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Bacterial promoters belonging to the extended �10 class contain a conserved TGn motif upstream of the
�10 promoter consensus element. Open promoter complexes can be formed on some extended �10 Escherichia
coli promoters at temperatures as low as 6°C, when complexes on most promoters are closed. The promoter of
cspA, a gene that codes for the major cold shock protein CspA of E. coli, contains an extended �10 motif. CspA
is dramatically induced upon temperature downshift from 37 to 15°C, and its cold shock induction has been
attributed to transcription, translation, and mRNA stabilization effects. Here, we show that though the
extended �10 motif is critical for high-level expression of cspA, it does not contribute to low-temperature
expression. In fact, transcription from the wild-type cspA promoter is cold sensitive in vitro and in vivo. Thus,
transcription appears to play little or no role in low-temperature induction of cspA expression.

Most Escherichia coli promoters belong to the �10/�35
class, which is characterized by the presence of two 6-bp pro-
moter consensus elements positioned approximately 10 and 35
nucleotides upstream of the transcription initiation start point.
Within the context of the RNA polymerase (RNAP) holoen-
zyme, the �70 subunit conserved regions 4.2 and 2.4 recognize
the �35 and the �10 promoter consensus elements, respec-
tively, leading to promoter complex formation and transcrip-
tion initiation (for reviews, see references 14 and 28). Some
promoters lack the �35 promoter consensus element and in-
stead contain a TGn extension upstream of their �10 pro-
moter consensus element. The TGn motif of these so-called
extended �10 class promoters is involved in specific interac-
tions with an additional region of �70, conserved region 3.0 (6,
38). This additional contact is strong enough to make promoter
complex formation on extended �10 promoters independent
of the �70 region 4.2 interaction with the �35 promoter ele-
ment (21).

Localized melting (opening) of promoter DNA is necessary
for the synthesis of RNA. Promoter opening is temperature
dependent, and promoter complexes formed on the �10/�35
class promoters close below 15°C (41). In contrast, promoter
complexes on the extended �10 galP1 promoter remain open
at temperatures as low as 6°C (1, 4, 5, 13). Although the
mechanism of this unusual phenomenon is not fully elucidated,
the extended �10 motif was shown to be critical for low-
temperature opening of galP1 (13). However, this motif alone
is not sufficient, and some extended �10 promoters are sensi-
tive to low temperature (3, 5). Synthesis of the small regulatory
RNA DsrA is under temperature control, and it has been
shown that the sequence of the �10 box and the spacer region
are the essential elements for the thermal response of this
promoter (36).

Upon the temperature downshift, the cells exhibit a cold
shock response characterized by a transient arrest of cell
growth, severe inhibition of general protein synthesis, and tran-
sient induction of cspA and three of its homologues, cspB,
cspG, and cspI (for reviews, see references 9 and 30). Eventu-
ally, cell growth resumes but at a reduced rate. CspA homo-
logues are widespread in bacteria and most csp genes’ promot-
ers contain the extended �10 motif (Fig. 1). For example,
promoters of all of the four cold shock-inducible csp genes
(cspA, cspB, cspG, and cspI) in E. coli contain a TGn motif.
CspE is cold shock inducible in the absence of CspA, CspB,
and CspG, and its promoter also contains TGn motif. How-
ever, this motif is not strictly conserved and is missing in pro-
moters for genes coding for cold shock-inducible CspA homo-
logues from, for example, Caulobacter crescentus (22),
Lactobacillus bulgaricus (40), Salmonella enterica (19), and
Staphylococcus aureus (18). Nonetheless, based on the pub-
lished literature suggesting a link between the TGn motif and
the low-temperature opening of certain E. coli promoters, it is
tempting to speculate that the TGn motif contributes to tran-
scription of E. coli cspA at cold shock conditions.

