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rich upstream element (25) immediately upstream of the ⫺35
region, which is considered to play an important role in efficient transcription initiation at low temperature (8, 11, 21). It
has been demonstrated that the cspA mRNA is extremely
unstable at 37°C but becomes stable upon cold shock, indicating that the stability of mRNA plays a crucial role in cold shock
induction of cspA (3, 8, 10). Furthermore, it was shown that the
14-base downstream box located 12 bases downstream of the
translation initiation codon of the cspA mRNA, which is partially complementary to a region, called anti-downstream box,
of 16S rRNA (30), plays an important role in efficient translation at low temperature (6, 21). Thus, cspA expression is regulated in a complex manner at the levels of transcription,
mRNA stability, and translation.
An important and unique feature of the cspA mRNA is its
unusually long 5⬘ untranslated region (5⬘-UTR) consisting of
159 bases (31). This feature is also shared with several cold
shock genes, which are dramatically induced after temperature
downshift, such as cspB (7), cspG (23), and cspI (33). The
5⬘-UTR is considered to play a crucial role in the cold shock
induction of cspA (1, 3, 8, 10, 11, 15, 21). Here, we constructed
a series of deletion mutations in the 5⬘-UTR of cspA and
analyzed their effects on cspA expression by examining the
amount, stability, and translation efficiency of mRNA. It was
found that besides mRNA stability, the 5⬘-UTR plays an important role in translation efficiency of the cspA mRNA.

When a culture of Escherichia coli is shifted from 37 to 15 or
10°C, a number of proteins, called cold shock proteins, are
transiently induced during its growth lag period (17, 32, 34).
CspA, consisting of 70 amino acid residues, has been identified
as a major cold shock protein (12), and its three-dimensional
structure has been determined by both X-ray crystallography
(28) and nuclear magnetic resonance spectroscopy (9, 24) to
consist of a five-antiparallel ␤-stranded structure. CspA can
bind to single-stranded DNA and RNA without high sequence
specificity and has been proposed to function as an RNA
chaperone at low temperature (16).
In E. coli, nine genes encoding CspA-like proteins, cspA to
cspI, have been identified (34). Among them, cspA (12), cspB
(18), cspG (23), and cspI (33) are cold shock inducible, and
interestingly, cspD is induced during stationary phase and upon
nutritional starvation (35). It was proposed that the large CspA
family of E. coli may have a function in response to different
environmental stresses (34).
Among these cold shock-inducible genes, cspA has been
quite extensively investigated for the mechanism of its cold
shock induction (34). The cspA promoter is highly active at
37°C, although CspA is hardly detectable at this temperature
(8, 21). Even if the cspA promoter is replaced with the lpp
promoter, a constitutive promoter for a major outer membrane
protein, cspA expression is still cold shock inducible (8), indicating that the cspA induction upon cold shock occurs mainly
at the levels of mRNA stability and translation. However, it
should be mentioned that the cspA promoter contains an AT-

MATERIALS AND METHODS
Bacterial strain and media. E. coli AR137 [MC4100 ⌬(malT-ompB) pcnB80]
(13) was used and grown in M9-Casamino Acids medium supplemented with
D-biotin (50 g/ml). When necessary, ampicillin was added to a final concentration of 25 g/ml.
General techniques. All DNA cloning was carried out according to the method
of Sambrook et al. (26). PCR was carried out according to the manufacturer’s
instructions (Boehringer) with 25 cycles of amplification steps of 0.5 min at 94°C,
2 min at 50°C, and 1 min at 72°C.
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The mRNA for CspA, a major cold shock protein in Escherichia coli, contains an unusually long (159 bases)
5ⴕ untranslated region (5ⴕ-UTR), and its stability has been shown to play a major role in cold shock induction
of CspA. The 5ⴕ-UTR of the cspA mRNA has a negative effect on its expression at 37°C but has a positive effect
upon cold shock. In this report, a series of cspA-lacZ fusions having a 26- to 32-base deletion in the 5ⴕ-UTR were
constructed to examine the roles of specific regions within the 5ⴕ-UTR in cspA expression. It was found that
none of the deletion mutations had significant effects on the stability of mRNA at both 37 and 15°C. However,
two mutations (⌬56-86 and ⌬86-117) caused a substantial increase of ␤-galactosidase activity at 37°C, indicating that the deleted regions contain a negative cis element(s) for translation. A mutation (⌬2-27) deleting
the highly conserved cold box sequence had little effect on cold shock induction of ␤-galactosidase. Interestingly, three mutations (⌬28-55, ⌬86-117, and ⌬118-143) caused poor cold shock induction of ␤-galactosidase.
