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Nine homologous proteins, CspA to Cspl, constitute the CspA family of Escherichia coli. Recent studies are
aimed at elucidating the individual cellular functions of these proteins. Two members of this family, CspC and
CspE, are constitutively produced at 37°C. In the present study, these two proteins were evaluated for their
cellular role(s). The expression of three stress proteins, OsmY, Dps, and UspA, is significantly affected by the
overexpression and deletion of CspC and CspE. RpoS is a regulatory element for osmY and dps. Further
analysis showed a larger amount and greater stability of the rpoS mRNA as well as a higher level of RpoS itself
with the overexpression of CspC and CspE. This suggests that CspC and CspE upregulate the expression of
OsmY and Dps by regulating the expression of RpoS itself. Indeed, this upregulation is lost in the ArpoS strain.
Other RpoS-controlled proteins such as ProP and KatG, are also upregulated by the overexpression of CspC.
The present study suggests that CspC and CspE are the important elements involved in the regulation of the
expression of RpoS, a global stress response regulator, and UspA, a protein responding to numerous stresses.
In the light of these observations, it seems plausible that CspC and CspE function as regulatory elements for

the expression of stress proteins in the complex stress response network of E. coli.

When exponentially growing Escherichia coli cells are trans-
ferred to a low temperature of 15°C, there is a growth lag
period, during which the synthesis of cold shock proteins is
induced transiently. Among these, CspA is a major cold shock
protein. The CspA family of E. coli comprises nine homolo-
gous proteins, CspA to Cspl. These are of similar sizes, and the
corresponding genes are scattered on the E. coli chromosome
(for reviews, see references 26, 28, and 37). Of these proteins,
only CspA, CspB, CspG, and Cspl are cold shock inducible.
However, their induction patterns are different. Maximum in-
duction of CspA is at 10 to 24°C, while that of CspB and CspG
is at 15°C (7). Cspl is produced at 10 to 15°C (36). CspD is
induced upon nutritional starvation (38). CspC and CspE are
produced mainly at 37°C. These two proteins were originally
identified as multicopy supressors of a temperature-sensitive
chromosome-partitioning mutant (39). CspE is constitutively
produced throughout the growth stages except the lag period,
when a 1.5-fold increase in its production is observed (3). It has
been shown that CspE inhibits phage lambda Q-mediated tran-
scriptional antitermination in vitro (11). CspE has also been
shown to negatively regulate the expression of CspA by in-
creasing the promoter-proximal pausing efficiency of the RNA
polymerase (3). CspA has been proposed to act as an RNA
chaperone that facilitates translation at low temperature by
blocking the formation of secondary structures in mRNA (16).
E. coli CspA-family RNA chaperones are shown to be tran-
scription antiterminators (4). CspA has 43% identity to the
cold shock domain of the eukaryotic Y-box protein family. This
protein family is implicated in various cellular functions such
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as transcription, DNA replication and repair, and masking of
maternal mRNAs (5, 30). CspA binds to RNA with low se-
quence specificity and low binding affinity. In contrast, CspB,
CspC, and CspE are able to selectively bind RNA and single-
stranded DNA sequences (27). However, it remains to be seen
if this selectivity has any in vivo significance.

In spite of the recent extensive studies (for reviews, see
references 26, 28, and 37) on the CspA family of E. coli, the
cellular functions of these proteins are not fully elucidated
and it is not clear why E. coli has so many CspA-like proteins.
Yamanaka et al. (37) had suggested that this large Csp family
probably originated from a number of gene duplications and,
after subsequent adaptation, resulted in specific groups of genes
responding to different environmental stresses. In the present
study, using two-dimensional gel electrophoresis, the effect of
overproduction of CspC and CspE on the overall protein pat-
tern of the cell was tested. The proteins that were significantly
and consistently upregulated by the overexpression of CspC
and CspE were identified. This result was analyzed by studying
the effect of CspC on the amount and stability of mRNAs for
these proteins by primer extension. Interestingly, these three
proteins, OsmY, Dps, and UspA, are induced in response to
different stresses and also upon stationary phase (2, 13, 14, 17,
24). RpoS is a regulatory element for osmY and dps (19, 42).
Further analysis showed that the amount and stability of the
rpoS mRNA, as well as the level of RposS itself, are greatly
enhanced by the overexpression of CspC and CspE and that
this may result in the upregulation of OsmY and Dps. This
possibility was confirmed by using the 7poS§ deletion strain. The
other RpoS-regulated proteins such as ProP and KatG were
also upregulated by the overexpression of CspC. The signifi-
cance of this observation for a possible role of CspC and CspE
in the regulation of expression of stress response proteins is
discussed.
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TABLE 1. Bacterial strains used in this study

