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CspA, CspB, and CspG, the major cold shock proteins of Escherichia coli, are dramatically induced upon
temperature downshift. In this report, we examined the effects of kanamycin and chloramphenicol, inhibitors
of protein synthesis, on cold shock inducibility of these proteins. Cell growth was completely blocked at 37°C
in the presence of kanamycin (100 pg/ml) or chloramphenicol (200 pg/ml). After 10 min of incubation with the
antibiotics at 37°C, cells were cold shocked at 15°C and labeled with [>*S]methionine at 30 min after the cold
shock. Surprisingly, the synthesis of all these cold shock proteins was induced at a significantly high level
virtually in the absence of synthesis of any other protein, indicating that the cold shock proteins are able to
bypass the inhibitory effect of the antibiotics. Possible bypass mechanisms are discussed. The levels of csp4 and
cspB mRNAs for the first hour at 15°C were hardly affected in the absence of new protein synthesis caused

either by antibiotics or by amino acid starvation.

Cold shock response in Escherichia coli is triggered by a
sudden temperature downshift, which causes a transient inhi-
bition of synthesis of most cellular proteins, resulting in a
growth lag period called the acclimation phase. During this
acclimation phase, at least 15 different cold shock proteins are
significantly induced, and some of them are essential for cell
growth at low temperature (8-11). Among these proteins,
CspA, CspB, and CspG are termed the major cold shock pro-
teins on the basis of their levels of induction (18). It has been
shown that the induction of CspA is caused mainly by dramatic
stabilization of its mRNA at low temperature (2, 4, 5). We have
recently shown that the downstream box, which is a transla-
tional enhancer, also plays a crucial role in the expression of
CspA and CspB at low temperature (12). Previously, we have
reported that the replacement of the cspA4 promoter with the
constitutive promoter of the /pp gene does not change the cold
shock inducibility of cspA (4). Therefore, unlike with the heat
shock response, a specific sigma factor is not required for the
induction of CspA. However, it has not yet been established
whether any new protein factor(s) is required for the stabili-
zation of the major cold shock mRNAs at low temperature.
Herein, we examine the effects of the protein synthesis inhib-
itors chloramphenicol and kanamycin on the cold shock induc-
tion of CspA, CspB, and CspG.

MATERIALS AND METHODS

Strains and media. E. coli SB221 (Ipp hsdR trpES5 lacY recA/F’ lacl lac™ pro™)
was used in this study (13). For protein labeling with [**S]methionine, cultures
were grown in M9 medium supplemented with 19 amino acids (no methionine)
or supplemented with 17 amino acids (no methionine but tryptophan and
leucine) as described by Wanner et al. (17). Cell growth was monitored spectro-
photometrically at an optical density at 600 nm (ODygy).

Protein pulse-labeling. Steady-state cultures of E. coli SB221 were grown at
37°C to an ODy, of approximately 0.4. At this time, chloramphenicol or kana-
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mycin was added to a final concentration of 0.1 or 0.2 mg/ml, respectively. After
10 min, the cultures were shifted to 15°C and 1-ml samples before (time zero)
and 30 min after the shift were taken for pulse-labeling. Each sample was
pulse-labeled for 15 min with 100 p.Ci of [trans-**S]methionine (1,175 Ci/mmol;
NEN Life Science Products Inc.). Cell extracts were prepared and analyzed by
two-dimensional gel electrophoresis according to the procedure described by
VanBogelen et al. (16).

At mid-log phase (ODgq, = 0.4), E. coli SB221 cells grown under the same
conditions described above were collected by centrifugation and washed twice
with M9 medium containing 17 amino acids (no Met but Trp and Leu). Samples
were pulse-labeled as described above at 37°C 30, 60, and 120 min after the
temperature shift to 15°C.

Primer extensions. Total RNA from E. coli SB221 was isolated at different
time points before and after a temperature shift from 37 to 15°C by the hot-
phenol method described by Sarmientos et al. (14). Primer extension assays were
carried out with avian myeloblastoma virus-reverse transcriptase as previously
described (12).

