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Degradation of the cspA mRNA in vivo is very rapid at temperatures greater than 30°C and is moderately
dependent on RNase E. Investigations in vitro show that degradosomes prepared from normal or cold-shocked
cultures cleave the csp4A mRNA preferentially at a single site in vitro between two stem-loops ~24 residues 3’
to the termination codon and ~31 residues from the 3’ end. The site of cleavage is independent of the
temperature and largely independent of the phosphorylation status of the 5’ end of cspA mRNA. A 5’ stem-loop,
potential occlusion of the initiation and termination codons, temperature-dependent translational efficiency,
and the position of the RNase E cleavage site can explain the differential stability of the cspA mRNA.

Exposure of Escherichia coli or other mesophilic microor-
ganisms to temperatures below 20°C induces an immediate
growth arrest (“cold shock™) which is followed by a period of
adaptation and subsequent resumption of growth (17, 30, 31,
35). A set of at least 26 proteins is induced immediately fol-
lowing the shift to low temperature (17). Among these is a
family of low-molecular-weight proteins including CspA (16).
CspA contains an OB-fold domain (1, 29), which is typical of
many RNA binding proteins (34). Indeed, various roles in
RNA metabolism have been attributed to CspA and other
related cold shock proteins, including chaperoning RNAs (17,
19, 31). Although its expression can be detected at 37°C, CspA
becomes one of the mostly highly expressed proteins following
a shift to low temperature (4, 12). The induction of CspA at
low temperature is largely independent of transcription and is
dependent primarily on posttranscriptional controls, including
enhanced translation (4, 14, 15, 17). In particular, its mRNA is
selectively stabilized after the onset of cold shock (4, 12-15,
36). In fact, the half-life of cspA mRNA during exponential
growth at 37°C is only 10 to 12 s, but it increases to 10 min
when the organism is grown continuously at 15°C (12, 15).
Moreover, mutations which stabilize the cspA mRNA permit
it to be expressed constitutively, independent of a shift to
15°C (12). Finally, cspA mRNA expressed from a plasmid is
stabilized in a strain carrying a temperature-sensitive RNase
E (rne-50; G66S) but not sufficiently to permit detection of
CspA (12).

Details of how cspA mRNA can be recognized very effi-
ciently by the mRNA decay apparatus at 37°C but can evade
degradation at 15°C are largely unknown. A potential stem-
loop structure at the 5’ terminus of the csp4 mRNA is critical
for its stabilization following cold shock (12-15, 36). This find-
ing, as well as circumstantial evidence for stabilization of cspA
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mRNA by rne-50 (12), points to a role for RNase E in regu-
lating the expression of CspA. It has been suggested that a
pathway of mRNA decay may be transiently inactivated during
the initial phases of cold shock, somehow sparing csp4 mRNA
(15). In this regard, the finding that the RNA degradosome
isolated from cold-shocked cells is modified by the presence of
the DEAD box helicase, CsdA (32), raises the possibility that
cspA mRNA might be differentially susceptible to degrado-
somes at 37°C. Alternatively, it is possible that efficient trans-
lation and possibly CspA itself may contribute to the stabili-
zation of cspA mRNA during cold shock (15).

In this communication we show directly that csp4 mRNA,
which is normally quite labile at temperatures of 30°C or
higher, is susceptible to RNase E in vivo and in vitro. We have
determined the secondary structure of potential regulatory fea-
tures within the cspA mRNA and have mapped the primary
site of endonucleolytic cleavage to the 3" untranslated region
(UTR). Our data suggest a model for the regulation of expres-
sion of CspA that rationalizes the roles of secondary structure
and RNase E.

MATERIALS AND METHODS

Strains and plasmids. All strains are derivatives of E. coli K-12. CF881 [F~
Alac argA trp recB1009 (AxthA-pnc) Arna] was obtained from Michael Cashel
(NIH, Bethesda, MD). A set of isogenic strains including MG1693 (thi ph),
SK5665 (thi rph rne-1 [rneG66S] [28]), SK5691 (thi rph pnp-7), and SK7988 (thi
rph ApcnB) was obtained from Sidney Kushner, University of Georgia, Athens,
GA. Strain KCB1008 (thi rph rne-131 [rneAS585-1061] [21]) was constructed from
MG1693 by Pl-mediated transduction (K. E. Baker and G. A. Mackie, unpub-
lished). To construct plasmid pCspA-1, DNA corresponding to a T7 promoter,
the 5" UTR, coding sequence, and 3’ UTR of cspA was amplified from E. coli
DNA using primers CSPA-F and CSPA-R (Table 1). The product was purified,
digested with EcoRI and BamHI, and ligated into pUC18 digested with the same
enzymes. Following transformation of strain DH5«, a recombinant plasmid,
pCspA-1, from a single clone was purified, and its authenticity was verified by
DNA sequencing.