E. cgli Relevant genotype Reference or
strain source
IM83 F araA (lac-proAB) rpsL(Str") 40
AR137  (A(argF-lac)U169) but pcnBS0O 12
WB023  JMS83 but AcspE::Kan" 3
WBC JMS83 but AcspC::Spc” This study
WBCE  JMS83 but AcspC::Spc’ AcspE::Kan'  This study
KNJ114  JMS83 but ArpoS::Kan* Personal communication

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used in this study are
listed in Table 1. The bacterial cultures were grown in Luria broth or in M9
medium supplemented with glucose (0.02 to 0.4%) and 0.4% Casamino Acids.
The cultures were supplemented with antibiotics (50 pg ml~') such as ampicillin,
kanamycin, or spectinomycin as required. The E. coli wild-type strain used in this
study was JM83 (40).

Construction of the AcspE strain (WB023) has been reported previously (3).
The AcspC strain (WBC) was constructed in a similar manner, in which the
chromosomal AcspC coding sequence was replaced by the Spc' gene. Further
details will be described elsewhere. The AcspC AcspE strain (WBCE) was con-
structed by using phage Plvir-mediated transduction of the AcspE strain (21).
The AcspC AcspE strain (AR137) was constructed in a similar manner. The
ArpoS strain (KNJ114) was a gift from K. Yamanaka.

The isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible pINIIIA3 plasmid
and the pINII-cspC and pINIII-cspE expression vectors containing cspC and
cspE, respectively, have been described previously (4, 15).

Using the total E. coli genome as a template, the PCR fragment encompassing
the region from upstream of codon 13 of osmY (bases —88 to +284) (42) was
generated and inserted into the EcoRI and BamHI sites of pUC19. The PCR
fragment for dps contained the region from bases —150 to +81 (codon 14) (2).
The sequence of each construct was confirmed. Plasmids pUC19-osmY and
pUC19-dps were digested with EcoRI and BamHI, and this was followed by gel
purification of the inserts and subcloning in the pRS414 vector to create the
respective translational lacZ fusion constructs.

Assay for B-galactosidase activity. The lacZ constructs of interest were trans-
formed into AR137 strain. The cells were grown in Luria broth, and the B-ga-
lactosidase activity was measured as described by Miller (21). To check the
expression of CspC and CspE, the cells were exposed to various stresses such as
0.5 M Na(l, 0.5 M KCl, 5% ethanol, pH 10, pH 4, 15°C, 50°C, and anaerobiosis
for 15 min and the B-galactosidase activities were determined.

Radioactive labelling of the cells and two-dimensional gel electrophoresis.
Cells were grown in M9 medium supplemented with glucose, 19 amino acids
(without methionine), and thiamine at 37°C to an optical density at 600 nm
(ODygyp) of 0.5. Portions (1 ml) of the cultures were labeled with [**S]methionine
(1,092 Ci mol~!, 53 Ci ml~! [Amersham]) for 5 min and then were chased for 3
min by addition of nonradiactive methionine to a final concentration of 0.2 M. To
examine the effect of overexpression of CspC and CspE, the pINIITA3, pINIII-
cspC, and pINIII-cspE plasmids were transformed into strain JM83. The expo-
nentially growing cells at an ODygy of 0.5 were induced with 1 mM IPTG for 30
min and then labeled with [**S]methionine. Cell lysates were prepared and were
analyzed by two-dimensional gel electrophoresis (34).

For identification of proteins from the two-dimensional gel pattern, the cells
were not labeled; instead, the gels were strained with a silver stain (25) and the
protein spots of interest were cut out from the gels and identified by peptide mass
spectrophotometric fingerprinting (Protein Core Facility, Columbia University).