It has been reported that upon temperature downshift,
CspA accounts for almost 10% of the total cellular protein
(17). This cold shock induction is thought to be accomplished
at the level of transcription, translation, and mRNA stability
(for reviews, see references 9 and 30). One of the unique
features of the cspA, cspB, cspG, and cspI genes is the unusu-
ally long 5� untranslated region. This region is responsible for
both the extreme instability of csp mRNA at 37°C (a half-life of
�12 s) and for stabilization of mRNA at low temperatures (a
half-life of �20 min at 15°C) (26). The cspA mRNA also
contains a unique sequence located 14 bases downstream of
the initiation codon, termed the translation enhancing element
(35). This element is also present in CspB, CspG, CspI, and
CsdA and is thought to enhance translation initiation at cold
shock (26). Experiments involving transcription-translation fu-
sions indicated that the cspA promoter, which is highly active at
37°C, also contributes to cold shock induction of cspA (11, 26).
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The cold shock transcription of cspA has been a topic of
some discussion, the conclusion being that transcription is
moderately elevated upon temperature downshift. In vivo data,
such as those from primer extension, Northern blot analysis, or
DNA microarray analysis, demonstrated a 4- to 5-fold increase
in cspA transcript under cold shock conditions (31). However,
none of these analyses can distinguish if the increase in cspA
transcript was due to cold shock transcription alone, was a
combined effect of transcription and mRNA stabilization upon
temperature downshift, or was due solely to mRNA stabiliza-
tion. In the present study, we studied low-temperature tran-
scription of cspA through mutational analysis of the cspA pro-
moter and in vitro transcription experiments. We show that the
cspA promoter-extended �10 motif is critical for transcription
at all temperatures and that its contribution to low-tempera-
ture transcription is mild. We show that transcription from the
cspA promoter is strongly inhibited at cold shock conditions
both in vivo and in vitro at the level of open promoter complex
formation. Thus, the high-level induction of CspA upon cold
shock is probably entirely due to dramatic stabilization of its
mRNA and its cold-efficient translation machinery.

cspA transcription in vivo is affected by disruption of the
extended �10 motif. E. coli strain JM83 [F� ara�(lac-proAB)
rpsL(Strr)] (51) and its cspA deletion strain (2) were used in
this study. The plasmid pJJGO2, containing entire promoter
region, 5� untranslated region, and coding region of cspA used
in this study has been described previously (16). E. coli cells
grown overnight in LB medium at 37°C were diluted into fresh
LB medium. Cells were grown at 37°C to exponential phase
(optical density at 600 nm of 0.5), and part of the cell culture
was harvested and used as control. Aliquots of the cells were
transferred to a prechilled LB medium at 15°C and the cells
were harvested after 1 h of cold shock. The total RNA was
extracted by the hot-phenol method described previously (39).
The primer extension, Northern blot analysis, and the deoxy-
oligonucleotide used for the detection of cspA were described
previously (32, 37, 50). The products were analyzed on a 6%
polyacrylamide gel under denaturing conditions. The radioac-
tive measurements of products were carried out by phosphor-
imaging and quantitative analysis of the bands. As seen from

the primer extension (Fig. 2A) and Northern blot (Fig. 2B)
analyses, the amount of the cspA transcript in wild-type E. coli
cells is increased �5-fold upon transfer of exponentially grow-
ing E. coli culture to 15°C followed by a 60-min incubation at
the same temperature. DNA microarray analysis of the cold-
shocked E. coli also shows a similar increase in the cspA tran-
script level (31, 33).

To investigate the role of the extended �10 motif in cspA
transcription and cold shock induction, we substituted, by site-
directed mutagenesis, the TG of the extended �10 motif by an
AC. The mutant promoter, alongside the entire cspA transcrip-
tion unit, was maintained on a plasmid (pJJGO2). A corre-
sponding wild-type cspA plasmid was used as a control. Control
experiments established that the copy numbers of both plas-
mids were the same (data not shown). First, we examined if the
promoter mutation affects the cold shock induction of CspA.
Plasmids carrying wild-type or mutant cspA promoters were
transformed in E. coli �cspA cells. Cells were grown at 37°C,
and the cultures were split. One half was kept at 37°C, and the
other half was subjected to a 1-h cold shock at 15°C. Cell
extracts were prepared and subjected to Western blot analysis
(32) with anti-CspA antibodies (43). As can be seen from Fig.
3A, CspA was induced by cold shock in cells carrying the
wild-type cspA promoter, as expected. Disruption of the ex-
tended �10 motif strongly affected CspA expression at both 37
and 15°C. At 37°C, the effect was not possible to quantify, since
the amount of CspA present in cells carrying the mutant plas-
mid was beyond the detection limit. At 15°C, the amount of
CspA present in cells carrying promoter mutation was in-
creased; however, the final level was �10-fold less than that in
control cells. Thus, it appears that the extended �10 motif
makes a critical contribution to the overall strength of the cspA
promoter but may not participate in cold shock induction.