RESULTS

Cold shock induction of CspA, CspB, and CspG in the
presence of protein synthesis inhibitors. E. coli SB221 cells
were grown at 37°C in a labeling medium as described previ-
ously (3). Chloramphenicol (0.2 mg/ml) or kanamycin (0.1
mg/ml) was added at the mid-log phase, and after 10 min, the
cultures were shifted to 15°C. Cells were pulse-labeled for 15
min with 100 wCi of [trans-**S]methionine (NEN Life Science
Products Inc.) before (time zero) and 30 min after the tem-
perature shift. Cell extracts were prepared and analyzed by
two-dimensional gel electrophoresis as described previously
(16). Figure 1a shows the protein expression pattern at 37°C in
the absence of antibiotics. Figure 1b and c shows the protein
expression patterns at 37°C in the presence of kanamycin and
chloramphenicol, respectively. Surprisingly, at 37°C in the pres-
ence of kanamycin (Fig. 1b), unlike in the presence of chlor-
amphenicol (Fig. 1c), some proteins were still synthesized:
EF-Tu and some ribosomal and heat shock proteins. Differ-
ential inhibitory effects by various antibiotics on cellular pro-
teins have been previously described (7). Figure 1d shows the
proteins synthesized at 30 min after the temperature down-
shift. It is evident that in the presence of kanamycin (Fig. 1e)
or chloramphenicol (Fig. 1f) at 15°C, with the exception of the
synthesis of CspA, CspB, and CspG, most if not all cellular
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FIG. 1. Protein expression patterns before and after cold shock at 15°C, in the absence and presence of kanamycin (0.1 mg/ml) or chloramphenicol (0.2 mg/ml).
Two-dimensional gel electrophoresis shows protein synthesis from pls 3 to 10 (left to right) in the absence of antibiotics at 37°C (a), in the absence of antibiotics at
15°C (d), in the presence of 0.1 mg of kanamycin per ml (b), and in the presence of 0.2 mg of chloramphenicol per ml (c). Cells were labeled with 100 wCi of
[3*S]methionine per ml for 15 min after incubation with kanamycin or chloramphenicol. Panels e and f are the same as panels b and c, respectively, except that cells
were first incubated in the presence of antibiotics for 10 min at 37°C and further incubated for 30 min at 15°C. Cells were then labeled for 15 min with the same amount
of [**S]methionine as was used in the experiment at 37°C. The arrows indicate the positions of CspA, CspB, and CspG (labeled A, B, and G, respectively). Circles,
triangles, and squares enclose the heat shock proteins (DnaK and GroEL), elongation factor Tu, and ribosomal proteins, respectively.

protein synthesis was blocked. This result is consistent with the
earlier finding that, after a temperature shift from 37 to 6°C,
the major cold shock proteins, CspA, CspB, and CspG, were
still produced in spite of the fact that the synthesis of all the
other cellular proteins was completely inhibited (3). By densi-
tometric analysis of Fig. 1d to f, the levels of production of
CspA, CspB, and CspG decreased to 20, 40, and 18% in the
presence of kanamycin, respectively, and to 30, 25, and 36% in
the presence of chloramphenicol, respectively. Notably, CspB
synthesis was more resistant to kanamycin than CspA and
CspG synthesis (Fig. 1e) while CspB synthesis was more sen-
sitive to chloramphenicol than CspA and CspG synthesis (Fig.
1f). These different effects may be related to the fact that these
genes are differentially regulated, as judged from their induc-
tion patterns at low temperatures (3).

