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Cold Shock Genes cspA and cspB from Caulobacter crescentus Are
Posttranscriptionally Regulated and Important for Cold Adaptation
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Cold shock proteins (CSPs) are nucleic acid binding chaperones, first described as being induced to solve the problem of mRNA
stabilization after temperature downshift. Caulobacter crescentus has four CSPs: CspA and CspB, which are cold induced, and
CspC and CspD, which are induced only in stationary phase. In this work we have determined that the synthesis of both CspA
and CspB reaches the maximum levels early in the acclimation phase. The deletion of cspA causes a decrease in growth at low
temperature, whereas the strain with a deletion of cspB has a very subtle and transient cold-related growth phenotype. The cspA
cspB double mutant has a slightly more severe phenotype than that of the cspA mutant, suggesting that although CspA may be
more important to cold adaptation than CspB, both proteins have a role in this process. Gene expression analyses were carried
out using cspA and cspB regulatory fusions to the lacZ reporter gene and showed that both genes are regulated at the transcrip-
tional and posttranscriptional levels. Deletion mapping of the long 5'-untranslated region (5'-UTR) of each gene identified a
common region important for cold induction, probably via translation enhancement. In contrast to what was reported for other
bacteria, these cold shock genes have no regulatory regions downstream from ATG that are important for cold induction. This
work shows that the importance of CspA and CspB to C. crescentus cold adaptation, mechanisms of regulation, and pattern of

expression during the acclimation phase apparently differs in many aspects from what has been described so far for other

bacteria.

Free-living organisms must be able to cope with a multitude of
environmental changes, which include nutrient starvation, os-
molality imbalance, and temperature shifts, and responses to
these stresses require a fine-tuned expression of specific genes
(30). Temperature downshift causes growth and cell proliferation
arrest, also altering the pattern of protein expression (29). Low
temperature interferes with cell physiology by affecting several
molecules in their biochemical and physical properties, resulting
in modifications in general metabolism. There are two classes of
responses involved in cold adaptation, named low-temperature
response (LTR) and cold shock response (CSR) (43). LTR de-
pends on the absolute temperature and persists as long as the stress
exists, and the proteins induced are usually involved in cellular
metabolism and membrane functionality (43). CSR, on the other
hand, is a quick response to temperature downshift, which is not
dependent on the absolute temperature but instead is relative to
the amplitude of temperature variance before and after the shift.
This response is turned off by a negative-feedback control that
occurs when cells become adapted to the new situation. Some of
the CSR proteins are nucleic acids chaperones, helicases, and nu-
cleoid-associated proteins (38, 39, 46, 48).

According to Horn and colleagues (26), CSR is divided into
four stages: optimal growth, cold shock, acclimation phase, and
recovery phase. The moment of temperature downshift is called
cold shock, after which begins the growth arrest acclimation
phase. Proteins involved in rapid cold acclimation, including
CSPs, are highly and transiently induced during this phase, while
the expression of the other cellular proteins remains unaffected or
becomes repressed (29, 38, 39). At the recovery phase, the levels of
proteins induced at the acclimation phase (other than those in-
volved in LTR) decline, returning to those before cold shock or to
intermediate levels (26, 46).

One of the biggest challenges imposed by low temperature is
the increase of the stability of secondary structures in RNA that
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may prevent mRNA turnover and cause decreased translation ef-
ficiency. The CSPs then provide the necessary activity of nucleic
acid chaperones and transcription antitermination (3, 28, 39, 40).
This family of proteins is widespread throughout bacteria, pre-
senting a highly divergent number of paralogues in each organ-
ism. They respond not exclusively to temperature downshift but
also to osmotic and oxidative stresses, stationary phase, carbon
starvation, and antibiotic resistance, and some may even be con-
stitutively expressed (6, 9, 10, 39, 42, 54). Escherichia coli has nine
csp paralogues, of which five are exclusively cold induced, one is
constitutively expressed, and one is a replication inhibitor in-
duced at stationary phase and under carbon starvation (26, 54). In
other organisms such as Bacillus subtilis and Listeria monocyto-
genes, which have three copies of those genes, there are paralogues
responding to more than one condition (22, 42).

The induction of E. coli major cold shock protein CspA is not a
result of an enhancement in transcription but is due to an in-
creased mRNA stability during low-temperature incubation (16).
The stabilization of CSP mRNAs is in part due to their 5" untrans-
lated region (5'-UTR), which is highly structured and protects the
mRNA from RNase action, increasing its half-life at low temper-
ature (27). In addition to stabilization, translational enhancement
mediated by regions of interaction of mRNA with 16S rRNA called
upstream box (UB) and downstream box (DB) was also proposed
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as being critical for cold shock induction of the csp genes in E. coli
(13, 14, 55).