Isolation of RNA and primer extension. The respective cultures were grown at
37°C to an ODgy, of 0.5. Total RNA was extracted by the hot-phenol method
described previously (29). Primer 750077 (5'-TACAGCCAGCAGAGTTTTCG
AAAT-3"), which corresponds to the sequence from codons 15 to 8 of osmY (41),
primer 750078 (5'-ATAAAGCAGATTGGTCGCTTTTGA-3'), which corre-
sponds to the sequence from codons 16 to 9 of dps (2), and primer 750079
(5'-GCTTTCCGGGGAGAGGTCGACCGC-3"), which corresponds to the se-
quence from codons 16 to 9 of uspA (22), were labeled with [y-*P]ATP (Du-
Pont-New England Nuclear) by using T4 polynucleotide kinase (Gibco BRL).
For detection of ompF, primer 7018 (5'-ACGGGATCCTTCATCATTATTTA
TTA-3"), which includes the region encompassing from codon 1 of ompF (ac-
cession numbers, JO1655, M10311, and M10312) was used. Primer 979747 (5'-
CAGCGTATTCTGACTCATAAGGTG-3"), which corresponds to the region
from codon 6 of rpoS (31), primer 956661 (5'-ACGAAGGGTAATCGGTTTT
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ACTTT-3"), which corresponds to the region from codons 13 to 6 of proP
(accession number, M83089), and primer 956660 (5'-AGTGGCTGTGGTGTT
ATGGATATC-3"), which corresponds to the region from codons 13 to 6 of katG
(33), were used. Primer extension was carried out with 5 g of RNA at 42°C for
1 h in a final reaction volume of 10 wl containing 50 mM Tris-HCI (pH 8.5), 8
mM MgCl,, 30 mM KCI, 1 mM dithiothreitol, 0.4 pmol of 3>P-labeled primer, 0.5
mM each deoxynucleoside triphosphate, 10 U of RNase inhibitor (Boehringer
Mannheim), and 6.25 U of reverse transcriptase (Boehringer Mannheim). The
products were analyzed on 6% polyacrylamide gel under denaturing conditions.
Quantitation of primer extension products was carried out by direct radioactive
measurements.

For measuring the stability of the mRNAs, the cells were grown at 37°C to the
mid-log phase and rifampin (Sigma) was added at a final concentration of 200 pg
ml~! to stop the transcription. Samples (1.5 ml) were removed at each time
point, and RNA was isolated as described above.

Western blot analysis. To examine the effect of CspC and CspE overproduc-
tion on the RpoS levels by Western blot analysis, wild-type cells containing
pINIITIA3, pIN-cspC, or pIN-cspE, grown at 37°C and induced as described
above, were concentrated by centrifugation at 13,000 X g, the resulting cell
pellets were suspended in sodium dodecyl sulfate (SDS) loading buffer, and the
proteins were resolved by SDS-polyacrylamide gel electrophoresis. The Western
blots were prepared as described by the antibody manufacturer (Neoclone). The
blots were probed with a 1:1,000 dilution of the anti-RpoS monoclonal antibod-
ies (Neoclone) and then with a 1:1,000 dilution of sheep anti-mouse alkaline
phosphatase conjugate (Chemicon).

RESULTS AND DISCUSSION

Expression pattern of CspC. Using the translational cspE-
lacZ fusion, it was shown previously that CspE is induced
1.5-fold after dilution of the overnight culture into fresh me-
dium. However, apart from this, its expression is constitutive
throughout growth (3). The cspC-lacZ fusion, in which the lacZ
gene is translationally fused at codon 13 of cspC, was described
previously (18). The cspC-lacZ fusion construct was introduced
into strain AR137 which maintains plasmids at low copy num-
ber (12), and the B-galactosidase activity was measured during
various stages of growth. As seen in Fig. 1, CspC was also
expressed constitutively during growth at 37°C but there was
no significant induction during the lag phase. We also exam-
ined whether CspC and CspE are induced by any stress by
using the respective translational lacZ constructs as described
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FIG. 1. Expression pattern of the cspC-lacZ translational fusion.
The cspC-lacZ expression pattern in different growth stages at 37°C

is shown. Open squares, B-galactosidase activities; solid diamonds,
ODy, of cells.
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FIG. 2. Effect of overexpression of CspC and CspE in the exponentially growing cells at 37°C. (A to C) The wild-type cells (JM83) transformed
with pINIIIA3 (A), pINIII-cspC (B), and pINIII-cspE (C) were induced with 1 mM IPTG for 30 min. (D) The cells transformed with pINIII-cspC
were also induced with 0.25 mM IPTG. The cells were labeled with [**S]methionine, and the protein synthesis patterns were compared by
two-dimensional gel electrophoresis. Electrophoresis in the first-dimension (isoelectric focusing) gel was carried out between pH 3.5 (right side)
and pH 10 (left side). The proteins whose expression is upregulated by CspC and CspE are circled and marked with arrows. The position of CspC
is marked with a square in panels B and D, while the position of CspE is marked with a square in panel C. Four independent sets of experiments
were carried out, and the proteins consistently showing significant upregulation are designated a to d. (E) Growth curves of the wild-type cells
transformed with pINIIIA3 (squares), pINIII-cspC (circles), and pINIII-cspE (triangles) induced with 1 mM IPTG.

in Materials and Methods. CspC and CspE were not signifi-
cantly induced by 0.5 M NaCl, 0.5 M KCl, 5% ethanol, pH 10,
pH 4, temperature stress of 15 or 50°C, or anaerobiosis (data
not shown).