In particular, the ⌬118-143 mutation reduced the translation efficiency of the cspA mRNA to less than 10% of
that of the wild-type construct. The deleted region contains a 13-base sequence named upstream box (bases 123
to 135), which is highly conserved in cspA, cspB, cspG, and cspI, and is located 11 bases upstream of the
Shine-Dalgarno (SD) sequence. The upstream box might be another cis element involved in translation efficiency of the cspA mRNA in addition to the SD sequence and the downstream box sequence. The relationship
between the mRNA secondary structure and translation efficiency is discussed.
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Plasmid construction. Each 5⬘-UTR deletion was prepared by two-step PCR.
A plasmid, pJJG02 (15), which contains the wild-type cspA gene, was used as a
template for PCR. For the first step, two independent PCRs were carried out for
each mutation. One reaction was done with a combination of primer 67F, 5⬘ccttgctagCCGATTAATCATAAATATG-3⬘ (nucleotides ⫺67 to ⫺49 of cspA),
and mutation primer R, which contains a desired deletion mutation and is complementary to the sense cspA sequence, and another reaction was done with
primer 4311, 5⬘-ccggatccagGTTGAACCATTTT-3⬘ (complementary to nucleotides ⫹186 to ⫹198), and mutation primer F, which also contains the same
desired mutation as primer R. In these regions, 5⬘ tails are shown in lowercase
where NheI and BamHI sites are underlined. For the construction of pMM022,
pMM023, pMM024, pMM025, pMM026, and pKNJ37, primer D1R, 5⬘-ACTA
CACT/TTGATGTGCATTAGC-3⬘ (complementary to ⫺15 to ⫹1/⫹28 to ⫹35),
and primer D1F, 5⬘-GCACATCAA/AGTGTAGTAAGGCAA-3⬘ (⫺8 to ⫹1/
⫹28 to ⫹42); primer D2R, 5⬘-CAACGATAA/GCTTTAATGGTCTGT-3⬘
(complementary to ⫹13 to ⫹27/⫹56 to ⫹64), and primer D2F, 5⬘-TAAAGC/T
TATCGTTGATACCC-3⬘ (⫹22 to ⫹27/⫹56 to ⫹70); primer D3R, 5⬘-TAAAG
G/CTCTTGAAGGGACTT-3⬘ (complementary to ⫹41 to ⫹55/⫹86 to ⫹91),
and primer D3F, 5⬘-TCAAGAG/CCTTTAACGCTTCAAAA-3⬘ (⫹49 to ⫹55/
⫹86 to ⫹102); primer D4R, 5⬘-CGGCGATAT/AATGTGCACTACGAGGG-3⬘
(complementary to ⫹69 to ⫹85/⫹118 to ⫹126), and primer D4F, 5⬘-GCACAT
T/ATATCGCCGAAAGGC-3⬘ (⫹79 to ⫹85/⫹118 to ⫹132); primer D5R, 5⬘TACCTTTAA/GGCGTGCTTTACAGATT-3⬘ (complementary to ⫹101 to
⫹117/⫹144 to ⫹152), and primer D5F, 5⬘-AAAGCACGCC/TTAAAGGTAAT
ACACT-3⬘ (⫹108 to ⫹117/⫹144 to ⫹159); and primer 8064, 5⬘-TAATTAAG
/GATATGGCGTGCTTT-3⬘ (complementary to ⫹108 to ⫹122/⫹136 to ⫹143),
and primer 8063, 5⬘-GCCATATC/CTTAATTATTAAAGG-3⬘ (⫹115 to ⫹122/
⫹136 to ⫹150), were used, respectively, where the position of each deletion is
indicated by a slash. Each set of the first PCR products was mixed, heat denatured, annealed, and extended with Taq DNA polymerase. The resulting products were then amplified again by PCR with primer 67F and primer 4311. The
final PCR fragments were digested with NheI and BamHI and inserted into the
XbaI-BamHI site of pKM005 (14). For pKNJ37, the PCR fragment was cloned
into the XbaI-BamHI site of pRS414X, a pRS414 derivative (29) in which the
unique SmaI site has been changed to an XbaI site.
