autolysins. The spher-
oplast-forming ratio (at 1 h after the addition of
beta-lactams in sucrose-containing medium) was
measured by microscopic observation and plot-
ted against the drug concentration. Spheroplast
formation was most effectively induced by beta-
lactams which had strong autolysin-triggering
activity (Fig. 8).

Inhibition of murein hydrolysis by beta-
lactams. As described above, treatment of cells
with beta-lactams enhanced the degradation
rate of murein in situ; i.e., beta-lactams triggered
autolysin. To learn about the mechanism of this
phenomenon, a number of exploratory experi-
ments were carried out.
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Fi1c. 8. Spheroplast-forming ability of various
beta-lactams. The cells in exponential growth phase
(10° cells/ml) were collected by centrifugation, sus-
pended in modified Am-3 medium supplemented with
5% sucrose, 0.1% MgSO.,, and beta-lactams at multi-
ples of their MICs, and incubated for 1 h at 32°C. The
proportion (percentage) of spheroplasts in the cul-
tures was determined by microscopic observation.
Antibiotics: (@) cephaloridine; (O) cephalothin; (&)
benzylpenicillin; (A) ampicillin; (V) cephalexin; (O)
6-APA; (V) mecillinam; (B) control cells.

The effect of various beta-lactams on an al-
ready triggered cell wall degradation was first
examined by using cells exposed to a triggering
dose of benzylpenicillin. After the usual 10-min
exposure (to trigger autolysis), the bacteria were
suspended in the lysis buffer, and it was in this
medium that some of the suspended cells re-
ceived additional beta-lactam treatment. None
of the beta-lactams tested stimulated the rate of
cell wall degradation (that had already been
triggered by the first exposure to benzylpenicil-
lin) (Table 1). In fact, and surprisingly, it was
found that high concentrations of certain beta-
lactams suppressed the rate of cell wall degra-
dation. Interestingly, the more effective autoly-
sin-triggering beta-lactams (such as cephalori-
dine and cephalothin) were also found to be the
more effective inhibitors of wall degradation;
poor triggering agents (e.g., mecillinam) had no
inhibitory activity. A similar inhibitory action
by beta-lactams was also observed in cells trig-
gered (to degrade their cell walls) by other
agents such as exposure to 5% trichloroacetic
acid or 20% sucrose (not documented). The sig-
nificance of these unexpected observations is not
clear at the present time. On the other hand, the
data show clearly that beta-lactams did not stim-
ulate the in vivo activity of autolysins as mea-
sured by our assay procedures.

Autolysin content of penicillin-treated
and control bacteria. The rapid degradation
of cell walls after treatment of bacteria with
certain beta-lactams might be caused by the

ANTIMICROB. AGENTS CHEMOTHER.

induced synthesis of new autolysin (hydrolase)
molecules in the penicillin-treated cells; this pos-
sibility has already been considered in the earlier
literature (25). We compared the total autolysin
activities of control cells and of cells pretreated
with a triggering dose of penicillin by two meth-
ods. In the first method, control and penicillin-
treated bacteria were treated with detergent so-
lution to extract autolysins, and the specific ac-
tivities of such extracts were compared by de-
termining the rates of degradation of added ra-
dioactive cell walls. No differences were detect-
able between the control and penicillin-treated
extracts by this assay (not documented). In a
second type of assay, bacteria were labeled with
radioactive cell wall precursors, and a portion of
the cells were subsequently treated with a trig-
gering dose of penicillin. Next, both control and
penicillin-treated cells were briefly exposed to
cold trichloroacetic acid by a procedure that is
known to induce cell wall degradation in E. coli
(12). The rate of cell wall degradation was again
found to be very similar in the control and drug-
treated cells (Fig. 9). These experiments do not
absolutely rule out the possibility of differences
in autolysin concentration; nevertheless, no dif-
ferences were apparent within the limitations of
the method.