Transcription from the cspA promoter in vitro. To study the
possible cold shock-induced transcription from the cspA pro-
moter in the absence of RNA degradation that complicates
data interpretation, we next studied transcription initiation
from the wild-type and the mutant cspA promoters in vitro.
Promoter complexes were prepared by using E. coli RNAP �70

holoenzyme and linear DNA templates extending from posi-
tion �100 to �50 relative to the cspA transcription start site at
�1. Reactions were set up at either 15 or 37°C. Reaction
mixtures were supplemented with transcription substrates, the
CpA primer, and radioactive ATP, to allow the production of
radioactively labeled abortive transcript CpApA. Reaction

FIG. 1. Comparison of the promoter regions of genes encoding
CspA homologues. The promoter regions of E. coli cspA (43), cspB
(23), cspG (29), and cspI (47), Bacillus subtilis cspB and cspC (12),
Lactobacillus lactis cspA, cspB, cspC, and cspD (49), Lactobacillus plan-
tarum cspL (25), Salmonella enterica serovar Typhimurium cspB (7),
Thermotoga maritima cspB (48), and Vibrio cholerae cspV (8). The �35
and �10 regions are shown by lines, and extended �10 motifs are
boxed.

FIG. 2. Changes in cspA mRNA levels in response to cold shock.
Total RNA was extracted by the hot-phenol method. Primer extension
(A) and Northern blot analysis (B) were carried out with deoxyoligo-
nucleotide corresponding to cspA. Control (37°C) and cold-shocked
(15°C for 1 h) cells were used.
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products were separated by denaturing polyacrylamide gel
electrophoresis (PAGE). The results are shown in Fig. 3B. As
can be seen, the cspA transcription was cold sensitive, and
three times less transcript was produced from the wild-type
cspA promoter at 15°C than that at 37°C. In agreement with
the Western blot data, the mutant promoter was less active
than the wild-type one at both temperatures. The mutant pro-
moter appeared to be only slightly more cold sensitive than the
wild type (five times less transcript produced at 15°C than at
37°C). Identical results were obtained in a runoff transcription
assay, indicating that promoter clearance plays no role in cold-
resistant transcription from cspA.

The experiment presented above assayed abortive initiation
from cspA at only two temperatures, 15 and 37°C. To better
understand the cspA response to temperature, we carried out
abortive transcription initiation reactions from cspA at temper-
atures ranging from 10 to 37°C. We used, as controls, the lpp
and ksgA promoters. These promoters served as negative con-
trols, since microarray analysis suggested that the RNA syn-
thesized from these promoters is not cold inducible (31). As
can be seen from Fig. 4, decreasing reaction temperature led to
decreased transcription from all three promoters. Contrary to
our expectations, the cspA promoter appeared to be the most
cold sensitive of the three. Therefore, despite the fact that the
steady-state level of the cspA transcript increases upon cold
shock, low-temperature transcription from the cspA promoter
is inefficient, at least in vitro from linear DNA.