Enzymes and assays. “Standard” degradosomes were purified from strain
CF881 grown in LB medium with vigorous aeration at 37°C as described previ-
ously (26). “Cold shock” degradosomes were purified from the same strain grown
at 30°C in LB medium to an A, of 0.4 and then mixed with an equal volume of
ice-cold LB and shifted to a water bath at 15°C. Growth was continued to
saturation prior to harvest. Purification was performed as described previously
(32). The compositions of both preparations were checked by sodium dodecyl
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TABLE 1. Sequences of oligonucleotides

Oligonucleotide Sequence (5'—3")

............................... CGCAGAATTCTAATACGACTCACT
ATAGGGTTTGACGTACAGACC
.............................. GGACGGATCCTGAAAACATTTAAA
AAAATCCCCGC

.......................... CGATATGGCGTGCTTTAC
...GAACACATCTTTAGAGCC
.......................... TAAGCAGAGATTACAGGC

sulfate-polyacrylamide gel electrophoresis and by Western blotting to verify the
presence of CsdA in the cold shock degradosomes (32). Both preparations were
assayed against 9S pre-rRNA; their relative activities were directly proportional
to the amount of RNase E determined by Western blotting (data not shown).
Assays were performed in a final volume of 30 pl at 30°C as described previously
(9), using 400 to 1,000 ng degradosomes and 20 nM RNA substrate. Samples
were removed at timed intervals, denatured in buffered 90% formamide, boiled
for 45 s, and separated on polyacrylamide gels containing 8 M urea.
Preparation and analysis of RNA. Internally labeled CspA mRNA substrate
was prepared from pCspA-1 linearized by cleavage with Dral and transcribed by
T7 RNA polymerase, using [a->’P]CTP (NEN) as a label with a kit from Am-
bion, Inc. To prepare 3'-labeled RNA, unlabeled csp4 mRNA was labeled with
[*?P]pCp (Amersham) and T4 RNA ligase under conditions recommended by
the manufacturer (Fermentas). Following extraction with phenol-chloroform,
the recovered RNA was purified on a 6% polyacrylamide gel containing 8 M
urea, detected by staining with ethidium bromide, and eluted from a macerated
gel slice with 0.5 M NH,-acetate, 10 mM Tris-HCI (pH 7.7), 1 mM EDTA, 0.1%
sodium dodecyl sulfate, and 10 pg/ml carrier tRNA. Structure mapping experi-
ments were generally performed as previously described (2) with the exception
noted below. Unlabeled cspA mRNA was incubated with a dilution of T, RNase
sufficient to cleave less than 50% of the input RNA. The primers (CSPA-PE
[Table 1]) were unlabeled, and [a->*P]dCTP was included in the primer exten-
sion step. Extraction of RNA from exponentially growing cultures and Northern
blotting were performed as described previously (2, 24). Primer extension (see
above) was used for half-life determination, using CSPA-PE1 (Table 1).

RESULTS

Effect of rne alleles on the stability of csp4A mRNA in vivo. As
an initial step in determining the basis for the lability of the
cspA mRNA at normal growth temperatures, we measured its
half-life in vivo to determine whether it was sensitive to RNase
E. Cultures of the isogenic strains MG1693 (wild type),
SK5665 (rne-1), and KCB 1008 (rne-131) were grown at per-
missive temperature (30°C) and shifted to either 42°C (non-
permissive) or 15°C prior to extraction of RNA (see Materials
and Methods). Half-lives of the csp4A mRNAs from different
samples were initially determined by Northern blotting. How-
ever, to obtain sufficient sensitivity, we subsequently resorted
to primer extension. A summary of the data obtained is shown
in Table 2. We could not reliably detect the cspA mRNA in the
total RNA extracted from cultures shifted to 42°C, as the band
corresponding to full-length csp4 RNA was diffuse (data not
shown). Moreover, no signal could be detected after treatment
with rifampin. Taken together, these observations suggest that
the cspA mRNA is very labile at elevated temperature. Others
have reported that the half-life of the csp4 mRNA is only 10 s
at 37°C (15). In contrast, cspA mRNA could be detected
readily from cultures grown at 30°C. Its half-life was 47 s in the
wild-type strain and increased to 80 s in both strains carrying
rne alleles (Table 2). As expected, the abundance and stability
of the cspA mRNA increased significantly in cultures subjected
to cold shock for 60 min (i.e., shifted from 30°C to 15°C). Table
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TABLE 2. Half-lives of cspA mRNA in different
strains and conditions

