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The cold shock response of Escherichia coli is elicited by downshift of temperature from 37°C to 15°C and is
characterized by induction of several cold shock proteins, including CsdA, during the acclimation phase. CsdA,
a DEAD-box protein, has been proposed to participate in a variety of processes, such as ribosome biogenesis,
mRNA decay, translation initiation, and gene regulation. It is not clear which of the functions of CsdA play a
role in its essential cold shock function or whether all do, and so far no protein has been shown to complement
its function in vivo. Our screening of an E. coli genomic library for an in vivo counterpart of CsdA that can
compensate for its absence at low temperature revealed only one protein, RhlE, another DEAD-box RNA
helicase. We also observed that although not detected in our genetic screening, two cold shock-inducible
proteins, namely, CspA, an RNA chaperone, and RNase R, an exonuclease, can also complement the cold shock
function of CsdA. Interestingly, the absence of CsdA and RNase R leads to increased sensitivity of the cells to
even moderate temperature downshifts. The correlation between the helicase activity of CsdA and the stability
of mRNAs of cold-inducible genes was shown using cspA mRNA, which was significantly stabilized in the �csdA
cells, an effect counteracted by overexpression of wild-type CsdA or RNase R but not by that of the helicase-
deficient mutant of CsdA. These results suggest that the primary role of CsdA in cold acclimation of cells is
in mRNA decay and that its helicase activity is pivotal for promoting degradation of mRNAs stabilized at low
temperature.

Cold shock response is elicited when exponentially growing
cells of Escherichia coli are shifted from 37°C to 15°C (for a
review, see reference 23). This response is characterized by a
transient arrest of cell growth termed the acclimation phase,
during which a number of genes are induced, in contrast to a
severe inhibition of general protein synthesis. The highly in-
duced cold shock proteins include CspA (8) and its homo-
logues, such as CspB (15), CspG (22), and CspI (35), transcrip-
tion factor NusA (7), polynucleotide phosphorylase (6),
initiation factor IF2 (9), RecA (34), histone-like protein H-NS
(5), DNA gyrase (12), ribosome-binding factor RbfA (4), and
RNA helicase CsdA (31).

CsdA is a DEAD-box protein which belongs to the large
family of putative RNA helicases conserved from bacteria to
humans (17). Along with the related DEXD/H-box proteins,
they play important roles in many cellular processes, such as
processing, transport, or degradation of RNA or ribosome
biogenesis (for a review, see reference 10). E. coli contains five
DEAD-box genes, csdA (formerly called deaD), dbpA, rhlB,
rhlE, and srmB. Despite their importance in RNA metabolism,
the exact function of these proteins has not been elucidated.
Except for DbpA, these proteins do not exhibit RNA speci-
ficity in vitro. Among these, CsdA has been identified as a
multifunctional protein. It is essential at low temperature, and
deletion of its gene impairs growth upon cold shock (3, 13). On

the other hand, it is dispensable at 37°C. The deaD/csdA gene
was originally identified as a multicopy suppressor of a muta-
tion in the rpsB gene that encodes r-protein (31). This sug-
gested that CsdA may play a role in the biogenesis of the small
ribosomal subunit, and later on it was reported that overex-
pression of CsdA in an S2 mutant restores the incorporation of
r-proteins S2 and S1 into the 30S ribosomal subunits (21). It
has also been suggested that CsdA assists in translation by
promoting translation initiation of structured mRNAs (18).
This suggestion is supported by the observation that CsdA
shows 54% identity and 87% sequence similarity to the eukary-
otic initiation factor eIF4A that catalyzes the ATP-dependent
unwinding of RNA duplexes and stimulates translational ini-
tiation in eukaryotic cells (18).