The cspA promoter does not form open complexes at low
temperature. In the light of the low-temperature sensitivity of
the cspA promoter in abortive transcription assays, we exam-
ined if this promoter forms open complexes at low tempera-
ture. We used KMnO4 probing (42) to monitor the cspA pro-
moter opening at temperatures ranging from 10 to 37°C. The
template, which was the same as that used for abortive tran-
scription studies described above, was terminally labeled to

visualize probing reaction products. KMnO4 modifies thymine
residues that are present in single-stranded form and thus
allows the following of promoter opening. In the absence of
RNAP, thymine residues are present in the double-stranded
form and are not accessible to KMnO4 (Fig. 5A, lane 1). The
control reactions without RNAP were carried out at both 37
and 15°C and showed the same pattern. At 37°C and in the
presence of RNAP, thymine residues at and around the tran-
scription start point became susceptible to the probing agent
due to open complex formation (Fig. 5A, lane 7). As the
temperature of the reaction was lowered, the intensity of
KMnO4-sensitive bands uniformly decreased. Little or no
KMnO4 sensitivity was observed below 20°C. Thus, the cspA
promoter’s inability to function at low temperature in vitro is
due to the fact that no open complexes form below 20°C.

The experiments carried out above were in a pure system
devoid of any cellular factors. We considered a possibility that
in vivo, the cspA promoter may be aided by some cellular
factor(s) that is either induced by cold shock or that may be
present even at optimum growth temperature. To explore this
possibility, we prepared total cellular extracts from cells that
were grown at 37°C and then subjected to a 1-h cold shock at
15°C. As control, cell extracts prepared from cells grown at
37°C were used. The cell extracts were prepared by sonicating
the cell pellets followed by centrifugation to clear the cell
debris. The extracts were added to abortive transcription ini-
tiation reactions from the cspA promoter with the idea that a
factor(s) present in the extract may allow transcription at low
temperature to occur (Fig. 5B). As can be seen from the figure,
addition of cell extracts did not lead to increased transcription
from cspA at low temperature. The origin of faint bands ap-
pearing below synthesized product in lanes 3 and 4 is unknown;
it may suggest degradation by nucleases present in the cell
extract. However, nuclease inhibitors were included in the re-
actions, and these minor bands did not show variation in re-
sponse to different amounts of cell extract added. Inclusion of
unclarified cell extracts or different amounts of cell extract in
abortive transcription assays did not affect the transcription
(data not shown). A control reaction (Fig. 5B, lane 5) without
cspA promoter DNA shows that the cell extract does not con-
tribute to transcription. Results of KMnO4 probing of pro-

FIG. 3. Effect of disruption of the extended �10 motif on induction
of cspA. (A) Western blot analysis of E. coli �cspA cells carrying
pJJGO2 plasmids with either the wild-type or the mutated cspA pro-
moter region was carried out with anti-CspA antibodies. Cell extracts
were prepared from cells grown at 37°C and cells cold shocked at 15°C
for 1 h. (B) Abortive transcription initiation using DNA templates
containing either wild-type or mutated promoter region of cspA. The
reactions were carried out at 37 or 15°C. Reaction products were
separated by denaturing PAGE. The position of the synthesized prod-
uct (CpApA) is indicated by an arrow.

FIG. 4. Temperature-dependent transcription profiles of cspA, lpp,
and ksgA. Abortive transcription initiation using DNA templates con-
taining promoter regions of cspA, lpp, and ksgA. The reactions were
carried out at indicated temperatures. Reaction products were sepa-
rated by denaturing PAGE. For lpp, CpG and [�-32P]CTP were used,
and for ksgA, GpC and [�-32P]UTP were used. Lane 7 in each case is
the respective [�-32P]NTP loaded on the gel as a control. The positions
of the respective synthesized products are indicated by arrows.
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moter complexes formed in the presence of cell extracts were
consistent with that of transcription assays (data not shown).
We also considered the possibility that in vivo, the cspA pro-
moter can become open at low temperature in the presence of
all four NTPs (such a behavior was reported for a mutant
RNAP that forms cold-resistant open complexes [41]). How-
ever, even in the presence of high concentration of NTPs, no
transcription from and/or promoter opening of the cspA pro-
moter was detected (data not shown). Taken together, these
data do not support an idea that a specific cellular factor may
aid cspA transcription during cold shock.