For the construction of pMM007, PCR was carried out with primer 67F and
primer 4311 as primers and pJJG02 as a template. The PCR fragment was digested
with NheI and BamHI and inserted into the XbaI-BamHI site of pRS414X.
pKNJ38 was constructed as follows: oligonucleotide 8509, 5⬘-CTAGCCGAA
AGGCACAAATTAAGAGGGTATTAATAATGAAAGGGGGAATTCCA3⬘, and oligonucleotide 8510, 5⬘-AGCTTGGAATTCCCCCTTTCATTATTA

ATACCCTCTTAATTTGTGCCTTTCGG-3⬘, were first annealed and then
cloned into pKM67 (21) digested with XbaI and HindIII.
The DNA sequences of all the constructs were confirmed by DNA sequencing
by the chain-termination method (27).
␤-Galactosidase assay. E. coli AR137 harboring different plasmids was grown
at 37°C to mid-log phase in M9-Casamino Acids medium and then transferred to
15°C. The ␤-galactosidase assay was carried out according to the protocol of
Miller (20). The assay was done in duplicate at each time point.
Isolation of RNA and primer extension. E. coli AR137 harboring different
plasmids was grown under the same conditions used for the ␤-galactosidase assay
described above. RNA extraction and primer extension methods were described
previously (21). Primer M13-47, 5⬘-CGCCAGGGTTTTCCCAGTCACGAC-3⬘,
which is complementary to a coding sequence of lacZ, was used. The products
were analyzed on a denatured polyacrylamide gel and quantified by using a
PhosphorImager (Bio-Rad).

RESULTS
Deletion analysis of the cspA 5ⴕ-UTR. Earlier, we constructed two cspA-lacZ fusions, in which the lacZ gene was transcriptionally fused to cspA at ⫹26 (pKM67) (21) or at ⫹143
(pJJG78) (15) of the cspA mRNA. The ␤-galactosidase activity of the cells harboring pJJG78 was very low at 37°C and
increased about 10-fold at 2 h after temperature downshift to
15°C, whereas the ␤-galactosidase activity of the cells harboring pKM67 was very high even at 37°C (21), indicating that the
region from ⫹26 to ⫹143 in the 5⬘-UTR of the cspA mRNA
plays a crucial role in cspA expression.
In order to further investigate which part of the 5⬘-UTR is
responsible for the positive or negative regulation of cspA
expression, we attempted deletion analysis of the 5⬘-UTR and
examined the effects of various deletions on cold shock induction of cspA. For this purpose, a series of 5⬘-UTR deletion
mutants, in which a 26- to 32-base deletion was created at
about every 30 bases, were constructed, and the resultant 5⬘UTRs were translationally fused to lacZ at the 13th amino acid
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FIG. 1. Cold shock induction of ␤-galactosidase. (A) Construction of cspA-lacZ fusions. The wild-type cspA is shown on the top. The cspA-lacZ fusion in each
expression plasmid is shown from the 5⬘ end of the cspA promoter upstream region to lacZ. Nucleotide numbers are given starting from the transcription initiation site
as ⫹1, as determined by Tanabe et al. (31). The crosshatched, open, dotted, and diagonally striped bars represent the cspA promoter, its 5⬘-UTR, the cspA coding
region, and the lacZ coding region, respectively. The solid boxes indicate the SD sequence. The positions of deleted regions are shown with nucleotide numbers. (B)
Induction patterns of various deletion constructs. At mid-log phase, cultures of E. coli AR137 harboring various plasmids were shifted from 37 to 15°C. Samples were
taken at 0, 1, 2, 3, 5, 7, and 10 h after the shift, and ␤-galactosidase activity was measured. The cspA-lacZ fusions were pMM67 (E), pMM022 (F), pMM023 (䊐),
pMM024 (■), pMM025 (‚), and pMM026 (Œ).
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residue of CspA as described in Materials and Methods. The
resultant plasmids, pMM022, pMM023, pMM024, pMM025,
and pMM026, contain deletion mutations in the 5⬘-UTR from
⫹2 to ⫹27, from ⫹28 to ⫹55, from ⫹56 to ⫹86, from ⫹86 to
⫹117, and from ⫹118 to ⫹143, respectively (Fig. 1A). In the
case of pMM024, a deletion from ⫹56 to ⫹85 was originally
designed, but all the transformants that we analyzed contained
an extra base deletion at position ⫹86. Plasmid pMM67 (21),
which is the wild-type cspA-lacZ translational fusion construct,
was used as a control. E. coli AR137, a pcnB mutant, which is
known to maintain pBR322 derivatives in a low copy number
(19), was used in order to minimize multicopy effects of the
constructed gene on their expression.