Effect of overproduction of CspC and CspE on the overall
protein pattern of the cell. CspC and CspE were overexpressed
in wild-type E. coli JM83 using the IPTG-inducible pINIIIA3
vector system. Overexpression of both CspC (10-fold) (Fig. 2B)
and CspE (8-fold) (Fig. 2C) seemed to have similar effects on
the overall protein pattern of E. coli. The expression of some
proteins was upregulated by the overexpression of CspC and

CspE. These proteins are circled in Fig. 2. However, we ob-
served that the intensity of the same protein spot sometimes
varied in different electrophoretic runs. Hence, we carried out
several independent electrophoretic runs of different cell ex-
tracts and found that only four of these proteins (labeled a to
d in Fig. 2B) were consistently and significantly (more than
fourfold) affected by the overexpression of CspC. The intensi-
ties of the spots labeled a, b, ¢, and d were 10-, 8-, 4-, and
10-fold higher, respectively, than those of the corresponding
spots in the control (Fig. 2A). The intensities of other circled
spots varied in different runs, and in some cases less than a
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FIG. 3. Stability and amount of the osmY, dps, and uspA mRNAs in the wild-type, wild-type overexpressing CspC, and AcspC AcspE strains.
The respective cultures were grown at 37°C to an ODy,, of 0.5. Total RNA was extracted by the hot-phenol method. For measuring the stability
of the mRNAs, rifampin was added at a final concentration of 200 wg ml~! to stop the transcription. Samples (1.5 ml) were removed at each time
point, RNA was isolated, and primer extension analysis was carried out with oligonucleotides corresponding to osmY, dps, or uspA. (A) For osmY
mRNA, the wild-type (Wt) strain is lanes 1 to 4 (0, 10, 15, and 20, min, respectively), the AcspC AcspE strain is in lanes 5 to 7 (0, 8, and 10 min,
respectively), and the wild-type strain overexpressing CspC is in lanes 8 to 10 (0, 20, and 30 min, respectively). For dps mRNA, the wild-type strain
is in lanes 1 to 4 (0, 1, 2, and 4 min, respectively), the AcspC AcspE strain is in lanes 5 to 8 (0, 0.5, 1, and 2 min, respectively), and the wild-type
strain overexpressing CspC is in lanes 9 to 12 (0, 4, 8, and 10 min, respectively). For uspA mRNA, the wild-type strain is in lanes 1 to 3 (0, 1, and
2 min, respectively), the AcspC AcspE strain is in lanes 4 to 7 (0, 0.5, 1, and 2 min, respectively), and the wild-type strain overexpressing CspC is
lanes 8 to 11 (0, 10, 12, and 15 min, respectively). For ompF mRNA, the wild-type strain is in lanes 1 to 3 (0, 5, and 10 min, respectively), the AcspC
AcspE strain is in lanes 4 to 6 (0, 5, and 10 min, respectively), and the wild-type strain overexpressing CspC is in lanes 7 to 9 (0, 5, and 10 min,
respectively). (B) Graphical representation of the results in panel A, which shows the half-lives of the osmY, dps, uspA, and ompF mRNAs. The
respective mRNA at the zero time point was takes as 100% in each case. Solid squares, mRNA (i.e., osmY, dps, uspA, or ompF) from cells
overexpressing CspC; open squares, mRNAs from wild-type cells; open circles, nRNAs from AcspC AcspE cells.
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FIG. 4. Stability and amount of the rpoS mRNA and RpoS levels in
the wild-type strain and the wild-type strains overexpressing CspC and
CspE. The cultures were grown at 37°C to an ODy, of 0.5. Total RNA
was extracted by the hot-phenol method. For measuring stability of the
mRNAs, rifampin was added at a final concentration of 200 pg ml™! to
stop the transcription. Samples (1.5 ml) were removed at each time
point, RNA was isolated, and primer extension analysis was carried out
with oligonucleotides corresponding to rpoS. (A) The wild-type (wt)
strain is in lanes 1 to 4 (0, 2, 4, and 8 min, respectively), the wild-type
strain overexpressing CspC is in lanes 5 to 8 (0, 8, 12, and 15 min,
respectively), and the wild-type strain overexpressing CspE is in lanes
9 to 11 (0, 10, and 15 min, respectively). (B) Graphical representation
of the results in A, which shows the half-life of the 7poS mRNA. The
mRNA at the zero time point was considered 100% in each case. Solid
diamonds, rpoS mRNA from cells overexpressing CspC; solid squares,
rpoS mRNA from cells overexpressing CspE; open squares, ;poS mRNA
from wild-type cells. (C) Western blot analysis of RpoS levels in the
wild-type strain without (lane 1) and with the overproduction of CspC
(lane 2) and CspE (lane 3). Equal numbers of cells were applied to each
lane. The Blots were probed with anti-RpoS monoclonal antibodies.

twofold increase was observed with overexpression of CspC
and CspE.