Half-life (s)*

Strain Allele
42°C 30°C 15°C
MG1693 Wild type ND” 47 >600
SK5665 rme-1 ND 80 >600
KCB1008 me-131 ND 80 >600

“ Cultures were grown in LB at 30°C and then shifted to 42°C for 20 min or to
15°C for 60 min prior to addition of rifampin. Samples were withdrawn at 45-s
intervals (42°C and 30°C) or at 2.5-min intervals (15°C) and RNA extracted
immediately. Half-lives were determined by primer extension using CSPA-PE1
(Table 1). The values given represent the averages of duplicate determinations.

® ND, not detectable. The csp4 mRNA extracted from cultures shifted to 42°C
was badly smeared, even in the time zero sample (see the text).

2 shows that the half-life of the csp4 mRNA in MG1693 was at
least 600 s. The mRNA was also equally if not more stable in
the two e alleles. More accurate estimates could not be
obtained, as no significant decay occurred during the time of
sampling.

Endonucleolytic cleavage of csp4 mRNA in vitro. Examina-
tion of the DNA sequence of the cspA gene suggests that it
should encode an mRNA of 428 nucleotides (nt) (Fig. 1a). A
combination of inspection, computer-assisted folding (27), and
structure mapping with T, RNase was used to assess the po-
tential secondary structure of the csp4 mRNA, particularly at
its extremities. In agreement with previous work (36), the data
summarized in Fig. 1b show that this mRNA contains a mod-
erately stable 5’ stem-loop (AG = —3.4 kcal/mol), a feature
which is normally associated with enhanced mRNA stability (2,
3,7, 11, 18, 23, 33) and the cold shock response (36). The 3’
end of the mRNA contains a predicted highly stable termina-
tor stem-loop (AG = —14.3 kcal/mol). In addition, we predict
that the AUG codon and Shine-Dalgarno sequence can be
occluded by base pairing with sequences further upstream in
the 5" UTR. We presume that cold shock releases this (or
other) putative structural barrier to translation, consistent with
cold shock sensitivity residing in the 5" UTR (12-15, 36).

In view of the demonstrated and potential secondary struc-
ture in the csp4 mRNA, we tested whether it would be a
substrate for degradosomes prepared from cells grown at 37°C
(Fig. 2a). We also tested whether cold shock degradosomes
(32) would also cleave the cspA mRNA substrate (Fig. 2b). The
two degradosome preparations were normalized to contain
similar quantities of RNase E. The data in Fig. 2a and b show
that in both cases the csp4A mRNA substrate was cleaved
readily to yield a major product of ~390 residues which was
relatively stable. This suggests that the major RNase E cleav-
age occurs ~30 to 40 residues from one end of the mRNA. In
this and subsequent experiments, we noted that normal degra-
dosomes displayed a lag in attacking the substrate. We did not
pursue this observation.

To map the cleavage site, we initially subjected the products
of digestion by degradosomes to further cleavage with RNase
H in the presence of specific oligonucleotides. The data
showed that the initial cleavage occurred ~40 residues from
the 3’ end of the substrate (not shown). Moreover, using three
primers spaced throughout the cspA sequence (CSPA-PE [Ta-
ble 1]), we were unable to detect new 5’ termini in the 5" UTR
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FIG. 1. Structure of the cspA gene and its mRNA. (a) Diagram of the csp4 gene and its mRNA. The sites of initiation (—160) and termination
(+268) of transcription are inferred from previous work (12, 13, 36) and inspection of the sequence. The in vitro transcript used in this work
extends from position —158 (changing C to G) to +268 (see the text and the legend to Fig. 2). The vertical arrow shows the site of a major RNase
E cleavage (see the text). (b) Model for portions of the secondary structure of the csp4 mRNA, based on partial enzymatic digestion with T; RNase
and computer-assisted folding (RNAdraw [27]). Informative data were obtained for the 5" UTR and the first 30 residues of the coding sequence.
Residues are numbered relative to the A of the AUG initiation codon. The initiation and termination codons are boxed; the likely Shine-Dalgarno
sequence (AAGG) is italicized. G residues that were clearly resistant to T; RNase are circled. The horizontal line indicates the region in which
RNase E cleavage occurs (see the text). Based on the minimum size of the cleavage products, the sites of cleavage are 3’ to residues 233 and 234.
The extent of the horizontal line indicates that the precise sites of cleavage are uncertain.