Transformed cells were grown in M9-Casamino Acids medium at 37°C, and ␤-galactosidase activities were measured
after temperature downshift from 37 to 15°C. At 37°C (zero
time point in Fig. 1B), ␤-galactosidase activities were 10-fold
higher in cells harboring pMM024 (⌬56-86) and pMM025
(⌬86-117) than in cells harboring the wild-type pMM67, while
other deletion mutants [pMM022 (⌬2-27), pMM023 (⌬28-55),
and pMM026 (⌬118-143)] showed very low ␤-galactosidase
activities. These results suggest that the 5⬘-UTR from base
⫹56 to ⫹117 is involved in the repression of cspA expression at
37°C. Interestingly, ␤-galactosidase activity increased almost
fivefold with pMM024 (⌬56-86) after temperature downshift,
while it increased only less than twofold with pMM025 (⌬86117), suggesting that the region deleted in pMM025 (⌬86-117)

plays an important role in cold shock induction of cspA. Similar
to pMM025 (⌬86-117), ␤-galactosidase activity with pMM023
(⌬28-55) was poorly induced at a low temperature. In particular, the region deleted in pMM026 (⌬118-143) appears to
play a crucial role in cspA expression at both high and low
temperatures, since ␤-galactosidase activity was very low at
both 37 and 15°C (Fig. 1B). The deletion of the region from
base ⫹2 to ⫹27 (pMM022), which contains the cold box sequence involved in cspA autoregulation (15), has little effect on
the cold shock induction of cspA (Fig. 1B).
Analysis of cspA-lacZ mRNA. As described above, all deletion mutations, except for pMM022 (⌬2-27), of the 5⬘-UTR of
the cspA mRNA affected cspA-lacZ expression. The cspA promoter is known to be active even at 37°C (8, 11, 21). Since all
the deletion constructs have the intact cspA promoter (Fig.
1A), transcription efficiencies of these constructs are likely to
be identical. On the other hand, stability of the cspA mRNA is
known to be significantly different depending on growth temperatures (1, 3, 8, 10, 11, 21). Therefore, the effect of the
deletion mutations on cspA-lacZ expression may be due to
different mRNA stabilities of the constructs. To examine this
possibility, primer extension analysis was carried out to quantitate the amounts of the cspA-lacZ transcripts for each mutant
at different time points after the addition of rifampin at both 37
and 15°C (Fig. 2A). The amounts of transcripts at each time
point were estimated with a phosphorimager, and the amounts
of mRNA remaining (percentage of the amount at the zero

Downloaded from http://jb.asm.org/ on April 20, 2019 by guest

FIG. 2. Analysis of mRNA stability. (A) Primer extension analysis of the cells harboring the cspA-lacZ fusions. At mid-log phase, cultures of E. coli AR137 harboring
various plasmids were shifted from 37 to 15°C. For measurement of the mRNA stability at 37°C, cultures were shifted back to 37°C after 30 min of incubation at 15°C
and rifampin was added to the cultures to a final concentration of 200 g/ml. RNAs were extracted at 0 (lanes 1), 1 (lanes 2), 3 (lanes 3), and 5 (lanes 4) min after
the addition of rifampin. For measurement of the mRNA stability at 15°C, rifampin was added 1 h after the temperature downshift, and then RNAs were extracted
at 0 (lanes 5), 5 (lanes 6), 10 (lanes 7), and 20 (lanes 8) min after the addition of rifampin. Primer extension was carried out as described previously (21). (B) Graphic
presentation of the results shown in panel A for 37 and 15°C, respectively. The radioactivities of transcripts were measured with a phosphorimager and plotted by using
the transcript at the zero time point as 100%. F, pMM022; 䊐, pMM023; ■, pMM024; ‚, pMM025; and Œ, pMM026.
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time point) were plotted as shown in Fig. 2B. All the transcripts were unstable at 37°C with their half-lives estimated as
being between 30 and 45 s. At 15°C, however, they became very
stable with half-lives of between 20 and 40 min. These halflives are similar to those for the wild-type construct pMM67
obtained previously (21) as well as to those for the wild-type
chromosomal cspA (8, 11). It is important to note that in
contrast to the similar mRNA half-lives at low temperature,
␤-galactosidase activities induced at 15°C widely varied among
all these constructs as shown in Fig. 1B.