The protein designated c¢ was identified as universal stress
protein, UspA, from the E. coli database for two-dimensional
gel electrophoresis protein patterns (35). Other proteins were
identified by peptide mass spectrophotometric fingerprinting.
Spot a is an osmotically inducible protein, OsmY, and spot b
is the DNA protection protein during starvation, Dps. These
three proteins were also upregulated by overexpression of CspE.
The fourth protein, designated spot d in Fig. 2B, was identified
to be another form of CspC. As expected, this protein was not
upregulated in the strain overexpressing CspE (Fig. 2C). We
have previously reported that UspA was downregulated in the
AcspE strain and that when cspE was reintroduced in trans
using a plasmid carrying cspE (pKX714) to complement the
AcspE strain, the level of UspA was restored (3). Downregu-
lation of UspA was also seen in the AcspC strain (data not
shown). Two more proteins, DnaK and GroEL (spots e and f)
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were also upregulated by CspC and CspE overexpression; how-
ever, the levels were significantly less strongly induced (3-fold)
than those seen with their heat shock induction (>10-fold)
(data not shown).

Since 1 mM IPTG induced massive production of the two
Csp proteins, we also checked the effect of a lower level of
CspC induction by using 0.25 mM IPTG. Figure 2D shows that
a two times induction of CspC resulted in significant induction
of OsmY, Dps, and UspA (8-, 6-and 2.5-fold, respectively).
This result suggests that even lower induction of CspC is suf-
ficient for significant induction of stress proteins and supports
our conclusion that in spite of being induced constitutively,
these proteins are important for regulation of expression of
stress response proteins. To determine if overproduction of
CspC and CspE has any effect on the growth rate, we checked
the growth rates of the wild-type strain containing pINIIIA3,
pINIII-cspC, or pINIII-cspE. The cells were induced with 1
mM IPTG at an ODg, of 0.5 as described above. Figure 2E
shows that overexpression of CspE had no effect on growth
rate. The growth was slower with CspC overproduction; how-
ever, the maximum cell density was similar to that without the
overexpression. Since CspC and CspE have similar effects on
the induction of RpoS and UspA and since CspE does not have
any effect on the growth rate, it seems that induction of RpoS
and UspA is not due to reduction in the growth rate by any
stress created by overproduction of the Csps.

Effect of CspC overexpression and deletion on the amount
and stability of mRNAs for osmY, dps, and uspA. RNAs were
isolated from the wild-type strain with and without the over-
expression of CspC and from the AcspC AcspE strain in the
exponential phase. Since CspE also influences the expression
of these three proteins, a cspC cspE double-deletion strain was
used for this study. As seen in Fig. 3A, in the strain overex-
pressing CspC, the level of osmY mRNA was much higher
(15-fold) (lane 8; 0 min) than in the wild-type strain (lane 1; 0
min). On the other hand in the AcspC AcspE strain, osmY
mRNA was significantly downregulated (lanes 5 to 7; 0, 8, and
10 min, respectively). Also, the half-life of RNA in the wild-
type strain and in the CspC-overexpressing strain was 20 min
and more than 30 min, respectively, while in the AcspC AcspE
strain it was reduced to 10 min (Fig. 3B).

As seen in Fig. 3A, the level of dps mRNA was 12 times
higher in the CspC-overexpressing strain (lane 9; 0 min) than
in the wild-type strain (lane 1; 0 min). Its half-life was 1.5 min
in the wild-type strain whereas in the CspC-overexpressing
strain it was stable even after 10 min. In the AcspC AcspE
strain, the amount of dps mRNA was significantly reduced
(lanes 5 to 8; 0, 0.5, 1, and 2 min, respectively) and the half-life
was decreased to 0.5 min (Fig. 3B). The half-life of uspA
mRNA was 1.8 min in the wild-type strain, which is consistent
with the previous report (22). It was stable for up to 15 min in
the CspC-overexpressing strain. The level of uspA mRNA was
four times higher in the CspC-overexpressing strain (lane 8; 0
min) than in the wild-type strain (lane 1; 0 min); it was reduced
by more than three fold in the AcspC AcspE strain (lane 4; 0
min), and the half-life was reduced to 1 min (lane 6). Hence,
the overexpression and deletion of CspC appears to have a
significant effect on the amount and stability of osmY, dps, and
uspA mRNAs.

