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A mutant strain of Escherichia coli with temperature-sensitive peptidyl-tRNA
hydrolase grows at 300C but, when shfted to 400C, dies at rates affected by
physiological, pharmacological, and genetical perturbations. The rate of killing
correlates with the relative accumulation of peptidyl-tRNA, suggesting that it is
responsible for the death of the cells.

The enzyme peptidyl-tRNA hydrolase, re-
ferred to below simply as hydrolase, catalyzes
the hydrolysis of N-acylated amino acids from
N-acyl-aminoacyl-tRNA's that are not bound to
ribosomes. We have previously reported the iso-
lation and characterization of a strain of Esche-
richia coli that has a mutation in the structural
gene (pth) for hydrolase. This mutation allows
the enzyme to be rapidly and irreversibly inac-
tivated at elevated temperatures (1, 4). E. coli
cells with the temperature-sensitive hydrolase
can grow exponentially at 300C, but when cul-
tures are shifted to 430C there is an accumula-
tion of peptidyl-tRNA and an inhibition of pro-
tein synthesis (1, 2, 4). Also a fraction of the cells
die, unable to form a colony when replaced at
300C (J. R. Menninger, Fed. Proc. 33:1335,
1974). Data presented below suggest that the
peptidyl-tRNA that accumulates after the inac-
tivation of hydrolase is responsible in some way
for the death of cells.
The fundamental observation is shown in Fig.

1, which depicts the fractional survival of a
culture of E. coli strain ts8 at various times after
shifting the temperature to 43°C. There was
usually evidence of a lag before killing was ob-
served, and the final fractional survival was in
the range of 1 to 10%. The density of cells at the
time of temperature shift appeared to have little
influence on the kiling, provided the cells were
growing exponentially.

Figure 2 shows the effects of chloramphenicol
and erythromycin on cell survival. Doses were
chosen as the minimum necessary to inhibit
growth of the wild-type CA244 cells at the ele-
vated temperature (data not shown). Antibiotic
was added 15 min before and was present during
the incubation at 400C to guarantee that an

t This is paper no. 5 in the series "Studies on the Metabolic
Role of Peptidyl-tRNA Hydrolase." The preceding paper is
reference 3.

effective dose would be present at the time of
the temperature shift. Chloramphenicol at 4
uig/ml completely prevented the death of the ts8
cells at 400C. This is consistent with this drug's
effect on the accumulation of peptidyl-tRNA,
which is ignificantly slowed in cultures treated
the same as those depicted in Fig. 2 (2). Other
antibiotics known to block elongation ofpeptides
also protected ts8 from being killed at high tem-
peratures (data not shown).

In contrast, the presence of 80 ug of erythro-
mycin per ml enhanced both the rate and extent
of killing of strain ts8 at 400C. This, too, is
consistent with the effects of erythromycin on
the rate of dissbciation of peptidyl-tRNA from
ribosomes and its accumulation in the cells with
inactivated hydrolase (2). This is another mani-
festation of the mechanism of antibiotic action
of erythromycin, namely the destabilization of
the peptidyl-tRNA/ribosome binding interac-
tion (2, 5). Other macrolide antibiotics have
similar effects on the survival ofpth strains (J.
R. Menninger, manuscript in preparation).
The unperturbed fractional survival of 1 to

10% was stable, neither increasing nor decreasing
for at least 24 h (data not shown), and did not
increase if the colonies were incubated at room
temperature, rather than 300C (data not shown).
The surviving cells were essentially identical
genetically to the starting culture, since the fre-
quency of phenotypic revertants, celLs able to
grow in liquid culture at nonpermssive temper-
atures, was less than 10-6. Furthermore, when
the survivors were replaced at 300C and grown
for a few generations, they died with a time
course similar to Fig. 1 after being shifted to a
nonpermissive temperature (data not shown).
The growth of the survivors at 300C did not
seem to be synchronized (data not shown). The
rate and extent of killing of ts8 celLs placed at
400C were not greatly different if the celLs were
first grown in minimal medium lacking amino