CsdA has been implicated in the stabilization and degrada-
tion of mRNAs (14, 37). It accumulates during the early stages
of cold acclimatization and assembles into degradosomes with
RNase E synthesized in cold-adapted cultures (27). It was also
reported that CsdA may be involved in the efficient and selec-
tive degradation of Csp mRNAs by unwinding the mRNA
secondary structure that impedes the processive activity of
polynucleotide phosphorylase (PNPase) (37). Recently, it was
shown that CsdA is involved in the biogenesis of the 50S rather
than the 30S ribosomal subunits and that deletion of the csdA
gene leads to a deficit in free 50S subunits and accumulation of
a 40S-like particle. The authors also showed that CsdA asso-
ciates with 50S precursors at low temperature and can com-
plement the ribosome defect of an srmB deletion strain (3).
Altogether, these data suggest that CsdA has multiple over-
lapping functions in several important physiological processes.
It is not clear which of the activities of CsdA play a role in its
essential cold shock function or whether they all do, and so far
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no protein has been shown to complement its function in vivo.
To elucidate the cold shock function of CsdA, we screened for
genes which when expressed from multicopy plasmids can
complement the cold-sensitive phenotype of the csdA deletion
cells at 15°C. We observed that another DEAD-box RNA
helicase, RhlE, can complement CsdA function at low temper-
ature. This finding emphasized the importance of helicase ac-
tivity for the acclimation of cells to cold temperatures. We thus
carried out mutational analysis of DEAD box of CsdA and show
that the first two amino acids of the DEAD box are essential
for the cold-acclimation activity of CsdA. We also observed
that although not detected in our genetic screening, two cold
shock-inducible proteins, CspA, an RNA chaperone, and
RNase R, an exonuclease, can also complement the cold shock
function of CsdA. We also observed that the absence of CsdA
and RNase R results in increased sensitivity of the cells to
moderate temperature downshifts. We tested the correlation
between the helicase activity of CsdA and stability of mRNAs
of cold-inducible genes by use of cspA mRNA, which was
significantly stabilized in the �csdA cells. This stabilization was
reversed by the overexpression of wild-type CsdA or RNase R
but not by the overexpression of a helicase-deficient mutant of
CsdA. Based on the results presented here, we conclude that
involvement of CsdA in low-temperature mRNA decay may be
its primary role and that its helicase activity is crucial for
promoting degradation of mRNAs stabilized at low tempera-
ture.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli strains MC4100 [F� araD139�(argF-
lac)U169 rpsL150 (Strr) relA1 flbB5301 deoC1 ptsF25 rbsR] (19) and JM83 [F�

ara�(lac-proAB) rpsL (Strr)] (38) were used as wild-type strains. The �csdA-
MC4100 deletion strain was described previously (37). The �rnr-JW5741 strain
and �rhlE-JW0781 strain were obtained from the Keio Collection, Japan. The
�csdA, �rnr, and �rhlE single, double, and triple deletions were created in the
JM83 strain by P1 transduction. The bacterial cultures were grown in Luria-
Bertani broth (LB). Antibiotics such as ampicillin (50 �g ml�1) and chloram-
phenicol (Cm) (50 �g ml�1) were supplemented as required.

The plasmids pACYC-duet-csdA, pACYC-duet-rhlB, pACYC-duet-rhlE,
pACYC-duet-rnr, and pACYC-duet-cspA were constructed by cloning the coding
regions corresponding to csdA, rhlB, rhlE, rnr, and cspA into pACYC-duet vector,
respectively, by use of NdeI and KpnI. The leaky expression of the inserted genes
in this vector system was used; IPTG (isopropyl-�-D-thiogalactopyranoside) was
not added to the cells. The plasmids pINIII-rnr, pINIII-csdA, pINIII-rnb, and
pINIII-pnp were constructed by cloning the regions corresponding to the rnr,
csdA, rnb, and pnp, respectively, by use of NdeI and BamHI. The leaky expres-
sion of the inserted genes in this vector system was used; IPTG was not added to
the cells.