To check if the effect of CspC overexpression is specific,
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FIG. 5. Stability and amount of the osmY, dps, and uspA mRNA in the ArpoS strain and the ArpoS strain overexpressing CspC. The respective
cultures were grown at 37°C to an ODy, of 0.5. Total RNA was extracted by the hot-phenol method. For measuring the stability of the mRNAs,
rifampin was added at a final concentration of 200 wg ml~"! to stop the transcription. Samples (1.5 ml) were removed at each time point, RNA was
isolated, and primer extension analysis was carried out with oligonucleotides corresponding to osmY, dps, or uspA. (A) osmY mRNA. The ArpoS
strain is in lanes 1 to 3 (0, 20, and 25 min, respectively), and the ArpoS strain overexpressing CspC is in lanes 4 to 6 (0, 20, and 25 min, respectively).

(B) dps mRNA. The ArpoS strain is in lanes 1 to 4 (0,

1, 2, and 4 min, respectively), and the ArpoS strain overexpressing CspC is in lanes 5 to 8
(0, 4, 8, and 10 min, respectively). (C) uspA mRNA. The ArpoS strain is in lanes 1 to 4 (0, 1,

2, and 4 min, respectively), and the ArpoS strain

overexpressing CspC is in lanes 5 to 8 (0, 15, 20, and 25 min, respectively).

primer extension was carried out using the ompF mRNA. The
reason for using OmpF is that it is not induced by any of the
above stresses. As seen from Fig. 3A, the amount and stability
of ompF mRNA were not affected by the deletion of cspC and
cspE (lanes 4 to 6; 0, 5, and 10 min, respectively or by the
overexpression of CspC (lanes 7 to 9; 0, 5, and 10 min, respec-
tively) compared to the values in the wild-type strain (lanes 1
to 3; 0, 5, and 10 min, respectively). This suggests that osmY,
dps, and uspA are specifically regulated by CspC. We also
carried out these experiments using the wild-type strain con-
taining pINIIIA3 vector and found that results were same as
those with the wild-type strain alone. The pINIIIA3 vector had
no effect on stability of the tested mRNAs or the transcript
levels.

Effect of overexpression of CspC and CspE on the amount
and stability of rpoS mRNA. While OsmY is produced in
response to osmotic stress and during the stationary phase, its
function is unclear. Its expression is transcriptionally regulat-
ed by a stationary-phase sigma factor, RpoS, in both osmotic
stress and stationary phase (42). Dps is induced by osmotic,
oxidative stress and upon stationary phase and is subject to
complex regulation including that by OxyR in the exponential
phase and by RpoS and integration host factor in the stationary
phase (1, 2, 19, 20). UspA is produced under the stresses that
lead to growth arrest, and its expression is independent of the
global regulators such as RpoS, PhoB, AppY, OmpR, Lrp, and
RpoH (8, 9, 22).

Next we examined if the expression of osmY and dps is
influenced by CspC and CspE through RpoS itself. RNAs were
isolated from the wild-type strain with and without the over-
expression of CspC and CspE, and the stability was measured
as described previously. As seen in Fig. 4A, the amount of rpoS
mRNA was approximately fourfold higher in the strain over-
expressing CspC (lane 5; 0 min) than in the wild-type strain
(lane 1; 0 min). The half-life was 2.5 min (lane 2) and more
than 15 min (lane 8) in the wild-type strain and the strain
overexpressing CspC, respectively. Similar results were ob-
served with CspE overexpression (lanes 9 to 11). The amount
of rpoS mRNA was almost undetectable in the AcspC AcspE
strain (data not shown). The upregulation of RpoS by the
overexpression of CspC and CspE was also examined at the
protein level by Western blot analysis using anti-RpoS mono-
clonal antibodies. Figure 4C shows RpoS levels in the wild-type
strain without (lane 1) and with the overexpression of CspC
(lane 2) or CspE (lane 3). The RpoS level was significantly
higher in the latter, consistent with its correspondingly higher
transcript levels. This raises the interesting possibility that the
upregulation of osmY and dps may also be caused by transcrip-
tional activation by RpoS, which in turn is regulated by CspC
and CspE.

