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The role of protein synthesis in ampicillin-induced lysis of Escherichia coli was investigated. The inhibition
of protein synthesis through amino acid deprivation resulted in the rapid development of ampicillin tolerance
as a consequence of the stringent response, as previously reported. In contrast, inhibition of protein synthesis
by use of ribosome inhibitors such as chloramphenicol did not readily confer ampicillin tolerance and, in fact,
promoted the development of both stages of the ampicillin-induced lysis process, i.e., (i) an ampicillin-
dependent stage which apparently involves the interaction of penicillin-binding proteins with ampicillin and
(ii) an ampicillin-independent stage which may represent the events leading to the deregulation of peptidogly-
can hydrolase activity. We propose that lysis was facilitated when protein synthesis was inhibited because the
production of new penicillin-binding proteins to replace those which were ampicillin inhibited was prevented

under these conditions.

Nongrowing bacteria are known to be insensitive to the
bactericidal activities of B-lactam antibiotics (5). This penicillin
tolerance is the basis of the procedures for the penicillin se-
lection of auxotrophic mutants devised by Lederberg and
Zinder (9) and by Davis (2). Furthermore, Tuomanen et al.
(17) used glucose-limited chemostat cultures of Escherichia
coli to demonstrate that the bactericidal activities of B-lactam
antibiotics were directly related to the bacterial growth rate;
i.e., an increase in generation time was associated with an
increase in the degree of penicillin tolerance.

In relA™ strains of E. coli, amino acid deprivation results in
the global inhibition of a variety of metabolic activities in a
phenomenon known as the stringent response (see reference 1
for a review), and there are reasons to believe that this event is
directly responsible for the penicillin tolerance first observed
by Lederberg and Zinder (9) and by Davis (2). The stringent
response probably represents a global strategy to restrict
energy consumption in an effort to promote survival during
starvation. The mediator of this complex physiological phe-
nomenon is believed to be a novel nucleotide, guanosine 3',5'-
bispyrophosphate (ppGpp), which rapidly accumulates in amino
acid-deprived bacteria. The synthesis of ppGpp during the
stringent response is catalyzed by ppGpp synthetase I, a ribo-
some-associated enzyme encoded by the rel4 gene, which is
activated by amino acid deprivation. The stringent response
can be antagonized (i.e., relaxed) by inhibiting the synthesis of
ppGpp. Two common strategies for accomplishing this have
been to introduce a mutation in rel4 or to treat amino acid-
deprived relA™ bacteria with certain ribosome inhibitors, e.g.,
chloramphenicol, which appear to inhibit the activation of
ppGpp synthetase 1.

Membrane phospholipid synthesis (15), cell wall peptidogly-
can synthesis (6), and penicillin-induced lysis (3, 7) are among
the many metabolic activities which are inhibited by the strin-
gent response. We have shown that the activities of the peni-
cillin-binding proteins (PBPs) involved in peptidoglycan poly-
merization and the peptidoglycan hydrolases are dependent on
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ongoing phospholipid synthesis (14). Therefore, the inhibition
of phospholipid synthesis by ppGpp results in the inhibition of
the membrane-associated steps in peptidoglycan metabolism,
and this is proposed to account for the aforementioned peni-
cillin tolerance of amino acid-deprived relA™ E. coli (12, 14).
We have recently demonstrated a direct correlation between
ppGpp accumulation and penicillin tolerance (13). The accu-
mulation of ppGpp in the absence of amino acid deprivation
was achieved by the controlled overexpression of the cloned
relA gene. This resulted in the inhibition of phospholipid and
peptidoglycan synthesis and in penicillin tolerance. Glycerol-
3-phosphate acyltransferase, encoded by plsB, has been identified
as the main site of ppGpp inhibition in phospholipid synthesis (4).
The overexpression of the cloned pisB gene reversed the pen-
icillin tolerance conferred by ppGpp overproduction (13).