Amounts of cspA and cspB mRNAs in the presence of anti-
biotics at low temperature. Next we examined the effects of
antibiotics on cspA and cspB mRNAs. E. coli SB221 cells were
grown in Luria-Bertani medium at 37°C. At mid-log phase,
chloramphenicol or kanamycin was added to a final concen-
tration of 200 wg/ml, and after 10 min, the cultures were shifted
to 15°C. Total RNA was isolated by the hot-phenol method
(14) 10 min after the addition of the antibiotics at 37°C (time
zero) and 0.5, 1, and 2 h after the temperature shift. Primer
extension was carried out as described previously (12) to detect
the cspB mRNA. As shown in Fig. 2, the amounts of cspB
mRNA were three- and fourfold higher in the presence of
chloramphenicol (lane 8) and kanamycin (lane 12), respec-
tively, than those in the absence of antibiotic. In the control
experiment without the antibiotics, the levels of cspB mRNA
decreased more than twofold at 2 h after the temperature
downshift, while in the experiment with the antibiotics, the
levels of the cspB mRNA at 2 h remained as high as thatat 1 h
after the cold shock. In the presence of kanamycin the amount

of the cspB mRNA at 2 h was even higher (1.2-fold) than at 1 h
(compare lanes 12 and 11). A similar pattern was observed for
the cspA mRNA (data not shown). These results indicate that
mRNAs for CspA and CspB are transcribed at 15°C in the
presence of the antibiotics at levels similar to those reached in
the absence of antibiotics and that the mRNAs in the presence
of antibiotics are probably more stable than in the absence of
antibiotics. It has been shown that CspA negatively regulates
cspA and cspB at the level of transcription elongation (1).
Therefore, it is possible that the cspA and cspB mRNAs were
maintained at high levels at 15°C even after 2 h of incubation
at 15°C because the CspA concentration could not increase to
a level high enough to block c¢spA and cspB transcription under
conditions that blocked the synthesis of protein. In addition,
the mRNA stability of cspA and cspB may be increased when
protein synthesis is blocked at low temperatures.

cspA and cspB mRNAs under amino acid starvation at low
temperature. In order to confirm the above notion, we exam-
ined the levels of cspA and cspB mRNAs at 15°C in cells when
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FIG. 2. cspB mRNA production before and after cold shock at 15°C and in
the absence and presence of 0.2 mg of kanamycin or chloramphenicol per ml.
Primer extension was carried out as described previously. The results show the
cspB mRNA amounts at 37°C (time zero) and 0.5, 1, and 2 h after the shift to
15°C in the absence (lanes 1 to 4) and the presence of 0.2 mg of chloramphenicol
(Cm) (lanes 5 to 8) or kanamycin (Km) (lanes 9 to 12) per ml.
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FIG. 3. Protein expression pattern after a cold shock at 15°C in the absence of tryptophan and leucine. E. coli SB221 cells were grown as described in the legend
to Fig. 4. In the growth curve (a) the filled squares and circles represent cell densities (ODg, values) in the presence of Trp and Leu and the open circles show cell
growth at 15°C in the absence of Trp and Leu. Cell extracts for the two-dimensional gel electrophoresis were prepared as described previously (16) at 37°C 30, 60, and
120 min after the shift to 15°C (b). The number at the top left in each two-dimensional gel indicates the time point shown in the growth curve (open circles). B, G,

and A, CspB, CspG, and CspA, respectively.

protein synthesis was blocked by amino acid starvation rather
than by antibiotics. E. coli SB221, which requires tryptophan
and leucine for growth, was used (13). Cultures were grown at
37°C in M9-CAA medium. At mid-log phase, cells were col-
lected by centrifugation and washed with M9 medium contain-
ing all amino acids except tryptophan and leucine. No cell
growth was observed after amino acid starvation as judged by
the ODs of the culture at both 37 and 15°C (Fig. 3a). Total
RNA was obtained as described previously (14). Figure 4
shows the primer extensions of the cspA (Fig. 4a) and cspB
(Fig. 4b) mRNAs before and after 10 min of amino acid star-
vation at 37°C (lanes 5 and 6, respectively) and 20, 40, 60, and
120 min after the temperature downshift (lanes 7, 8, 9, and 10,
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FIG. 4. Amounts of the cspA and cspB mRNAs before and after the cold
shock at 15°C, in the presence and in the absence of tryptophan and leucine. E.
coli SB221 cells were washed twice at 37°C with M9 medium lacking tryptophan
and leucine, and after 10 min the culture was shifted to 15°C. Total RNA was
extracted at 37°C before (time zero) and after 10 min of Trp and Leu starvation;
at 30, 60, and 120 min in the presence of Trp and Leu; and at 20, 40, 60, and 120
min in the absence of Trp and Leu. Primer extension was carried out for cspA
mRNA (a) and cspB mRNA (b) as described previously (3).