Effect of CspC overexpression on osmY, dps, and uspA
mRNAs in the ArpoS strain. To confirm the above possibility,
RNAs were isolated from the ArpoS strain with and without
the overexpression of CspC and the effect of this overexpres-
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FIG. 6. Stability and amount of the proP and katG mRNAs in the wild-type strain and the wild-type strain overexpressing CspC. The respective
cultures were grown at 37°C to an ODy, of 0.5. Total RNA was extracted by the hot-phenol method. For measuring the stability of the mRNAs,
rifampin was added at a final concentration of 200 wg ml~" to stop the transcription. Samples (1.5 ml) were removed at each time point, RNA was
isolated, and primer extension analysis was carried out with oligonucleotides corresponding to proP or katG. (A) For proP mRNA, the wild-type
(Wt) strain was in lanes 1 to 5 (0, 1, 2, 4, and 8 min, respectively) and the wild-type strain overexpressing CspC was in lanes 6 to 10 (0, 4, 8, 10,
and 12 min, respectively). For katG mRNA, the wild-type strain was in lanes 1 to 5 (0, 1, 2, 4, and 8 min, respectively) and the wild-type strain
overexpressing CspC was in lanes 6 to 10 (0, 8, 12, and 15 min, respectively). (B) Graphical representation of the results is panel A, which shows
the half-lives of the proP and katG mRNAs. The respective mRNA at the zero time point was taken as 100% in each case. Solid squares, respective
mRNA (i.e., proP or katG) from cells overexpressing CspC; open squares, respective mRNA from wild-type cells.

sion on the osmY and dps mRNAs was investigated as de-
scribed above. As seen in Fig. 5A (lane 1; 0 min), the amount
of osmY mRNA was drastically reduced in the ArpoS strain,
which is consistent with the previous report by Hengge-Aronis
et al. (13). In the ArpoS strain overexpressing CspC, osmY
mRNA could be detected (lane 4; 0 min), even though its level
was dramatically lower than that in the wild-type strain over-
expressing CspC (Fig. 3A). The amount of dps mRNA in the
strain overexpressing CspC (lane 5; 0 min) was twice as high as
that in the ArpoS strain (lane 1; 0 min). However, as with osmY
mRNA, this level was significantly lower than that in the wild-
type strain overexpressing CspC (Fig. 3A). These results sup-
port the possibility that CspC regulates the expression of
OsmY and Dps by influencing the expression of RpoS itself.
On the other hand, the level of uspA mRNA in the ArmpoS
strain was unaffected (Fig. 4C, lane 1; 0 min) compared to that
in the wild-type strain (Fig. 3A), which is consistent with the
fact that expression of UspA is independent of RpoS (22). The

stability and amount of uspA mRNA were increased by the
overexpression of CspC in the ArpoS strain (lanes 5 to 8; 0, 15,
20, and 25 min, respectively).

Effect of CspC overexpression on mRNAs for proP and katG.
We also investigated if other stress proteins regulated by RpoS
are upregulated by the overexpression of CspC and CspE. We
tested the effect of CspC overexpression on the level and sta-
bility of mRNAs for proP and katG, which are regulated by
RpoS (14). ProP is induced by osmotic stress (6), and KatG is
induced by oxidative stress (14, 33). The half-life of proP
mRNA increased from 0.5 min in the wild-type strain to 10 min
in the strain overexpressing CspC (Fig. 6). The half-life of katG
mRNA was 1.5 min and more than 15 min in the wild-type
strain and the strain overexpressing CspC, respectively (Fig. 6).
Neither of these proteins were identified by the two-dimen-
sional polyacrylamide gel electrophoresis, possibly because
they may not be resolved well by the system used and because
some additional factors may also be responsible for regulation
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FIG. 7. Effect of deletion of cspC and cspE on the induction of OsmY and Dps by osmotic stress. The wild-type and AcspC AcspE cells were
exposed to 0.5 M NaCl for 15 min and labeled with [**S]methionine, and the protein synthesis patterns were compared by two- dimensional gel
electrophoresis. (A) Wild-type cells. (B) Wild-type cells treated with NaCl. (C) AcspC AcspE cells. (D) AcspC AcspE cells treated with NaCl. The
relevant parts of the gels are shown. (E) Comparison of the expression patterns of the osmY-lacZ and dps-lacZ translational fusion constructs in
response to the osmotic stress in the AR137 and the AR137AcspCAcspE strains. Exponentially growing cells of the respective strains were subjected
to osmotic stress as in panels A to D, and B-galactosidase activities were determined in the pre- and postshift cells. The results are as follows:
osmY-lacZ in the AR137 strain, preshift (lane 1) and postshift (lane 2); osmY-lacZ in the AR137AcspCAcspE strain, preshift (lane 3) and postshift
(lane 4). dps-lacZ in the AR137 strain, preshift (lane 5) and postshift (lane 6); dps-lacZ in the AR137AcspCAcspE strain, preshift (lane 7) and

postshift (lane 8).

of their expression. Thus, the present results show clearly that
CspC and CspE influence the expression of a number of stress
proteins that are regulated by RpoS.