The first demonstration of penicillin tolerance by Tomasz et
al. (16) proved that B-lactam antibiotics kill bacteria through a
two-step process. We (11) have devised an experimental model
which permits the dissociation of these two steps. In the first
step, which we refer to here as the priming stage, the B-lactam
antibiotic interacts with its target PBPs. The second step, re-
ferred to as the lysis induction stage, is dependent on the
completion of the priming stage but is otherwise independent
of the B-lactam antibiotic. Lysis induction involves the dereg-
ulation of the peptidoglycan hydrolases.

This study concerns the role of protein synthesis in ampicil-
lin-induced lysis of E. coli. We verify that inhibition of protein
synthesis by amino acid deprivation of rel4* bacteria brought
on the rapid development of ampicillin tolerance as a conse-
quence of the stringent response. In contrast, the inhibition of
protein synthesis by chloramphenicol and other ribosome in-
hibitors did not confer rapid ampicillin tolerance. In fact, ri-
bosome inhibitors promoted both the priming and the lysis
induction stages.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli K-12 strain VC7 (thi-1 lysA23
rpsL109) and its isogenic rel4 derivative, strain VC8 (thi-1 lysA rpsL109 relA2),
were from our laboratory collection. The bacteria were grown in M9 minimal
medium containing 0.2% glucose and the required growth factors at 37°C in a
water bath shaker as described previously (6). Isoleucine deprivation was
achieved by the addition of L-valine to the growth medium at 500 pg/ml. Ampi-
cillin was used at either 50 or 200 pg/ml as specified in Results. The MIC of
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FIG. 1. (A) Effect of chloramphenicol treatment on ampicillin-induced lysis.
A portion of a normal exponential-phase culture of strain VC7 (curve a) was
treated with chloramphenicol at 100 pg/ml beginning at 0 min (curve b). Sub-
cultures of the chloramphenicol-treated culture were treated with ampicillin at
50 pg/ml at 0 (curve c), 20 (curve d), 40 (curve e), and 60 (curve f) min. (B) Effect
of chloramphenicol on the bactericidal activity of ampicillin. In the experiment
described for panel A, viable cell counts in each of the subcultures were deter-
mined before the addition of ampicillin and after 2 h of treatment, and the
percentages of cells killed are shown for the chloramphenicol-treated subcultures
which were treated with ampicillin at 0 (bar b), 20 (bar c), 40 (bar d), and 60 (bar
e) min (Note that the letters used here to designate the various subcultures are
different from those used in panel A). For comparison, bar a represents a culture
which was treated with ampicillin alone (i.e., in the absence of chlorampoheni-
col) for 2 h.

ampicillin for both bacterial strains was 5 wg/ml. The ribosome inhibitors chlor-
amphenicol, gentamicin, and tetracycline were used at concentrations of 100, 50,
and 20 wg/ml, respectively. Norfloxacin was used at 8 wg/ml. Viable cell counts
were determined by plating serial dilutions of culture samples in triplicate on
tryptic soy agar (Difco Laboratories). Counts were done after 16 h of incubation
at 37°C.

Two-stage ampicillin-induced lysis procedure. The method for dissociating the
priming and lysis induction stages, originally described by Pisabarro et al. (11),
was modified for the purposes of this study. The main modification was the use
of exponential-phase cultures for the priming stage rather than amino acid-
deprived cultures. Cultures were grown for three to four doublings to a density
of about 4 X 108 cells per ml. These cultures were primed with 200 pg of
ampicillin per ml rather than 40 pg/ml as originally described (11). We found
that priming was more efficient at this higher concentration of ampicillin. After
20 min of treatment, the unbound ampicillin was removed by centrifugation at
18,000 X g for 1 min; the cells were washed once in sterile saline before resus-
pension in fresh medium (7). As reported previously (7, 11), this method was
judged to be adequate for the removal of unbound ampicillin because cell growth
resumed after only a brief lag after a sample of the treated bacteria was resus-
pended in fresh medium without ampicillin.