by primer extension, a finding consistent with in vivo data (12).
Accordingly, we prepared 3'-end-labeled cspA mRNA and re-
peated the experiment of Fig. 2a, using 10% gels to retain the
anticipated 3’ product. A time course of digestion is shown in
Fig. 2c. The substrate disappeared within 10 min, and a prod-
uct of ~35 residues accumulated in nearly 100% yield. Addi-
tional characterization of the product was achieved by separa-
tion on a sequencing gel, using labeled DNA oligonucleotides
to provide size markers. Assuming that the mobilities of the
RNA products can be compared directly to those of the DNA
markers, the products migrated as a doublet of 30 and 31 nt
(Fig. 2d). This would correspond to cleavage immediately 5’ to
the base of the terminal stem-loop (i.e., 3’ to residue 237) but
possibly further 5’ between residues 233 and 234 (Fig. 1b).
Heterogeneity in the products could reflect minor variations
in the site of termination of transcription or in cleavage
itself, analogous to the case for the major cleavage site in
the rpsT mRNA (25). This cleavage site(s) lies ~20 residues
3" from the termination codon between two stem-loops,
somewhat reminiscent of the rpsO mRNA (6). A previous
inference that the site of RNase E cleavage lies in the 5’
UTR (12) is not supported by our data.

To test whether the predicted 5’ stem-loop was functional
during our assays, we measured the effect of replacing the
5'-triphosphate terminus with a 5’-monophosphorylated ter-

minus. We reasoned that if present, the predicted 5'-proximal
stem-loop should negate the stimulatory effects of monophos-
phorylation (23). Normal or cold shock degradosomes were
assayed against ppp-cspA mRNA (Fig. 3a and b) or p-cspA
mRNA (Fig. 3c and d) at 30°C. In either case, the monophos-
phorylated substrate was digested at least 1.5- to 2.5-fold faster
than ppp-cspA mRNA (compare Fig. 3a or b with Fig. 3c or d,
respectively). At 15°C, however, the rate of cleavage of p-cspA
mRNA by cold shock degradosomes as well as the rate of
accumulation of 390-nt product was indistinguishable from
that of the ppp-substrate (Fig. 3, compare panels f [p-] and e
[ppp-]). Since substrates with single-stranded 5’ termini are
typically stimulated up to 30-fold by monophosphorylation
(23), we conclude that the 5’ terminus of cspA mRNA is
sequestered in a form that is not readily recognized by RNase
E, particularly at 15°C.

DISCUSSION

The expression of the cspA gene appears to be regulated
almost entirely by posttranscriptional mechanisms, including
translational efficiency and mRNA stability, that are depen-
dent on the temperature at which cultures are grown (17). We
have focused on better understanding the basis for the insta-
bility of the cspA mRNA at normal temperatures. The avail-
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FIG. 2. Time course of digestion of cspA mRNA in vitro by purified degradosomes. (a and b) Internally **P-labeled csp4 mRNA was digested
with degradosomes purified from cultures grown at 30°C (a) or 15°C (b) (see Materials and Methods). The time of digestion is shown above each
lane. Products of <~75 residues would have run off the gel. The positions of the substrate and major product are shown in the left margin. (c)
3’-end-labeled cspA mRNA (see Materials and Methods) was incubated without enzyme (lanes 1 and 2) or with degradosomes purified from
cultures grown at 30°C (lanes 3 to 8), and the products were separated on a denaturing 10% polyacrylamide gel. The positions of the substrate
(428 residues) and product (~35 reSAdues) are shown in the left margin. The species labeled “x” in the left margin is found in undigested samples
(cf. lanes 1 to 3), but its provenance is unknown. (d) Internally **P-labeled csp4 mRNA was dlgested with cold shock degradosomes for 0, 5, 10,
or 15 min (lanes 1 to 4) and separated on a sequencing gel with 5'-*?P-labeled oligonucleotides as markers. The sizes of the oligonucleotides are
indicated in the right margin. The arrows in the left margin show the two products.

able data show that the csp4 mRNA is very labile in vivo at
temperatures of >30°C, with half-lives of 47 s at 30°C (Table 2)
and only 10 s at 37°C (15). This lability seems surprising in view
of the 5" stem-loop in the cspA mRNA, a feature that usually
confers stability on mRNAs ostensibly by preventing a produc-
tive interaction with the 5’ sensor domain of RNase E (2, 3, 7,
11, 18, 23, 33). However, the 5" stem-loop in cspA mRNA is
only moderately stable (calculated AG = —3.4 kcal/mol).
Nonetheless, the data in Fig. 3 suggest that its effectiveness as
a stabilizing element improves at lower temperature, consis-
tent with its requirement for the stabilization of cspA mRNA at
low temperature (36). We also found that rne mutations in-
crease the half-life of the csp4 mRNA in vivo, although rela-
tively modestly (Table 2). Taken together, these data suggest a
role for RNase E in the degradation of csp4 mRNA.