694



NOTES 695

acids and with glycerol as a carbon source (data
not shown).
The data of Fig. 1 and 2 show that shifting a

culture with a temperature-sensitive peptidyl-
tRNA hydrolase to nonperrnissive temperatures
leads to death ofmost of the cells. This cytotoxic
effect is positively correlated with the immediate
accumulation in the cells of peptidyl-tRNA that
dissociates from ribosomes during protein bio-
synthesis (2, 3).
The correlation is maintained during physio-

logical, pharmacological, and genetic perturba-
tions. Starving the cells for an amino acid en-
hances both the accumulation of peptidyl-
tRNA's and the rate and extent of killing (A. C.
Caplan, P. E. Gingrich, and J. R. Menninger,
unpublished data). Drugs, such as chloramphen-
icol, that block the accumulation of peptidyl-
tRNA (2) also blocked the cytotoxicity (Fig. 2).
Drugs like erythromycin, which enhance the
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FIG. 1. Time course of survival ofmutantpth (ts8)
and wild-type (CA244) cells after shift to 43°C. Cells
growing exponentially in broth at 30°C at a density
of2.1 x 108/ml (CA244, solid circles) or 0.75 x 108/ml
(ts8, open circles) were diluted into prewarmed aer-
ating broth at 43°C. At various times afterward,
samples were diluted and plated (broth agar) for
colony-forming ability at room temperature. The
number ofcolonies formed after overnight incubation
at 30°C was divided by the number found for a sample
taken at the time of the temperature shift to give the
fractional survival.
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FIG. 2. Time course of survival ofmutantpth (ts8)
and wild-type (CA244) cells after shift to 400C in the
presence of chloramphenicol or erythromycin. Cells
were growing exponentially at 30°C in M9 minimal
medium supplemented with 19 of the 20 common
amino acids (leucine omitted) (2). At 15 min prior to
attaining a density of 2 x 108 to 9 x 108/ml, chlor-
amphenicol (4 pg/mi, triangles) or erythromycin (80
pg/mi, squares) was added. Cultures of ts8 (open
symbols) and CA244 (closed symbols) were also tested
without drugs in this medium as a control (circles).
At zero time the cultures were diluted into pre-
warmed, aerating medium at 400C containing the
drug or diluent as required. Further sampling was
performed as described in Fig. 1.

accumulation of peptidyl-tRNA (2), enhanced
both the rate and extent of killing (Fig. 2). Mu-
tations have been found that reduce both the
rate of accumulation of peptidyl-tRNA and the
rate of killing (e.g., reLA; J. R. Menninger and A.
G. Atherly, Fed. Proc. 34:707, 1975) or enhance
both phenomena (A. C. Caplan and J. R. Men-
ninger, unpublished data). We have isolated
pseudo-revertants of the pth cells (by selection
in liquid media at 43°0) whose hydrolase is still
temperature sensitive but whose levels of pep-
tidyl-tRNA at high temperature are less than
the mutant parent. These cells can grow at the
high temperature (J. R. Menninger and P. E.
Gingrich, Fed. Proc. 37:1625, 1978).
These data, taken together, strongly imply

that the accumulation of peptidyl-tRNA is the
cause of cell death. We already know that this
accumulation precedes and, therefore, probably
causes an abrupt reduction in the rate of protein
synthesis which occurs about 5 min after shifting
to nonpermissive temperatures (2). It seems
likely that this rapid loss of protein synthetic
capability plays a role in the observed killing.
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It is well known that merely interrupting pro-
tein synthesis does not cause death to bacterial
cells (e.g. Fig. 2, chloramphenicol data). There
must be an irreversible element in the cell's
response that makes it unable to escape the
accumulation of peptidyl-tRNA. Further, one
needs to explain the apparent immunity from
being killed of a significant fraction of unper-
turbed cells at high temperature (1 to 10%; Fig.
1 and 2).
A plausible but unproved model can be built

on the assumptions that (i) all hydrolase mole-
cules that are in the cytoplasm at the time of
temperature shift are immediately and irrevers-
ibly inactivated (see ref. 4); (ii) no very active
alternate scavenging system exists for peptidyl-
tRNA; and (iii) doomed cells are those that were
not translating an mRNA that specified hydro-
lase at the time of severe inhibition of protein
synthesis. The surviving cells are presumed to
escape being killed by completing, at a very low
rate, the synthesis of at least one nascent hydro-
lase chain on return to the low temperature.
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