Antibiotics. All antibiotics were purchased from Sigma Chemical Co. (St.
Louis, Mo.), except norfloxacin, which was obtained from Merck Sharp &
Dohme Research Laboratories (West Point, Pa.).

RESULTS

Fig. 1 illustrates the effect that chloramphenicol treatment
had on ampicillin-induced bacteriolysis of strain VC7. Chlor-
amphenicol (100 pg/ml) was added to a portion of an expo-
nential-phase culture of VC7 beginning at 0 min. This resulted
in an immediate inhibition of growth (compare curves a and b
in Fig. 1A). A series of chloramphenicol-treated subcultures
were treated with ampicillin (50 wg/ml) at the indicated times.
As reported previously (8), treatment with chloramphenicol
for periods of up to 20 min did not inhibit ampicillin-induced
lysis (Fig. 1A, curves ¢ and d). Moreover, significant lysis was
observed even when ampicillin was added 40 or 60 min after
the start of the chloramphenicol treatment (Fig. 1A, curves e
and f). This is noteworthy in view of the generally accepted
notion that nongrowing bacteria are tolerant to B-lactam an-
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tibiotics. Ampicillin treatment initiated 90 min after the addi-
tion of chloramphenicol did not result in lysis (data not shown).
The effects of chloramphenicol treatment on the bactericidal ac-
tivities of ampicillin in this experiment were determined by
measuring the percentage of cells killed after 2 h of ampicillin
treatment. The results are summarized in Fig. 1B. Pretreat-
ment of E. coli with chloramphenicol for periods of up to 20
min had little effect on the efficacy of killing by ampicillin, and
over 99% of the population lost viability under these condi-
tions (compare samples b and ¢ with sample a, which repre-
sents a culture which was not treated with chloramphenicol).
The killing efficacies were reduced to 80% (sample d) and 50%
(sample e) when the chloramphenicol pretreatment times were
increased to 40 and 60 min, respectively. Treatment with chlor-
amphenicol alone did not result in loss of viability (data not
shown). Therefore, ampicillin remained significantly bacteri-
cidal even when bacterial growth had been inhibited by chlor-
amphenicol treatment for up to 60 min. On the other hand,
bacteria which were subjected to chloramphenicol treatment
for 90 min were ampicillin tolerant; they did not lyse, as noted
above, and less than 1% of the cells lost viability (data not
shown).

The inhibition of protein synthesis and the concomitant
stringent response induced by amino acid deprivation result in
the rapid onset of ampicillin tolerance, as previously reported
(3, 7). Therefore, the relative ineffectiveness of ribosome in-
hibitors in countering ampicillin-induced lysis as shown in Fig.
1 was considered unusual. The following experiments ad-
dressed this issue. They show that chloramphenicol (and other
ribosome inhibitors) and amino acid deprivation affected
B-lactam-induced bacteriolysis of rel4™ bacteria in different
ways.