When cells experience cold shock, negative supercoiling
of DNA transiently increases, which could favor increased
transcription from some promoters (20, 27, 46). To test if
the low-temperature sensitivity of the cspA promoter de-
pends on DNA topology, we carried out abortive transcrip-
tion initiation assays using supercoiled plasmid containing
the cspA promoter (Fig. 5C). In lane 1, transcription prod-
ucts from a control reaction carried out at 37°C by using a
linear cspA template are shown. Equimolar amounts of su-
percoiled DNA were used as templates in reactions repre-
sented in lanes 2 to 4. At 37°C, cspA transcription was not
significantly influenced by template supercoiling (compare
lanes 1 and 2). Moreover, supercoiling had no stimulatory
effect on cspA transcription at 15°C (lane 3). The addition of
cell extract prepared from cold-shocked cells to reaction
mixtures containing supercoiled DNA did not allow low-
temperature transcription (lane 4). We therefore conclude
that supercoiling of DNA is unlikely to contribute to cold-
shock induction of the cspA transcript at low temperature.

No open promoter complexes are formed on the cspA pro-
moter in vivo. Since our in vitro analysis failed to reveal cold-
resistant transcription from the cspA promoter, we next fol-
lowed the cspA open promoter complex formation in E. coli
cells, using in vivo KMnO4 probing. KMnO4 probing is a direct
measure of open complex formation (and hence, transcription
activity of a promoter). Therefore, KMnO4 probing allows one
to avoid the contribution of RNA degradation and/or stabili-
zation that influences the measurements of steady-state levels
of mRNA in vivo. The in vivo KMnO4 probing was carried out
as described by Marr and Roberts (24). E. coli JM83 cells were
transformed with pJJGO2 plasmids carrying either wild-type
or mutant cspA promoters. The cells were grown in LB broth
at 37°C until exponential phase. Ten milliliters of cells was
treated with KMnO4. Reactions were terminated by the addi-
tion of 11 ml STE (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1
mM EDTA). Aliquots of 10 ml of cells were also transferred to
15°C and cold shocked for 30 to 60 min and then treated with
KMnO4. Plasmids were isolated by using the QIAGEN kit.
Modified thymine residues were detected by linear PCR (43)
with deoxyoligonucleotide used for detection of cspA mRNA
by primer extension. Equal amounts of plasmid DNA were
used in the PCRs. The deoxyoligonucleotide was end labeled
with [	-32P]ATP. The reaction products were resolved by using
6% polyacrylamide–urea gels followed by autoradiography.
The results are shown in Fig. 6. For each condition, a control
reaction without KMnO4 treatment was carried out to assess
the background sensitivity of thymine residues (compare lanes
1, 3, 5, and 7 with lanes 2, 4, 6, and 8, respectively). As ex-
pected, the wild-type cspA promoter was open at 37°C (lane 1),

FIG. 5. Promoter opening and transcription of cspA at a low temperature. (A) Temperature-dependent open complex formation by the cspA
promoter. Promoter complexes were formed at indicated temperatures by using cspA promoter-containing fragments (both strands were 32P end
labeled) and RNAP holoenzyme. Complexes were probed with KMnO4 and reaction products were separated by urea-PAGE and revealed by
autoradiography. Lane 1 represents a reaction without RNAP at 37°C. Lane 8 (N) represents naked DNA without KMnO4 treatment. Positions
of the �10 region and transcription start sites of cspA are indicated. (B) Low-temperature transcription of cspA in the presence of cell extract.
Lanes 1 and 2 represent control reactions carried out at 37 and 15°C, respectively. Lanes 3 and 4 represent reactions carried out at 15°C in the
presence of cell extract prepared at 37°C and 15°C, respectively. Lane 5 represents a control reaction carried out at 15°C in the presence of 15°C
cell extract, without cspA promoter DNA. The position of the synthesized product is indicated by an arrow. (C) Effect of DNA supercoiling on
low-temperature transcription of cspA. Abortive transcription initiation reactions were carried out by using linear or supercoiled DNA containing
the cspA promoter. Lane 1 represents a control reaction carried out at 37°C using linear DNA. Lanes 2 through 4 represent reactions carried out
by using supercoiled (plasmid-based) DNA containing the cspA promoter at the indicated temperatures. Cell extract prepared from cells cold
shocked at 15°C for 1 h was included in the reaction represented in lane 4.
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while the mutant promoter was closed (lane 3). At 15°C, both
promoters were closed (lanes 5 and 7). A control reaction with
cold-shocked cells carrying the wild-type cspA promoter and
treated with rifampin prior to KMnO4 probing did not reveal
any increased sensitivity of the cspA promoter thymines (data
not shown). Rifampin blocks RNAP escape from the promoter
and thus should have increased the level of KMnO4 sensitivity
if RNAP were able to melt the cspA promoter in vivo. Based
on these results, we conclude that, in agreement with our in
vitro analysis, the contribution of the cspA transcription to the
cold shock induction of cspA mRNA is negligible.