Our data show clearly that csp4A mRNA is nearly equally
sensitive to cleavage by RNase E in vitro at either 30°C or 15°C
whether the RNase E resides in normal or cold shock degra-

dosomes. Nonetheless, cspA mRNA is no more sensitive to
RNase E in vitro than other substrates we have tested (e.g.,
rpsT mRNA and 9S pre-rRNA). However, the initial 390-nt
product of cleavage is atypically stable, although prolonged
digestion results in further cleavage (Fig. 3d). The secondary
structure of the csp4 mRNA can rationalize these observa-
tions. RNase E cleavage essentially truncates the cspA mRNA
at its 3’ end, leaving the 5’ terminus intact. The preferred
RNase E cleavage site is located between two stem-loops and
is separated from the termination codon by 20 residues which
are incorporated into an imperfect stem-loop. This situation is
reminiscent of the rpsO mRNA, where the M2 cleavage site
lies 10 residues from the termination codon and is adjacent to
a stable 3’ terminator stem-loop (6, 10). The cleavage site in
cspA mRNA is located a significant distance from the 5" end of
cspA mRNA and occurs despite the presence of a moderately
protective 5’ stem-loop. Thus, this cleavage would constitute
an example of the internal entry pathway by RNase E (2, 20).
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FIG. 3. Effect of the status of the 5’ terminus on the rate of
digestion of csp4 mRNA. Internally **P-labeled cspA mRNA con-
taining either a 5'-triphosphate (a, b, and e) or a 5'-monophosphate
(c, d, and f) was digested with degradosomes purified from cultures
grown at 30°C (wt D-somes) (a and c) or 15°C (cs D-somes) (b, d,
e, and f) as described in Materials and Methods. Digestions were
performed at 30°C in panels a to d and at 15°C in panels e and f. The
time of digestion is shown above each lane. NE, no enzyme. The
positions of the substrate and major product are shown by arrows in
the left margin.

Such cleavages can occur on untranslated mRNAs (20). More-
over, the presence of a 5’ stem-loop and a terminal triphos-
phate can explain why the 390-nt 5’ fragment is relatively stable
once cleaved in vitro: both features are protective, and once
the preferred site is cleaved, alternative sites would display
even lower affinity for RNase E. Finally, the observed cleavage
would sever the body of the mRNA from the relatively stable
3’ terminator stem-loop, rendering the body of the mRNA
susceptible to rapid exonucleolytic degradation.

These findings suggest a model for the behavior of cspA
mRNA in exponential growth at 37°C and during cold shock.
The in vitro data show that the distinctive half-lives of cspA
under these different environment conditions are not a prop-
erty of RNase E per se, although the 5’ stem-loop in cspA
mRNA must contribute to its stabilization after cold shock
(36). Rather, we believe that they reflect additional variables.
In particular, at 37°C, translation of CspA is apparently very
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inefficient (4), although it is not known if this due to active
repression. In this regard, it is likely significant that the puta-
tive Shine-Dalgarno sequence (AAGG) in cspA mRNA is
weak (22) and its spacing from the AUG initiation codon is
nine residues, longer than is typical in E. coli (8, 22). Moreover,
both the Shine-Dalgarno sequence and the AUG codon may
be sequestered into a stem-loop structure (Fig. 1b). Thus, few
or no ribosomes would transit the cspA coding sequence ren-
dering it highly vulnerable (2, 10). After cold shock, translation
of the cspA mRNA is greatly enhanced (12-15, 36). This would
result in frequent transit of the coding sequence by ribosomes
and greater likelihood of their pausing at the termination
codon prior to release. Although the distance from the termi-
nation codon to the cleavage site is greater than for the rpsO
mRNA (6), the presence of an intervening stem-loop suggests
that paused ribosomes could also occlude the RNase E cleav-
age site, enhancing stability of the cspA mRNA. In effect, the
increased frequency of translation enhances the stability and
abundance of the cspA mRNA following cold shock by at least
two means. First, the internal entry pathway is inhibited (2),
and second, paused ribosomes provide protection against
RNase E cleavage at the major site in the 3" UTR. In addition,
CspA itself may chaperone its mRNA to provide further sta-
bilization (17), while CsdA, a cold shock DEAD box RNA
helicase, may promote translation and stabilization of cspA
mRNA (5). Finally, the 5" stem-loop, whose protective effect is
well known (2, 3, 11, 18, 23, 33), further stabilizes csp4 mRNA.
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