Site-directed mutagenesis. The point mutations of the three acidic amino acids
of the DEAD box were introduced through site-directed mutagenesis using PCR
by the methods described by Lerner et al. and Spee et al. (16, 30). The resultant
DNA fragments were cloned in pACYC-duet vectors to create plasmids express-
ing CsdAD173A, CsdAE174A, or CsdAD176A by use of NdeI and KpnI. The
plasmids were sequenced to confirm the mutant sequences.

RNA isolation. E. coli cells grown overnight in LB medium at 37°C were
diluted into fresh medium. The wild-type and the �csdA cells carrying pACYC-
duet vector alone and the �csdA cells expressing wild-type CsdA, CsdA(DAAD),
or RNase R proteins were grown at 37°C to exponential phase (optical density at
600 nm [OD600] of 0.5) and then were transferred to 15°C for 1 h; transcription
was stopped by adding rifampin (200 �g/ml). The cells were then harvested for
RNA isolation at two time points, 0 min and 40 min. Total RNA was extracted
by the hot-phenol method described previously (29). It was quantified by mea-
suring absorbance at 260 nm. The purity of the RNA was confirmed by agarose
gel electrophoresis.

Primer extension. The primer extension and the deoxyoligonucleotide used for
detection of cspA were described previously (26). The primer was labeled with

[�-32P]ATP (DuPont-New England Nuclear) by using T4 polynucleotide kinase
(Gibco BRL). Primer extension was carried out with 5 �g of RNA at 42°C for 1 h
in a final reaction volume of 10 �l with 50 mM Tris-HCl (pH 8.5)–8 mM
MgCl2–30 mM KCl–1 mM dithiothreitol–0.4 pmol of 32P-labeled primer–0.5 mM
(each) deoxynucleoside triphosphates–10 U RNase inhibitor (Boehringer Mann-
heim)–6.25 U of reverse transcriptase (Boehringer Mannheim). The products
were analyzed on a 6% polyacrylamide gel under denaturing conditions.

RESULTS AND DISCUSSION

Genetic screening for protein counterparts of CsdA. Several
functions have been attributed to CsdA. In order to elucidate
which of these functions is important for the role of CsdA in
cold acclimation of cells, we explored genes that can comple-
ment the cold-sensitive phenotype of the �csdA cells at 15°C.
A genomic library was created by partial digestion of the E. coli
chromosomal DNA with Sau3AI. The partially digested DNA
fragments were cloned into the pACYC184 plasmid by use of
BamHI. The �csdA cells were transformed with the genomic
library. Transformants were isolated for their ability to grow at
15°C. Plasmid DNAs were isolated from the colonies that
showed growth at 15°C, purified, and retransformed into the
�csdA cells to confirm their ability to support growth at low
temperature. The majority of the selected transformants
showed the presence of the csdA gene as expected. A signifi-
cant number (10% [CsdA, 27 of 30; RhlE, 3 of 30]) of the
transformants showed the presence of a gene that encodes
another RNA helicase, RhlE. To confirm whether RhlE in-
deed complements the cold-sensitive phenotype of the �csdA
cells, the wild-type or �csdA cells harboring the pACYC-duet
plasmid as controls and the �csdA cells expressing plasmid-
encoded CsdA or RhlE were streaked on LB-Cm plates and
incubated at 37°C and 15°C. As expected, all the cells were able
to grow at 37°C. The wild-type cells were able to grow at 15°C,
while the �csdA cells showed the cold-sensitive phenotype.
The growth of �csdA cells was restored at 15°C by the presence
of either CsdA or RhlE on a plasmid (Fig. 1). This result
confirms that RhlE can complement the CsdA function at low
temperature. No role has been so far attributed to RhlE; how-
ever, it is interesting that in similarity to CsdA, it shows
broader phylogenetic distribution (10) and that multiple RhlE
homologues are present in some organisms. RhlE can unwind
blunt duplexes whereas CsdA requires 3� or 5� single-stranded
extensions, and neither of these shows RNA specificity in vitro.
However, the lack of strong complementation within the family
of DEAD-box helicases suggests that they may possess in vivo
specificity, possibly as a result of interacting with some other
factors (10).