The system for dissociating the priming and lysis induction
stages was originally developed by using amino acid-deprived
bacteria (11). We have now modified this procedure by achiev-
ing the priming stage in normal growing bacteria. The remain-
der of our strategy was essentially the same as in the original
procedure; i.e., after priming with ampicillin, the development
of the lysis induction stage was inhibited by inducing the strin-
gent response, and the lysis induction stage was subsequently
activated by relaxing the stringent response with chloramphen-
icol. In our initial experiments, samples from an exponential-
phase culture of strain VC7 (relA™) were treated with 200 p.g
of ampicillin per ml (50 times the MIC) for various times to
determine the minimum time of treatment required for the
priming of growing bacteria. After the treatment, the unbound
ampicillin was removed as described previously (7), and the
cells were resuspended in fresh complete M9 minimal medium.
The results of 10- and 15-min treatments with ampicillin are
shown in Fig. 2A and B, respectively. Bacteria which were
treated with ampicillin for 10 min recovered from the treat-
ment and resumed growth about 10 min after resuspension in
fresh M9 medium (Fig. 2A, curve a). In contrast, bacteria were
committed to lysis after 15 min of ampicillin treatment, and
they began to lyse within 10 min after resuspension in fresh
medium (Fig. 2B, curve a). Isoleucine deprivation, achieved by
the addition of L-valine at 500 pwg/ml, prevented the lysis of
bacteria which were treated with ampicillin for 15 min (Fig. 2B,
curve b). This inhibition of lysis was attributed to the induction
of the stringent response; for example, lysis was restored if the
amino acid-deprived bacteria were simultaneously treated with
chloramphenicol to inhibit the stringent response (Fig. 2B,
curve ¢). It is important to note that the lysis in this case
occurred in the absence of exogenous ampicillin. This result,
along with the fact that the ampicillin-treated bacteria were
committed to lysis (Fig. 2B, curve a), indicates that the 15-min
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FIG. 2. Establishment of conditions for a modified two-stage ampicillin-in-
duced lysis protocol. Exponential-phase cultures of strain VC7 were treated with
ampicillin at 200 wg/ml for 10 min (A) or 15 min (B). The unbound ampicillin
was then removed from each culture, and the bacteria were resuspended in fresh
M9 medium. Each culture was divided into three portions. One of the subcul-
tures received no further treatment (curves a). The other two subcultures re-
ceived L-valine at 500 pg/ml (curves b) or L-valine and chloramphenicol at 500
and 100 pg/ml, respectively (curves c).

treatment with ampicillin was more than sufficient to fulfill the
requirements for the priming stage in normal growing bacteria
and that the stringent response inhibited the lysis induction
stage; i.e., the priming and lysis induction stages were success-
fully dissociated by this modified protocol. It is also relevant to
note the efficiency of the stringent response in inducing ampi-
cillin tolerance: the lysis induction process was inhibited within
the first 10 min of amino acid deprivation (e.g., compare curves
b and c in Fig. 2B). With respect to the bacteria subjected to a
10-min treatment with ampicillin, a comparison of curves a and
b in Fig. 2A shows that isoleucine deprivation inhibited the
growth recovery process. Furthermore, a combination of chlor-
amphenicol and amino acid deprivation resulted in only a
small, but significant and reproducible, amount of lysis (Fig.
2A, curve c). Therefore, a 10-min period of ampicillin treat-
ment was clearly insufficient to achieve full priming. It is also
apparent that amino acid deprivation by itself (Fig. 2A, curve
b) not only inhibited the growth recovery process, as already
noted, but also inhibited the small degree of lysis induction.
The inhibition of lysis induction was again attributed to the
stringent response. On the other hand, the lysis represented by
curve c in Fig. 2A was curious; it appeared to be related to the
inhibition of protein synthesis by chloramphenicol, because if
protein synthesis was not inhibited, growth resumed without
any signs of lysis (Fig. 2A, curve a). This possibility is consid-
ered below.