These results indicate that ␤-galactosidase activity of each
cspA-lacZ construct is not correlated with the stability of
mRNA but rather with the amount of mRNA and/or its translation efficiency. Therefore, we next examined the amounts of
mRNA for each construct at different time points after cold
shock by the primer extension method. The results are shown
in Fig. 3A, and the amounts of transcripts were estimated with
a phosphorimager. Their relative amounts were calculated by
using the amount of the transcript of pMM67 at zero time as 1
(Fig. 3B). At 37°C, the amounts of transcripts for pMM022
(⌬2-27) and pMM024 (⌬56-86) were very similar to that of the
wild-type construct pMM67 (Fig. 3B, column 1). It should be
noted that ␤-galactosidase activity of pMM024 (⌬56-86) at
37°C was more than 10 times higher than that of pMM022
(⌬2-27) (Fig. 1B). In the case of pMM023 (⌬28-55), pMM025
(⌬86-117), and pMM026 (⌬118-143), the amounts of transcripts at 37°C are approximately half of that of pMM67.

Again, it should be noted that ␤-galactosidase activity of
pMM025 (⌬86-117) was 10 times higher than those of
pMM023 (⌬28-55) and pMM026 (⌬118-143) (Fig. 1B).
These results indicate that there is no correlation between
the amounts of transcripts and the ␤-galactosidase activities at
37°C. This is consistent with the previous notion that although
cspA mRNA was stabilized and accumulated at the nonpermissive temperature in the temperature-sensitive RNase E
mutant, CspA was not produced under this condition (8).
After temperature downshift, the amounts of the cspA-lacZ
mRNAs dramatically increased in all the constructs, and the
induction patterns are shown in Fig. 3. They showed patterns
in accumulation of the transcripts very similar to that of the
wild-type pMM67, such that the maximal induction was observed at 1 h after temperature downshift. The patterns of
mRNA levels were very similar between pMM67 and pMM024
(⌬56-86), while the others also showed a similar induction
pattern although the amounts of their mRNAs were approximately half of that of the pMM67 mRNA at each time point.
Since the promoter activities of all the deletion constructs are
considered to be the same, and in addition their mRNA stabilities were also very similar to that of the wild-type construct
(Fig. 2), lower amounts of mRNAs for all the deletion constructs except pMM024 (⌬56-86) are probably due to their
lower transcription elongation rate and/or transcription attenuation within the 5⬘-UTR as reported recently (2). A remarkable finding was that the amounts of mRNA for pMM026
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FIG. 3. Analysis of mRNA level and translational efficiency. (A) Primer extension analysis of the cspA-lacZ fusions. At mid-log phase, cultures of E. coli AR137
harboring various plasmids were shifted from 37 to 15°C. RNAs were prepared from the culture at 37°C (0 h; lanes 1) and at 0.5 (lanes 2), 1 (lanes 3), 2 (lanes 4), and
3 (lanes 5) h after the temperature downshift. Primer extension was carried out as described previously (21). (B) Graphic presentation of the relative amounts of mRNA.
Relative mRNA amounts (mean values of two experiments) were calculated from the radioactivities of transcripts shown in panel A with the transcript of pMM67 at
37°C as 1. The relative amount is shown on the top of each column. Columns 1, 0 h; columns 2, after 0.5 h; columns 3, after 1 h; columns 4, after 2 h; and columns
5, after 3 h. (C) Relative translational efficiencies of the cspA-lacZ mRNAs. Translational efficiencies at 15°C were calculated by dividing the increment of
␤-galactosidase activity during the first 2 h after cold shock by the amount of mRNA with the following formula: [(Gal 2 h) ⫻ (OD 2 h) ⫺ (Gal 0 h) ⫻ (OD 0 h)]/(ave
mRNA), where (Gal 0 h) and (Gal 2 h) are ␤-galactosidase activities at 0 and 2 h after temperature downshift, respectively; (OD 0 h) and (OD 2 h) are the optical
densities at 600 nm of the cultures at 0 and 2 h after temperature downshift, respectively; and (ave mRNA) is the average of relative mRNA amounts at 0.5, 1, and
2 h after temperature downshift. Relative translational efficiency of each mRNA was calculated by using the efficiency of mRNA of pMM67 as 100%.