Analysis of the helicase activity of CsdA. The results of our
genetic screening emphasized the importance of helicase ac-
tivity of CsdA in its cold shock acclimation function, as the only
protein that can complement its function is another DEAD-
box RNA helicase. This determination is supported by a recent
paper by Turner et al. (32). Those authors mutated the second
amino acid of the DEAD box and showed that it is critical for
the unwinding activity of CsdA. Also, using in vitro studies,
Bizebard et al. (2) have shown that the C-terminal segment of
CsdA is not essential for its unwinding activity. To test our
hypothesis that the helicase activity of CsdA plays a crucial role
in its cold-acclimation function, we decided to analyze muta-
tions in the DEAD box of CsdA. We created a truncated CsdA
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construct (444 amino acids) in which the C-terminal domain
(185 amino acids) is deleted and also created mutations in all
three acidic residues (D156, E157, and D159) of the DEAD
box in the entire as well as in the C-terminal-truncated
CsdA. The three mutant proteins created were CsdA(AEAD),
CsdA(DAAD), and CsdA(DEAA). The plasmids harboring

their respective examples of mutant csdA were transformed
into the �csdA cells, and growth was monitored at 37°C and
15°C. The wild-type and �csdA cells harboring the pACYC-
duet plasmid were also streaked on the plates as controls. As
seen in Fig. 2A, all the cells were able to grow at 37°C. The
�csdA cells harboring plasmids with either entire or truncated

FIG. 1. RhlE can complement the cold-sensitive phenotype of �csdA cells at 15°C. E. coli wild-type cells were transformed with pACYC-duet
plasmid as a control, and �csdA cells were transformed with pACYC-duet plasmid alone as a control or containing csdA or rhlE. The cells were
streaked on LB plates containing chloramphenicol (50 �g ml�1) and incubated at 37°C and 15°C. The results obtained with the plates incubated
at 37°C for 24 h and at 15°C for 72 h are presented.

FIG. 2. Analysis of the role of acidic amino acids of the DEAD box in the helicase activity of CsdA. (A) E. coli wild-type cells were transformed
with pACYC-duet plasmid as a control, and �csdA cells were transformed with pACYC-duet plasmid alone as a control or expressing entire CsdA
or C-terminal-truncated CsdA (CsdAtrn) carrying DEAD-box amino acid mutation D156A, E157A, or D159A; the corresponding mutant proteins
are designated CsdA(AEAD), CsdA(DAAD) and CsdA(DEAA), respectively. The cells were streaked on LB plates containing chloramphenicol
(50 �g ml�1) and incubated at 37°C and 15°C. The results of the plate incubation at 37°C for 24 h and at 15°C for 72 h are presented. (B) Growth
curves of wild-type cells with pACYC-duet vector alone, �csdA cells, and �csdA cells expressing wild-type CsdA (�csdA�CsdA) or C-terminally
truncated CsdA (�csdA�CsdAtrn) grown at 15°C.
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CsdA carrying the D159A mutation, i.e., CsdA(DEAA), were
able to grow at 15°C. Two conclusions can be drawn from this
observation: (i) the last Asp residue in the DEAD box is not
important for its helicase activity, or else CsdA with this mu-
tation may still retain some helicase activity which is enough to
suppress the �csdA cold-sensitive phenotype, and (ii) the C-
terminal region is not essential for the cold-complementation
function of CsdA. The latter observation is consistent with the
observation by Bizebard et al. (2) that the C-terminal region is
not essential for the unwinding activity of CsdA. A similar
result was seen with the liquid culture, wherein wild-type cells,
�csdA cells, and the �csdA cells expressing wild-type or C-
terminal-truncated CsdA were grown at 37°C until an OD600 of
0.5 was reached and were then transferred to 15°C. C-terminal-
truncated CsdA was able to complement the cold-sensitive
growth of the �csdA cells (Fig. 2B), although this strain grew
slower than the strain expressing wild-type CsdA. Turner et al.
observed complementation of the �csdA cells by the C-termi-
nal-truncated CsdA only at 25°C (32). They also observed that
it exerts an inhibitory effect on the �csdA cells at 15°C. These
different observations may be due to the different levels of
protein expression in the two systems used. The expression of
CsdA in our system occurred in the form of leaky expression
from the pACYC-duet plasmid, and this low level of expres-
sion did not inhibit the cell growth. Interestingly, this level-
dependent inhibitory effect was seen only for the C-terminal-
truncated CsdA and not for the intact CsdA.