Further experiments were designed to optimize this modi-
fied two-stage ampicillin-induced lysis protocol for the purpose
of studying the relationship between protein synthesis and am-
picillin-induced lysis. By varying the time of treatment, the
maximum period of treatment with 200 pg of ampicillin per ml
from which the bacteria could still recover was determined to
be 13 min. This is demonstrated with strain VC7 and its iso-
genic relA derivative, strain VC8, in Figs. 3A and B, respec-
tively. Both strains recovered from the 13-min ampicillin treat-
ment and grew when resuspended in ampicillin-free medium
(Fig. 3, curves a). In strain VC7, isoleucine deprivation inhib-
ited the growth recovery process (Fig. 3A, curve c), but the
combination of isoleucine deprivation and chloramphenicol
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treatment resulted in lysis (data not shown). This situation is
analogous to that described in Fig. 2A; the lysis observed here
is unusual because the bacteria were clearly not irreversibly
primed by the 13-min ampicillin treatment employed (i.e., they
were capable of recovering from the treatment). Moreover, the
addition of chloramphenicol alone (i.e., without concomitant
amino acid deprivation) also resulted in lysis (Fig. 3A, curve b).
Interestingly, isoleucine deprivation of strain VC8 (reld) re-
sulted in lysis (Fig. 3B, curve c) rather than in inhibition of
growth as was the case with strain VC7 (Fig. 3A, curve c).
Chloramphenicol treatment had the same effect (Fig. 3B, curve
b). Other ribosome inhibitors, e.g., gentamicin and tetracy-
cline, also induced lysis of both strains after they had been
subjected to the 13-min ampicillin treatment (data not shown).
On the other hand, growth inhibitors which had no direct effect
on protein synthesis did not induce lysis. For example, the
addition of norfloxacin at 8 wg/ml, rather than chlorampheni-
col, to the ampicillin-treated cultures resulted in the arrest of
growth recovery but not in lysis (data not shown). Under these
conditions, norfloxacin did not cause the accumulation of
ppGpp (14) and had no effect on the rate of protein synthesis
for at least 15 min. Therefore, the observed lysis was specifi-
cally related to the inhibition of protein synthesis and not
simply to the inhibition of growth. In summary, we interpret
these results as follows. The ampicillin treatment employed
here was sublethal, and both strains, VC7 and VC8, were able
to recover from the treatment. However, if protein synthesis
was inhibited during the recovery process, lysis was induced
except in situations in which the process also provoked the
stringent response, i.e., during amino acid deprivation of rel4 ™"
bacteria.

The experiment whose results are shown in Fig. 4 was de-
signed to determine the effect of the presence of chloramphen-
icol on the efficiency of the ampicillin priming activity. A cul-
ture of strain VC7 was divided into two parts which were then
primed with ampicillin. This was achieved by the addition of a
combination of chloramphenicol (100 wg/ml) and ampicillin
(200 pg/ml) to one of the subcultures and of ampicillin (200
pg/ml) alone to the second subculture. The antibiotics were
removed by centrifugation after 13 min of treatment, and the
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FIG. 3. Effect of chloramphenicol on the lysis induction stage. Exponential-
phase cultures of strains VC7 (A) and VC8 (B) were primed with 200 pg of
ampicillin per ml for 13 min. The unbound ampicillin was removed, and the
bacteria were resuspended in fresh M9 medium. Each culture was divided into
three parts. One subculture received no further treatment (curves a). The other
subcultures received either 100 pg of chloramphenicol per ml (curves b) or 500
ug of L-valine per ml (curves c).
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FIG. 4. Effect of chloramphenicol on the priming stage. An exponential-
phase culture of strain VC7 was divided into two portions. Both subcultures were
primed with 200 pg of ampicillin per ml. In one of the subcultures, 100 pg of
chloramphenicol per ml was added along with the ampicillin. After 13 min of
incubation, the unbound ampicillin (and chloramphenicol, in one case) was
removed from each subculture, and the bacteria were resuspended in fresh M9
medium. A portion of the subculture which was primed with ampicillin alone
received no further treatment (curve a), whereas a second portion was treated
with 100 pg of chloramphenicol per ml (curve b). The subculture which was
primed with ampicillin in the presence of chloramphenicol received no further
treatment (curve c).