Effect of cspC and cspE deletion on the osmotic induction of
OsmY and Dps. It has been reported that OsmY and Dps are
induced by osmotic stress and that in the ArpoS strain, the
induction of OsmY and Dps by the osmotic stress is reduced
(13, 17, 19, 41). To check if deletion of cspC and cspE affects

their osmotic induction, the wild-type and AcspC AcspE cells
were treated with 0.3 M NaCl for 15 min and labeled with
[*>S]methionine and the protein patterns were analyzed by
two-dimensional polyacrylamide gel electrophoresis. As seen
in Fig. 7B, in the wild-type strain OsmY and Dps were induced
by the osmotic stress (compare with the results for the un-
treated wild-type cells in Fig. 7A), while deletion of ¢spC and
cspE resulted in reduced induction of these proteins by the



VoL. 183, 2001

osmotic stress (Fig. 7D). This may occur through the regula-
tion of rpoS by CspC and CspE. UspA was not greatly induced
under the conditions used, because complete growth inhibition
by any stress is required for significant induction of UspA (24).

To examine if only the fold induction by the osmotic stress is
affected by the cspC cspE deletion or if the steady-state levels
are affected in both the preshift and postshift cells, transla-
tional lacZ fusion constructs of osmY and dps were trans-
formed into strains AR137 and AR137AcspCAcspE (compare
lanes 1 and 3 for osmY and lanes 5 and 7 for dps). The preshift
levels of osmY and dps were 3.5- and 3-fold lower, respectively,
in the AR137AcspCAcspE strain, while the corresponding post-
shift levels were 12- and 8-fold lower (compare lanes 2 and 4
for osmY and lanes 6 and 8 for dps). This suggests that in
addition to maintaining the steady-state levels of RpoS, CspC
and CspE are involved in regulation of the expression of RpoS
and consequently of RpoS-regulated proteins during stress re-
sponse.

The effect of CspC and CspE overexpression was studied in
the exponentially growing cells, but upregulation of osmY and
dps by the overexpression of these proteins was also observed
in the stationary phase (data not shown). It has been suggested
that RpoS may play a role in the exponentially growing cells as
well (14). This theory is supported by the recent expression
analysis of E. coli (32).

The expression of RpoS itself is subject to complex posttran-
scriptional and translational regulation. In the present case,
CspC and CspE which are RNA-binding proteins (27), regu-
late the expression of 7poS, which results in the upregulation of
the expression of at least some of the genes controlled by
RpoS, such as osmY, dps, proP, and katG. The mRNAs for rpoS
and uspA are dramatically stabilized by overexpression of CspC
and CspE. In addition, transcriptional activation may be re-
sponsible for their upregulation. The exact mechanism of the
stabilization is not clear, but it may be speculated that CspC
and CspE protect these mRNAs from degradation by the vir-
tue of physical binding. On the other hand, it is also possible
that the effect of CspC and CspE on the expression of RpoS
and UspA is indirect and that they act on an unknown fac-
tor(s), which in turn affects the expression of these stress pro-
teins.

On the basis of the expression analysis of E. coli growing in
minimal and rich media, it has been suggested that RpoS and
UspA play important roles in the global control of carbon flow
in cells growing in minimal media (32). The results suggested
that RpoS plays a role in the regulation of carbon-metabolizing
genes and that UspA may coordinate glucose and acetate me-
tabolism. The involvement of the latter in the coupling of
glucose and acetate metabolism is supported by the observa-
tion that mutants lacking uspA exhibited diauxic growth on
minimal media. This is supposedly due to the failure to assim-
ilate acetate until glucose becomes completely exhausted (23).
This may give a new perspective to the role of CspC and CspE
in the regulation of these two key proteins.

Conclusion. The present study shows that RpoS is regulated
by CspC and CspE, with the consequent regulation of some of
the stress proteins controlled by the former. The cold shock
domain family is considered to be one of the ancient protein
families (10), and these proteins might have played an impor-
tant role in the survival of the organism during evolution under
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various stress conditions (26, 28). It is significant that produc-
tion of CspC and CspE at 37°C is constitutive. It is interesting
that CspC and CspE are involved in the regulation of the
expression of RpoS, a global stress response regulator, and
UspA, a protein responding to numerous stresses, during nor-
mal growth as well as during the stress response. In the light of
these observations, it seems plausible that CspC and CspE act
as regulatory elements for the expression of the stress proteins
in the complex stress response network of the cell.
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