On the other hand, D156A or E157A mutation of both the
entire and the C-terminal-truncated CsdA resulted in failure of
growth at 15°C. The substitution of the E157 residue of CsdA
has been shown to lead to loss of its helicase activity (32), and
here we also observed that the CsdA(DAAD) protein fails to
help the cold acclimation of the �csdA cells. Therefore, it is
reasonable to presume that the lack of cold-acclimation activity
of the CsdA(AEAD) mutant protein may also be due to its
lack of helicase activity. Based on these observations, we con-
clude that the helicase activity of CsdA is essential for its
cold-acclimation function and that the first two residues of the
DEAD box are essential for this activity.

Cold sensitivity of �csdA cells can be complemented by
proteins other than helicases. Recently, Iost and Dreyfuss
reviewed DbpA, RhlB, RhlE, SrmB, and CsdA, the five E. coli
DEAD-box RNA helicases (10). They created double-deletion
mutants of each of the 10 combinations of these helicases and
observed that in none of these cases was the growth of the
double mutants slower than that of single mutants. It has been
also shown that RhlB, RhlE, and CsdA are interchangeable for
the degradation of structured mRNA fragment in vitro (14,
27); however, the in vivo data regarding this interchangeability
are not known. In their review article, Iost and Dreyfuss men-
tioned their unpublished data showing that RhlE may comple-
ment the in vivo function of CsdA (10). Our genetic screening
showed that this is indeed the case, and RhlE was the sole
candidate that emerged in our in vivo screening as a protein
that can complement the cold-sensitive phenotype of the
�csdA cells. Since none of the other E. coli DEAD-box RNA
helicases showed complementation of function of CsdA in
vivo, we considered whether cold-inducible proteins other than
RNA helicases can complement CsdA function at low temper-
ature. We considered two types of proteins, known cold shock-

inducible RNA chaperones and cold shock-inducible RNases.
The role of CsdA in mRNA decay was demonstrated by its
association with the cold shock degradosome (27) and its in-
volvement in degradation of certain mRNAs at low tempera-
ture (37). RNA structures are stabilized upon temperature
downshift; therefore, the RNA chaperone (helicase) activity of
CsdA may be important for unwinding these mRNAs for deg-
radation by RNases. SrmB and CsdA are the only DEAD-box
RNA helicases in E. coli whose deletion leads to cold sensitiv-
ity, the growth defect being more severe in the case of the
�csdA strain. Interestingly, however, the defect in ribosome
biogenesis is milder in the �csdA strain at low temperature (3).
This suggests that the role of CsdA in ribosome biogenesis may
not be its primary function. Thus, the essentiality of CsdA
upon cold shock may be due to its role in mRNA decay, in
which its helicase activity plays a crucial role. On the basis of
this consideration, we tested two proteins as CsdA counter-
parts at low temperature: CspA, the major cold shock protein
and extensively studied RNA chaperone (1, 11, 24), and RNase
R, a cold shock-inducible exonuclease that has recently been
shown to be associated with RhlE, the DEAD-box RNA heli-
case, in the cold-adapted bacterium Pseudomonas syringae
(28).