respectively). The amino acid starvation did not affect the
levels of cspA and cspB mRNAs for up to 60 min at 15°C, as
was apparent from a comparison with the levels in the control
experiments in the presence of tryptophan and leucine (Fig. 4,
lanes 2 and 3). Interestingly, at 120 min after the cold shock,
cspA transcription was repressed in the presence of Trp and
Leu (Fig. 4a, lane 4), as was shown previously (6), while the
level of cspA mRNA remained very high in the absence of Trp
and Leu (Fig. 4a, lane 10). The amount of csp4 mRNA in lane
10 is eight times higher than that in lane 4. Similarly, the
amount of the cspB transcript was 1.8 times higher in the
absence of tryptophan and leucine (Fig. 4b, lane 10) than in the
presence of these amino acids (Fig. 4b, lane 4). Poor repression
of espA and cspB transcription after 120 min of cold shock in
the absence of protein synthesis (lane 10) is likely due to the
absence of the production of a repressor(s) and/or stabilization
of the mRNAs.

Synthesis of CspA, CspB, and CspG under amino acid star-
vation. In order to see if the csp4 and cspB mRNAs are
translated under conditions of cold shock in the absence of
new protein synthesis due to amino acid starvation, cells were
labeled at different time points (30, 60, and 120 min) after a
temperature downshift from 37 to 15°C. E. coli SB221 cells
were labeled for 10 min at 37°C or 15 min at 15°C with 100 n.Ci
of [trans-**S]methionine. Cell extracts were prepared and an-
alyzed by two-dimensional gel electrophoresis as described
previously (16). Figure 3b shows the protein expression pat-
terns at 37°C and at various time points after the shift to 15°C
in the absence of Trp and Leu. The production of CspA, CspB,
and CspG can still be observed even at 2 h after the cold shock,
indicating that their mRNAs can be efficiently translated at a
low temperature in the absence of cell growth. However, it
should be noted that under these conditions some other cel-
lular proteins were also synthesized at significantly high levels,
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probably because of reutilization of Trp and Leu generated by
protein degradation.

DISCUSSION

Our results demonstrate that transcription and/or mRNA
stability of cspA and cspB at a low temperature is hardly af-
fected by inhibition of protein synthesis caused either by pro-
tein synthesis inhibitors or by amino acid starvation. Further-
more, their mRNASs can be efficiently translated under these
conditions. In addition, these results provide compelling evi-
dence that the induction of the major cold shock proteins at a
low temperature does not require the synthesis of any new
protein(s) such as a specific cold shock sigma factor(s). It is
particularly interesting how the cold shock mRNAs can be
efficiently translated at a low temperature even if the cellular
protein synthesis is almost completely blocked by kanamycin or
chloramphenicol. Since all the mRNAs for the cold shock
proteins contain the downstream box (12), which is considered
to enhance translation initiation (15), it is possible that the cold
shock mRNAs may be able to bypass the inhibitory actions of
the antibiotics. Alternatively, the synthesis of CspA, CspB, and
CspG, which consist of only 70, 71, and 70 residues, respec-
tively, may be less vulnerable to the antibiotic inhibitory effect.
In this regard, it is interesting that the biosynthesis of the major
outer membrane lipoprotein of 58 residues is resistant to pu-
romycin (6). The fact that the biosynthesis of the cold shock
proteins is further resistant to stresses caused by antibiotics
and amino acid starvation is rather remarkable and may have
an evolutionary significance for stress proteins.
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