Hydrolysis of murein sacculi isolated
from penicillin-treated and nontreated
cells. Beta-lactams are known to inhibit the
cross-linking reaction of newly formed peptido-
glycan, and such poorly cross-linked murein sac-
culi might be hypersensitive to the action of
murein hydrolases (24, 32). To test this point,

TABLE 1. Effect of beta-lactams on hydrolysis of
murein by penicillin-triggered autolysin®

Relative activity
Antibiotic
1® 10 100

Benzylpenicillin ... ... .. 87.0 74.5 56.5
Ampicillin ..... ... .. 98.2 90.2 84.5
Cephaloridine .. ... ... . 98.0 55.4 28.8
Cephalothin ....... .. .. 74.5 413 28.8
Cephalexin ........ .. .. 95.5 98.2 100.0
Dicloxacillin .. ......... 85.0 60.0

Mecillinam ... ... ..., 98.0 94.5 93.0
6-APA .. .. ... ... .. .. 99.0 98.5

° ["H]DAP-labeled cells were treated with 500 ug of
benzylpenicillin per ml for 10 min, washed, and sus-
pended in 0.1 M phosphate buffer (pH 7.0) containing
10 mM MgSO.. A 1.4-ml portion of cell suspension was
mixed with 0.1 ml of antibiotics to give final concen-
tration of 0 (100% relative activity), 1, 10, or 100 times
MIC and incubated at 32°C for 120 min. The hydrol-
ysis rate of murein was expressed relative to that in
mixture without beta-lactam of 100.

® Antibiotic concentration (X MIC).
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Fi1c. 9. Hydrolysis rate of penicillin-treated and
nontreated cells after triggering with trichloroacetic
acid. After labeling with [PH]DAP for several gen-
erations, cells were collected and transferred to iso-
tope-free medium for 50 min. Two milliliters of this
culture was treated with 500 pg of benzylpenicillin
per ml for 10 min (A), and another 2-ml culture
received no drugs (B). Cells of both tubes were col-
lected, treated with cold trichloroacetic acid (see Ma-
terials and Methods), washed, and incubated in
buffer at 32°C; the degradation rate of murein (per-
centage) was plotted against incubation time.

180

murein sacculi were isolated from penicillin-
treated and nontreated cells by the hot sodium
dodecyl sulfate extraction method, and the rates
of hydrolysis of these murein sacculi by a crude
murein hydrolase extract were compared. No
differences were apparent (Table 2).

DISCUSSION

The essential role of murein hydrolases in
penicillin-induced lysis has been established in
several gram-positive bacteria (1, 7, 35, 36). The
relationship of murein hydrolases to cell lysis is
less clear in the case of E. coli. Lysis of E. coli
cultures after treatment with beta-lactams has
been described repeatedly, and a role of murein
hydrolase activity has also been suggested (6, 26,
27, 38). A variety of cell wall degradation prod-
ucts have been isolated from penicillin-induced
spheroplasts (27). More recently, it has also been
recognized that structurally different beta-lac-
tams may differ greatly in their ability to induce
cell or culture lysis at or above their correspond-
ing MICs (29). However, we are not aware of
definitive evidence that penicillin-induced lysis
of E. coli is caused by the triggered bacterial
autolysin activity. The experimental results de-
scribed in this communication should establish
a more definitive and quantitative relationship
between the triggering of autolysin activity and
beta-lactam-induced cell lysis in E. coli.
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The importance of establishing by a direct
biochemical assay the involvement of murein
hydrolase activity in bacterial lysis (deduced
from optical measurements) is illustrated by the
results in Fig. 3. Both DOC and penicillin caused
lysis (turbidity drop), but only in the latter proc:
ess was there evidence for the involvement of
murein hydrolase activity. The observations de-
scribed clearly show that the rate of cell wall
degradation was a function of the antibiotic con-
centration, and with many beta-lactams it could
be initiated by a brief exposure to the antibiotics
at or near the MIC. Even more striking is the
correlation between the autolysin-triggering ef-
ficiency (i.e., specific activity expressed per MIC
unit) and beta-lactam structure; cephaloridine,
cephalothin, benzylpenicillin, and ampicillin had
the highest and mecillinam and 6-APA had the
lowest efficiencies. In E. coli strain x 1776, the
PBPs and their relative affinities for the various
beta-lactams appear to be similar to those of
other E. coli K-12 strains (29; unpublished data).
From the beta-lactams examined, it seems that
those with high affinity for PBP-1 have the
highest and those with special affinities for PBP-
2 (mecillinam) have the lowest triggering effi-
ciencies, whereas beta-lactams with selective af-
finities for PBP-3 (cephalexin or dicloxacillin)
occupy intermediate positions. These experi-
ments strongly suggest that the rapid disintegra-
tion (lysis) of E. coli after exposure to benzyl-
penicillin and many cephalosporins is caused by
the triggering of murein hydrolase activity.