E. coli has nine CspA homologues, some of which are cold
shock inducible. These proteins act as RNA chaperones by
destabilizing secondary structures in nucleic acids, thus facili-
tating transcription and translation (1, 11). By virtue of their
nucleic acid melting activity these act as transcription antiter-
minators, an activity that has been shown to be critical for the
cold acclimation of cells (24). A csp quadruple-deletion mutant
is thus cold sensitive (36). In similarity to CsdA, Csps cannot
act on blunt-ended duplexes and require 3� or 5� single-
stranded extensions in the form of an overhang or loop at least
four bases in length (25). The Csp-mediated nucleic acid melt-
ing is relatively independent of the sequence of target nucleic
acid and does not require ATP. RNase R is a processive,
3�-to-5� hydrolytic exoribonuclease that, together with polynu-
cleotide phosphorylase, is considered to play an important role
in the degradation of structured RNAs. However, RNase R
differs from other exoribonucleases in that it can by itself
degrade RNAs with extensive secondary structure provided
that a single-stranded 3� overhang is present (33).

The �csdA cells were transformed with the vector pACYC-
duet alone or with the vector expressing CsdA, CspA, or
RNase R. The cells were grown on LB-Cm plates at 37°C and
at 15°C. Wild-type cells containing the vector were included as
a control. As seen in Fig. 3A, all of the cells were able to grow
at 37°C. The wild-type cells and �csdA cells expressing either
plasmid-encoded CsdA form show growth at 15°C. The �csdA
cells expressing CspA or RNase R also show growth at 15°C,
albeit complementation by these two proteins is weaker than
that by CsdA. This may be the reason why these two proteins
were not chosen in our genetic screening. We also tested
whether another DEAD-box helicase, RhlB, can complement
the cold-sensitive phenotype of the �csdA cells, but consistent
with our results in the genetic screening, RhlB did not com-
plement the cold-sensitive phenotype of these cells, as seen in
Fig. 3B.

Next, we further explored the functional relationship be-
tween CsdA and RNase R by analyzing the growth patterns of
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the �rnr and the �csdA�rnr strains. The wild-type, �csdA,
�rnr, and �csdA�rnr strains were grown on LB plates at 37, 30,
and 20°C. As seen in Fig. 4A, all the strains were able to grow
at 37°C. The wild-type and �rnr and �csdA strains were able to
grow at 30°C. Interestingly, the double-deletion mutant of rnr

and csdA showed significantly slower growth even at 30°C. This
suggests that the presence of either CsdA or RNase R is
required for growth when cells experience even a very modest
temperature downshift. This observation is especially interest-
ing in light of the fact that RNase R, although cold shock

FIG. 3. (A) Complementation of the cold-sensitive phenotype of the �csdA cells by CspA and RNase R. E. coli wild-type cells were transformed
with pACYC-duet plasmid as a control, and �csdA cells were transformed with pACYC-duet plasmid alone as a control or expressing CsdA, CspA,
or RNase R. The cells were streaked on LB plates containing chloramphenicol (50 �g ml�1) and incubated at 37°C and 15°C. The results for the
plates incubated at 37°C for 24 h and at 15°C for 72 h are presented. (B) DEAD-box RNA helicase: RhlB does not complement the cold-sensitive
phenotype of the �csdA cells. E. coli wild-type cells were transformed with pACYC-duet plasmid as a control, and �csdA cells were transformed
with pACYC-duet plasmid alone as a control or expressing CsdA or RhlB. The cells were streaked on LB plates containing chloramphenicol (50
�g ml�1) and incubated at 37°C and 15°C. The results for the plates incubated at 37°C for 24 h and at 15°C for 120 h are presented.