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FIG. 4. Sequence similarities of cspA, cspB, cspG, and cspI mRNAs around the SD sequence and potential base pairing between cspA mRNA and 16S rRNA.
Nucleotide numbers of cspA (31), cspB (7), cspG (23), and cspI (33) mRNA are given starting from the major transcription initiation site as ⫹1. The sequence of 16S
rRNA is from the work of Brosius et al. (4). Nucleotides identical in the four csp mRNAs are shown in boldface. The 13-base homologous sequences in cspA, cspB,
cspG, and cspI are boxed (the UB). Positions of the SD sequence and the initiation codon are underlined. Potential base pairings between cspA mRNA and 16S rRNA
are indicated by vertical lines.

significance of these facts will be discussed in the Discussion.
In the pMM026 (⌬118-143) mRNA, this UB region has been
deleted, which may be the major cause for the poor translation
efficiency of the mRNA. In order to characterize the role of the
UB sequence in translation efficiency, two new constructs were
made; in one construct (pKNJ37), the exact 13-base UB sequence was deleted from the wild-type cspA-lacZ construct
(pMM007), and in another (pKNJ38) the 13-base sequence
was added at the upstream region of the SD sequence of
pKM67 (21) as shown in Fig. 5A. In pKM67, the lacZ gene is
fused at base ⫹26, and it has been shown that as a result of the
substantial deletion in the 5⬘-UTR ␤-galactosidase became
expressed even at 37°C without any further induction upon
cold shock (21). Note that both pMM007 and pMM67 have the
exactly identical insert of cspA in different vectors, pRS414 and
pKM005, respectively. Cold shock induction patterns of ␤-galactosidase activities of these two plasmids (pMM007 and
pMM67) are similar (data not shown). Cells were transformed
with pKNJ37, pMM007, pKNJ38, and pKM67, and cold shock
induction of ␤-galactosidase activity was examined. Deletion of
the UB sequence (pKNJ37) significantly lowered ␤-galactosidase activity not only at 37°C but also upon cold shock (Fig.
5B). Consistently, when the UB sequence was inserted into
pKM67, the constitutive expression of ␤-galactosidase at 37°C
increased by approximately 20% (Fig. 5B). This increment was
also kept upon cold shock. These results suggest that the UB
sequence may be associated with efficient translation of cspA,
although the loss of the UB sequence is unlikely to be the sole
defect in pMM026 (⌬118-143).

FIG. 5. Role of the 13-base UB sequence in the cspA 5⬘-UTR in cspA-lacZ expression. (A) Construction of cspA-lacZ fusions. The constructs are drawn in the same
manner as shown in Fig. 1A except for a box with wavy lines, which represents the 13-base UB sequence (5⬘-GCCGAAAGGCACA-3⬘) located upstream of the SD
sequence. pKNJ37 is identical to pMM007 except for the deletion of the 13-base sequence. In both pMM007 and pKNJ37, cspA was translationally fused to lacZ.
pKNJ38 is identical to pKM67 (21) except for the addition of the 13-base sequence by replacing the DNA fragment between XbaI and HindIII with synthesized
oligonucleotides as described in Materials and Methods. In both pKM67 and pKNJ38, cspA was transcriptionally fused to lacZ. (B) Cold shock induction of
␤-galactosidase. The cspA-lacZ fusions were pMM007 (E), pKNJ37 (F), pKNJ38 (‚), and pKM67 (Œ).
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(⌬118-143) accumulated after cold shock were also identical to
those for pMM022 (⌬2-27), pMM023 (⌬28-55), and pMM025
(⌬86-117) (Fig. 3B). Nevertheless, cold shock induction of
␤-galactosidase activity was extremely low for pMM026 (⌬118143) throughout cold shock treatment (Fig. 1B), indicating that
the mRNA for this construct was very poorly translated.
Translational regulation by the 5ⴕ-UTR. Relative translation
efficiencies at 15°C were calculated for all the constructs from
the increments of ␤-galactosidase activity during the cold
shock and the amounts of mRNA (see the legend to Fig. 3). As
shown in Fig. 3C, the translation efficiency of pMM026 (⌬118143) mRNA was extremely poor and calculated to be 9.5% of
that of pMM67 mRNA. Besides pMM026 (⌬118-143), the
translation efficiencies of the mRNAs of pMM023 (⌬28-55)
and pMM025 (⌬86-117) were relatively low and calculated to
be 54 and 36% of that of pMM67 mRNA, respectively. These
results clearly indicate that the translation efficiency of mRNA
plays an important role in the regulation of cspA expression
and that, in particular, the region from base ⫹118 to ⫹143 of
the 5⬘-UTR plays a major role in translation efficiency.