During penicillin treatment of most bacteria,
including E. coli, the rate of loss of viability is
generally much faster than culture lysis (35). In
several bacteria cultured under lysis nonpermis-
sive conditions, or in autolysin-defective mu-
tants of pneumococci, however, it was noted that
loss of viability was much slower than in the

TaBLE 2. Hydrolysis of murein sacculi isolated
from penicillin-treated and control cells®

Degradation rate of murein (%)

Amt of enzyme
(ul) . Penicillin-treated
Nontreated sacculi sacculi
20 440 46.0
50 67.5 63.0

“ Reaction mixture containing 20 ul of murein sac-
culi, 20 or 50 pl of enzyme (see Materials and Meth-
ods), and 130 ul of 0.01 M Tris-maleate buffer (pH 6.2)
containing 0.01 M Mg** and 1% Triton X-100 in a final
volume of 200 pl was incubated at 32°C for 60 min.
The reaction mixture was chilled on ice, and 20 ul of
4% serum albumin and 20 ul of 50% trichloroacetic
acid were added. After centrifugation at 12,000 X g for
5 min, radioactivity in 100 pl of supernatant was
counted.
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lysis-prone bacteria (36), suggesting that autol-
ysin activity may be involved in the loss of
viability as well. Our experiments indicate that
the rate of loss of viability of beta-lactam-treated
E. coli parallels closely the specific autolysin-
triggering activity of the corresponding beta-lac-
tams. In the case of cephalexin, although the
activity of triggered autolysin is not so strong,
viability loss might still be caused by the en-
zyme. In the case of mecillinam, however, quite
different mechanisms might work to kill the
cells, because autolysin was scarcely triggered
and no viability loss occurred within 2 h. These
findings suggest that autolysin activity may be
responsible for the rapid loss of viability observ-
able in E. coli cultures treated with beta-lactams
that can efficiently trigger these enzymes. Ad-
ditional evidence for this comes from the obser-
vation that conditions known to antagonize the
irreversible antibacterial effects of penicillins,
such as treatment with inhibitors of protein or
RNA synthesis, also inhibit triggering of autol-
ysin activity (see Fig. 6). Further supportive
evidence for this notion is provided by the pen-
icillin response of penicillin-tolerant E. coli mu-
tants recently isolated in our laboratory (K. Ki-
tano and A. Tomasz, manuscript in preparation).
These mutants respond to treatment with ben-
zylpenicillin (and other beta-lactams with high
affinity for PBP-1) by inhibition of growth; both
lysis and loss of viability are suppressed, and the
mutants exhibit a lowered autolytic activity
(Kitano and Tomasz, submitted for publication).
Penicillin is known to induce spheroplast for-
mation in E. coli (19), and the spheroplast-form-
ing ability of various beta-lactams is also quite
parallel to the autolysin-triggering efficiency of
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these antibiotics (Fig. 8). Thus, cell lysis, cell
death in early stages, and spheroplast formation
in E. coli, which occur when cells are treated

-with beta-lactams, may all be phenomena in

which the rate-limiting step is the activity of
triggered autolysin.