FIG. 4. Double-deletion strain of csdA and rnr has increased temperature sensitivity. E. coli wild-type and �csdA, �rnr, and �csdA�rnr cells
were streaked on LB plates and incubated at 37°C, 30°C, and 20°C for the time intervals indicated (A), and E. coli wild-type, �csdA, �rhlE, �rnr,
�csdA�rhlE, �csdA�rnr, �rhlE�rnr, and �csdA�rhlE�rnr cells were streaked on LB plates and incubated at 20°C for 48 h (B).
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inducible, is not essential at low temperature and that CsdA is
essential only at low temperature. This result is consistent with
the result presented in Fig. 3 showing that there may be a
functional overlap between CsdA and RNase R and that the
presence of at least one of these is essential for cell growth
even after a modest temperature downshift. Upon 48 h of
incubation, the �csdA�rnr strain showed growth at 30°C but
not at 20°C, while the �csdA strain showed growth after 48 h of
incubation at 20°C. As expected, �csdA or �csdA�rnr strains
did not show growth at 15°C (data not shown). Interestingly,
the absence of RhlE does not lead to increased sensitivity to
temperature either singly or in combination with the absence
of CsdA or RNase R, as the �rhlE, �csdA �rhlE, and
�rhlE�rnr strains were able to grow at 20°C (Fig. 4B).

Complementation of the temperature sensitivity of the
�csdA �rnr strain by CsdA and RNase R. We next tested
whether CsdA or RNase R can complement the growth defect
of �csdA�rnr cells at 20°C. We included wild-type, �csdA, �rnr
and �csdA�rnr cells harboring pINIII vector alone as a con-
trol. The �csdA�rnr cells were transformed with pINIII vector
containing csdA or rnr. The cells were grown on LB-Cm plates
at 37°C, 20°C, and 15°C. As seen in Fig. 5, the �csdA�rnr cells
showed cold sensitivity at both temperatures which can be
complemented by both CsdA and RNase R. CsdA showed the
apparently stronger complementation, as the �csdA�rnr cells
with a plasmid carrying csdA showed growth within 48 h, while
those with rnr showed growth after 72 h of incubation at 20°C.
At 15°C, cells expressing plasmid-encoded CsdA showed
growth after 72 h, while those expressing RNase R required
around 1 week. These experimental results indicate that there
is a functional overlap between CsdA and RNase R and that at
least one of the two proteins is essential for cell growth even
after a modest temperature downshift. In the light of the ob-
servation that CsdA is associated with the cold shock degra-
dosome (27), we also tested whether PNPase, a component of
degradosome, can complement the cold sensitivity of the
�csdA�rnr strain along with another RNase, RNase II. As seen

in Fig. 5, both of these proteins failed to complement the cold
shock acclimation function of CsdA/RNase R.

Helicase activity of CsdA is important for its role in mRNA
stabilization. Published data show that (i) CsdA and SrmB are
the only cold shock-inducible DEAD-box RNA helicases of E.
coli, (ii) CsdA associates with 50S precursors at low tempera-
ture and can complement the ribosome defect of the srmB
deletion strain, (iii) overexpression of SrmB does not suppress
the cold sensitivity of the �csdA strain and vice versa, and (iv)
although deletion of both SrmB and CsdA leads to cold sen-
sitivity, the growth defect is more severe in case of the �csdA
strain. Interestingly, however, the defect in ribosome biogen-
esis is milder in the �csdA strain at low temperature (3). Our
present results show that RNase R can complement the cold
shock function of CsdA. These observations suggest that the
role of CsdA in ribosome biogenesis may not be its primary
function. Thus, the essentiality of CsdA upon cold shock may
be due to its role in mRNA decay, in which its helicase activity
plays a crucial role.