Cold shock induction of CspA. The cold shock induction of
CspA has been a topic of extensive research over the past few
years. The dramatic stabilization of the cspA mRNA and its
efficient translation at low temperature by virtue of structural
elements, such as translation-enhancing element contribute
significantly to making CspA a major cold shock protein. On
the hand, there has been a dispute regarding the importance of
cold shock transcription of cspA (15). By studying the expres-
sion profiles of reporter genes such as lacZ or cat fused to the
cspA promoter, two groups (11, 26) independently showed that
the cspA promoter responds to temperature downshift (an
�3-fold increase in activity at 15°C). On the other hand, Fang
et al. (10) showed that CspA could be induced by cold shock
independently of its promoter. However, the cold shock induc-
tion of CspA from the heterologous lpp promoter was less than
that observed from the cspA promoter. In vivo data such as
primer extension, Northern blot analysis or DNA microarray
analysis consistently demonstrate the upshift (4- to 5-fold in-
crease) in cspA transcript (31). However, these analyses cannot
distinguish if the increase is due to cold shock transcription
alone, is a combined effect of transcription and mRNA stabi-
lization upon temperature downshift, or is solely due to mes-
sage stabilization. Several expression vectors (34, 44, 45) con-
structed to achieve heterologous expression of proteins at low
temperature under transcriptional control of cspA also did not
include the cspA promoter alone but consist of many if not all
of the structural elements of cspA that contribute to stabiliza-
tion of its mRNA and cold efficient translation. Thus, it was not

possible to adjudge the efficiency of cold shock transcription of
cspA alone.

In the view of the published data that certain promoters
containing the extended �10 motif stay open at low tempera-
ture, and since this motif is present in several CspA homo-
logues, our aim in the present study was to explore the impor-
tance of this motif in cold shock induction of CspA. We
initiated the study on the assumption that albeit moderate,
cspA transcription is elevated upon temperature downshift.
Our results showed that TGn motif is essential for efficient
transcription of cspA at all temperatures and that cspA tran-
scription is temperature sensitive. The combined results of the
in vitro and in vivo experiments suggest strongly that the con-
tribution of de novo transcription to cspA induction at cold
shock is marginal. The absence of significant transcription
from cspA during cold shock is also supported by the following
considerations. The steady-state balance between transcription
of the cspA promoter and the cspA mRNA degradation can be
described by a simple mathematical formula: R 
 (M/t1/2) �
ln2. In this equation, R is the rate of transcription, M is the
steady-state level of mRNA, and t1/2 is the half-life of mRNA.
Considering that the half-life of the cspA mRNA increases
from 12 s at 37°C to 20 min at 15°C, as little as 5% residual
transcription at 15°C (compared to transcription at 37°C) will
be sufficient to account for the observed fivefold increase in the
steady-state cspA mRNA level upon cold shock. Thus, the
induction of CspA upon cold shock appears to be solely due to
dramatic stabilization of its mRNA and its cold-resistant trans-
lation.

We thank Anirvan Sengupta for his help in mathematical modeling
of the data.
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