cells were resuspended in fresh M9 medium. In agreement
with data shown in Fig. 3A (curves a and b), the subculture
treated with ampicillin alone eventually recovered and started
to grow after the removal of the ampicillin (Fig. 4, curve a), but
the addition of chloramphenicol resulted in the induction of
lysis (Fig. 4, curve b). In contrast to the subculture treated
solely with ampicillin, the subculture which was treated with
ampicillin in the presence of chloramphenicol underwent lysis
after resuspension in fresh medium (Fig. 4, curve c). There-
fore, the presence of chloramphenicol clearly enhanced the
efficacy of the ampicillin priming activity. The same results
were obtained if strain VC7 was treated with ampicillin in the
presence of gentamicin or tetracycline rather than chloram-
phenicol in the priming stage of this experiment (data not
shown). Furthermore, when the rel4 mutant, strain VC8, was
used in this experiment, the enhanced effect on the ampicillin
priming reaction was observed when the ampicillin treatment
was combined with isoleucine deprivation instead of treatment
with a ribosome inhibitor (data not shown). These latter results
indicate that the ampicillin priming stage is enhanced when
protein synthesis is inhibited provided that the stringent re-
sponse is not provoked in the process.

DISCUSSION

We have confirmed and extended a previous report (8) in-
dicating that the treatment of E. coli with ribosome inhibitors
did not readily result in tolerance to ampicillin. It is shown here
that the inhibition of ribosome function for up to 60 min still
did not confer complete protection against ampicillin-induced
lysis. We consider this noteworthy in view of the widely ac-
cepted notion that nongrowing bacteria are tolerant to (3-lac-
tam antibiotics. In fact, the overall conclusion derived from this
work is that the inhibition of protein synthesis actually pro-
moted ampicillin-induced lysis. The only exception was when
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this also resulted in provoking the stringent response, i.e., by
amino acid deprivation of rel4™ bacteria. Incidentally, we have
further documented the efficiency of the stringent response in
the establishment of ampicillin tolerance: the lysis induction
stage of primed rel4™ bacteria was inhibited within 10 min of
amino acid deprivation (Fig. 2A).

Two new findings are important in the development of a
working hypothesis. They both relate to observations made
with bacteria which were subjected to only partial priming with
ampicillin, i.e., a 13-min treatment with 200 pg/ml. Such bac-
teria eventually recovered from the ampicillin treatment and
resumed growth when the antibiotic was removed. The first
observation was that the bacteria became fully primed if pro-
tein synthesis was inhibited during the partial priming process
(Fig. 4). The second observation was that the inhibition of
protein synthesis during the growth recovery process of par-
tially primed bacteria resulted in lysis induction (Fig. 3).
Therefore, the inhibition of protein synthesis promoted the
development of both the priming and lysis induction stages.
We therefore propose that the inhibition of protein synthesis
by ribosome inhibitors would short-circuit the process by which
old, spent (or acylated) PBPs are replaced by new PBPs. This
should make the priming process (and, in turn, the lysis induc-
tion process) more efficient because the critical subset of in-
activated PBPs cannot be replaced by new, active PBPs. Fur-
thermore, it seems likely that new PBPs are required to
establish the growth recovery process in bacteria subjected to
partial priming. Thus, chloramphenicol may prevent this
growth recovery and induce lysis by inhibiting the production
of new PBPs. Finally, it should be noted that the mechanism of
the stringent response is quite different. In this case, not only
is the synthesis of new PBPs inhibited but the activities of all
existing PBPs involved in peptidoglycan synthesis are also in-
hibited.

The observations reported here seemingly contradict certain
previous reports (see, e.g., reference 10) that demonstrate pro-
tection from penicillin-induced lysis by chloramphenicol treat-
ment. The reasons for these apparent discrepancies are uncer-
tain, but we think that they are likely due to differences in
experimental conditions, specifically in growth media. The ex-
periments reported here were performed with minimal me-
dium, whereas those in the other study referred to (10) were
performed with complex media. We have already noted that
the degree of lysis induced by ampicillin in the presence of
chloramphenicol was markedly reduced in complex medium
compared with minimal medium (8). We currently do not have
an explanation for this, and further studies are warranted. It is
possible that protein synthesis is not as critical in penicillin-
induced lysis of bacteria grown in complex media because
either the size of the critical PBP pool is larger or the PBPs
exhibit a longer functional half-life under these conditions.
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