We tested this hypothesis by analyzing (i) whether an
mRNA of a model cold shock-inducible gene is stabilized in
the �csdA strain at 15°C, (ii) whether this effect can be coun-
teracted by introduction of CsdA into the �csdA cells, (iii)
whether a helicase-deficient mutant of CsdA will fail to reverse
the stabilization of this mRNA, and (iv) whether RNase R will
exhibit an effect on the mRNA stabilization similar to that of
the wild-type CsdA. We chose CspA as a model gene for this
experiment, as it is the major cold shock protein of E. coli and
the stability of its mRNA has been reported to be affected by
CsdA at 15°C (37). The exponentially growing wild-type and
�csdA cells harboring vector alone and the �csdA cells ex-
pressing wild type, CsdA(DAAD), or RNase R were cold
shocked at 15°C for 1 h, the transcription was stopped by the
addition of rifampin, and total RNAs were isolated at 0 min
and 40 min time points. We chose the DAAD mutant of CsdA
for this experiment, as our present results and the results
reported by Turner et al. (32) show that this CsdA mutant

FIG. 5. CsdA and RNase R, but not RNase II or PNPase, can complement the cold-sensitive phenotype of the �csdA�rnr cells. E. coli wild-type,
�csdA, �rnr, and �csdA�rnr cells were transformed with pINIII plasmid as a control, and �csdA�rnr cells were transformed with pINIII plasmid
alone as a control or with pINII-csdA, pINIII-rnr, pINIII-rnb, or pINIII-pnp expressing CsdA, RNase R, RNase II, or PNPase, respectively. The
cells were streaked on LB plates containing ampicillin (50 mg ml�1). The plates were incubated at 37°C, 20°C, and 15°C for the time intervals
indicated.
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cannot complement the cold-sensitive phenotype of the �csdA
cells and is helicase deficient. Equal amounts of RNA samples
were used for primer extension with deoxyoligonucleotide cor-
responding to the cspA gene. The results of the primer exten-
sion are shown in Fig. 6. As seen in lane 2 in the figure, at 40
min after the addition of rifampin, the cspA mRNA amount is
greatly diminished. This is consistent with a previous report
showing the half-life of cspA mRNA at 15°C to be �20 min
(20). In the �csdA cells, the cspA mRNA was significantly
stabilized and most of the mRNA was apparent even 40 min
after transcription was stopped (lane 4). In the �csdA cells
expressing plasmid-encoded CsdA, this stabilization is lost and
the level of cspA mRNA at the 40-min time point resembles
that seen with the wild-type cells (compare lanes 2 and 6).
Interestingly, in the �csdA cells expressing the plasmid-borne,
helicase-deficient CsdA(DAAD), cspA mRNA remains stabi-
lized (lane 8). In the �csdA cells expressing plasmid-borne
RNase R, the stabilization of cspA mRNA is diminished (lane
10), albeit this effect is distinctly less than that seen with wild-
type CsdA (lane 6). This result suggests that CsdA is involved
in mRNA decay at low temperature and that its helicase ac-
tivity is critical for this function. The data also suggest that
RNase R can substitute for CsdA at low temperature, as it can
act on complex secondary structures present in RNAs to facil-
itate their degradation by other RNases. However, it has less
effect on cspA mRNA stability than CsdA. This may be the
reason for the weaker complementation of the cold-sensitive
phenotype of the �csdA cells by RNase R and why it was not
detected in our genetic screening. In addition, we also ob-
served that higher expression of RNase R is somewhat toxic to
the cell growth (data not shown).

Conclusion. Based on the observations that the helicase
activity of CsdA is essential for its cold-acclimation function
and that it can be complemented by the presence of cold
shock-inducible RNase R, we conclude that the primary role of
CsdA in cold acclimation of cells is in mRNA decay and that its
helicase activity is pivotal for promoting degradation of
mRNAs stabilized at low temperature. It is really interesting
that CspA and RNase R can complement CsdA function at low
temperature, as all three of these proteins share a common

feature in that they can destabilize mRNAs in spite of the fact
that CsdA and RNase R have different enzymatic activities and
that CspA has no enzymatic activity. We propose that all these
three cold-inducible proteins synergistically work together and
may play a role in mRNA decay which is crucial for cell growth
at low temperature.
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