Table 3 summarizes the relationships between
beta-lactam structure and the various known
physiological effects of these antibiotics, includ-
ing autolysin-triggering efficiency, induction of
cell lysis, cell death and spheroplast formation,
affinity for PBP-1, and effect on the morphology
of the cells. All the data indicate strongly that
PBP-1 is the autolysin-triggering target. On the
other hand, it is not at all clear how and why
the inhibition of PBP-1 activity (presumably the
major murein transpeptidase of E. coli [34])
should cause the triggering of autolytic enzyme
activity. The data presented here indicate that
autolytic cell wall degradation rapidly follows
inhibition of the activity of PBP-1. It is conceiv-
able that poorly cross-linked areas within the
murein act as activators or attachment sites of
one (or more) of the E. coli murein hydrolases.
It is also possible that autolysin triggering is a
response to the accumulation of poorly cross-
linked murein oligomers or other cell wall pre-
cursors. Studies with pneumococci suggest that
in at least some gram-positive bacteria autoly-
sin-inhibitory substances (lipoteichoic acids, lip-
ids) are released from the penicillin-treated cells
(34, 35), and such a loss of as yet unidentified
endogenous inhibitors may also occur in E. coli.
It has been suggested that the autolytic cell wall
degradation after treatment of E. coli cells with
a variety of agents (such as EDTA, cold tri-
chloroacetic acid, or mechanical disruption) may

TABLE 3. Properties of beta-lactams giving various physiological effects

Morphological effects Efficiency of:
Beta-la mic - ATE Pro
ta-lactam -1¢ . to-
@g/m)  Co/ml)  Low conen® High conen® Autolysin gy plast for-
triggering mation”
Cephaloridine 39 19 Lysis Lysis 1.5 1.57 35
Cephalothin 15.6 04 Lysis Lysis 1.0 1.15 44
Ampicillin 39 36 Filaments Lysis 6.0 1.63 6.7
“Benzylpenicillin 31.26 1.7 Filaments Lysis 7.5 2.60 76
Cephalexin 15.6 59.0 Filaments Filaments >100 >16 »16
(slow lysis)
Dicloxacillin 121.0 Filaments Filaments >8 8.0 >16
(slow lysis)
6-APA 62.5 Ovoid Ovoid >16 12.8 >»16
(slow lysis)
Mecillinam 7.8 >500 Ovoid Ovoid 100 16 >16

2 Concentration of beta-lactam required to give 50% competition (30).

% At approximately MIC concentration.
¢ At approximately 10 X MIC concentration.

4 Concentration (X MIC) of antibiotic required to trigger autolysin to give 10% of hydrolysis rate of murein in 2 h.
¢ Concentration (X MIC) of antibiotic required to give 99% death in 2 h.
! Concentration (X MIC) of antibiotic required to give 50% spheroplast-forming ratio by 1 h of incubation.
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be due to the disruption of an anatomical barrier
(plasma membrane) that separates the cell wall
and the hydrolytic enzymes in normally growing
cells (12). Leakiness of the plasma membrane
(16, 17, 37) and loss of lipid material (15, 18)
have been observed during penicillin treatment
of several species of bacteria, and it is possible
that a similar damage to the E. coli plasma
membrane might also be involved in the beta-
lactam-induced autolysin triggering. The explo-
ratory experiments described in this paper con-
cerning the mechanism of autolysin triggering
have yielded only negative results. Using rather
crude assays, we found no evidence in the peni-
cillin-treated cells for an increase in total autol-
ysin activity or any increase in the autolysin
susceptibility of cell wall material, nor did beta-
lactams stimulate an already triggered autolytic
wall degradation. In fact, unexpectedly, some
beta-lactams at high concentrations were found
to suppress the rate of cell wall degradation. A
mechanism of this type may be the basis of the
zonal effect (Eagle effect), i.e., the phenomenon
that the irreversible effects of penicillins require
a concentration optimum in some bacteria (5, 6).
An endopeptidase sensitive to high concentra-
tions of penicillin has been described in E. coli
(13), and it is conceivable that the activity of
this enzyme takes part in the penicillin-triggered
cell wall degradation.

The method described for the comparison of
autolysin-triggering efficiency of beta-lactams
may be used as a simple, fast, and quantitative
test to evaluate one specific effect of beta-lac-
tams, their ability to trigger bacterial autolysins.
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