Nucleotide sequence comparison of the 5⬘-UTRs of the
cold-shock-inducible genes, cspA, cspB, cspG, and cspI, reveals
that there is a 13-base sequence named upstream box (UB)
sequence (from base ⫹123 to ⫹135 of cspA) very well conserved among these genes as shown in Fig. 4. Interestingly,
these 13-base sequences are located immediately upstream of
the Shine-Dalgarno (SD) sequence and contain a palindromic
sequence to form a stable secondary structure (⌬G ⫽ ⫺9.5
kcal [Fig. 4, see also Fig. 6]). It is also complementary to the
region from base 1023 to 1035 of 16S rRNA (Fig. 4). The
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DISCUSSION
In the present paper, we have attempted to further elucidate
the roles of the unusually long 5⬘-UTR of the cspA mRNA in
cspA expression. We made a series of 26- to 32-base deletion
mutations encompassing the entire 5⬘-UTR. These mutated
5⬘-UTRs were translationally fused to lacZ at the 13th amino
acid residue of CspA after the downstream box sequence. At
37°C, pMM022 (⌬2-27), pMM023 (⌬28-55), and pMM026
(⌬118-143) showed ␤-galactosidase activities similar to the
wild-type pMM67, while pMM024 (⌬56-86) and pMM025
(⌬86-117) showed higher ␤-galactosidase activities than
pMM67, indicating that the region from base ⫹56 to ⫹117 is
involved in the repression of cspA expression at 37°C to some
extent. As shown in Fig. 2 and 3, this repression is not due to
the decrease in the amounts and the stability of mRNA. Although it is possible that a factor binding this region might be
involved in the repression, a precise mechanism for the repression is unclear at present. Note that the most important fact for
the repression of the wild-type cspA expression at 37°C is the
extreme instability of the cspA mRNA (3, 8, 10).
Based on the ␤-galactosidase activities after temperature
downshift, mutants can be classified into three classes: class I
[pMM022 (⌬2-27) and pMM024 (⌬56-86)], in which ␤-galactosidase is induced in a fashion similar to that of pMM67; class

II [pMM023 (⌬28-55) and pMM025 (⌬86-117)], in which cold
shock induction of ␤-galactosidase is poor; and class III
[pMM026 (⌬118-143)], with very low ␤-galactosidase activities
both before and after cold shock. It is worth mentioning that
these differences were due to neither the amounts nor the
stability of mRNA as evident from Fig. 2 and 3. This supports
the notion that the 5⬘-UTR has another role in translation
efficiency in addition to the stability of mRNA.
The relative translation efficiencies after temperature downshift for different constructs showed surprisingly significant
differences (Fig. 3C), which coincided well with the classification of the constructs at 15°C as described above. The translation efficiencies with pMM022 (⌬2-27) and pMM024 (⌬56-86)
(class I) are a little better than that of the wild-type pMM67,
those with pMM023 (⌬28-55) and pMM025 (⌬86-117) (class
II) are 40 to 50% of that of pMM67, and that with pMM026
(⌬118-143) (class III) is less than 10% of that of pMM67.
In pMM026 (⌬118-143), the deletion mutation is clearly affecting the translation efficiency but not the stability of
mRNA. The deleted region was found to contain a 13-base
sequence (bases ⫹123 to ⫹135) well conserved in the mRNAs
for all the cold shock-inducible CspA family genes, cspA, cspB,
cspG, and cspI (Fig. 4). This sequence, designated the UB sequence, may form a distinct secondary structure in both the
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FIG. 6. Comparison of the secondary structures of the 5⬘-UTRs for the deletion constructs. Secondary structures of the 5⬘-UTR for each deletion construct were
predicted with a nucleotide sequence analysis program (DNASIS-Mac; Hitachi Software Engineering Co. Ltd.) based on the method of Zuker and Stieger (36).
Nucleotides are numbered as the position in the cspA mRNA starting from the transcription initiation site as ⫹1. The position of the deletion in each mutant is shown
by an arrow with the nucleotide numbers of the deleted region. The highly conserved 13-base sequences upstream of the SD sequence designated the UBs are boxed.
The initiation codon and the SD sequence are also boxed.
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