Caulobacter crescentus is a free-living and oligotrophic alpha-
proteobacterium widespread in aquatic environments and able to
grow at temperatures as low as 4°C, and it shows an outstanding
resistance to freezing (33). The C. crescentus genome contains four
paralogues of csp genes, two of them (cspA and cspB) being cold
induced, encoding proteins containing a single cold shock domain
(CSD), and the other two (cspC and cspD) being stationary phase
induced, encoding proteins with two CSDs (4, 31). Recently, we
demonstrated that stationary-phase induction of C. crescentus
cspD is regulated by the levels of the second messenger ppGpp and
by the SpdR/SpdS two-component system (7). In this work, we
have characterized the regulatory mechanisms underlying cspA
and ¢spB cold induction, finding differences in the roles of these
genes in growth and cold adaptation and identifying sites in their
regulatory regions important for cold induction.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids
are described in Table 1. C. crescentus strains were grown in rich peptone-
yeast extract (PYE) or minimal (M2) medium (11) at 30°C or 10°C with
shaking. When necessary, antibiotics were added at the following concen-
trations: kanamycin (5 wg/ml), tetracycline (1 pg/ml), nalidixic acid (20
pg/ml), or rifampin (20 wg/ml). E. coli strains were grown at 37°C in
Luria-Bertani medium. When necessary, antibiotics were added at the
following concentrations: kanamycin (50 pg/ml) or tetracycline (12.5 g/
ml). Plasmids were introduced into C. crescentus by conjugation with E.
coli strain S17-1 or by direct transformation.

Mapping of regulatory regions important for cspA and cspB expres-
sion. Transcriptional fusions with the lacZ reporter gene were con-
structed in plasmid pRKplacZ290, and translational fusions were made
using plasmid pJBZ281 (Table 1). The constructions obtained are il-
lustrated below (see Fig. 5 and 6). pRKlacZ290 and pJBZ281 were
introduced into C. crescentus by conjugation and electroporation, re-
spectively. Gene expression was measured by determining (3-galacto-
sidase activity as described by Miller (34). B-Galactosidase activity
assays were performed with mid-log-phase cultures from C. crescentus
NA1000 and AcspA, AcspB, AcspC, and AcspD strains at 30°C and at
different time points during incubation at 10°C (1 h, 2 h, and 5 h).
Expression of lacZ from constructions described above was assessed
either in PYE or in M2 medium.

Growth tests. Growth of NA1000 and csp mutant strains was carried
out in 10 ml of PYE medium at 30°C or 10°C with agitation. All experi-
ments were initiated with cultures at an optical density at 600 nm (ODyy,)
of 0.2, arising from culture dilution to OD of 0.05. Growth was monitored
by measuring OD,, and by determining CFU counts. Relative CFU was
obtained by dividing the CFU at each time point after incubation at 10°C
by the CFU of the same culture immediately prior to transfer to low
temperature.

Construction of csp mutant and complemented strains. The cspA,
¢cspC, and cspD mutant strains were constructed previously (4, 31). cspB
mutant and cspA cspB double mutant strains were obtained by allelic
replacement using the NA1000 and cspA mutant strains, respectively, as
background. All plasmids used in cloning are listed in Table 1 and primers
in Table 2. A 760-bp fragment upstream and an 805-bp fragment down-
stream from CCNA_00701 (cspB) were amplified by PCR using genomic
DNA from NA1000 as the template with primers CSPB-F/CSP1-C and
CSP1-D/CSP1-E. Both PCR products were cloned in tandem into the
pNPTS138 suicide vector, and the construction was used for deletion of
cspB, generating strains MM30 (AcspB) and MM28 (AcspA AcspB). Gene
deletions were confirmed by PCR (not shown).

For the complementation of the mutations, a 720-bp DNA fragment
containing the cspA gene was amplified by PCR with CSPA-A/CSPA-B
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primers and cloned into pMR20 plasmid, generating pRM11. An 842-bp
DNA fragment containing the cspB gene was amplified with CSP1-A/
CSP1-B and cloned into pRM11 plasmid for complementation of the
double mutant, generating pRM12.

Protein pulse-labeling and 2-D electrophoresis. NA1000 and AcspA
and AcspB strain cultures were grown at 30°C in M2 medium to mid-log
phase. Proteins were pulse-labeled for 10 min at 30°C with 20 pCi
L-[**S]methionine followed by chasing with 10 mM nonradioactive L-
methionine. The remaining culture was shifted to 10°C, and 2-ml aliquots
were taken after 5, 20, 50, and 110 min for pulse-labeling for 10 min, as
described above. Proteins were extracted by trichloroacetic acid (TCA)-
acetone precipitation and solubilized in rehydration buffer (8 M urea, 2%
Triton X-100, 0.002% bromophenol blue, 0.28% dithiothreitol [DTT],
2% IPG 3-10 NL buffer [GE Healthcare]), and an equal amount of labeled
protein (2 X 10° cpm) was separated by two-dimensional (2-D) gel elec-
trophoresis. In the first dimension, 18-cm gels with a nonlinear pH gra-
dient ranging from pH 3 to 10 (Immobiline DryStrip pH 3-10 NL, 18 cm;
GE Healthcare) were rehydrated overnight with each protein sample, and
the isoelectric focusing was carried out for 28,000 V - h at a maximum of
3,500 V in the Multiphor II system (GE Healthcare). After the isoelectric
focusing, the strips were subjected to 2 steps of incubation, for 15 min
each, in SDS equilibration buffer (6 M urea, 75 mM Tris-HCI [pH 8.8],
29.3% glycerol, 2% SDS, 0.002% bromophenol blue) supplemented with
1% DTT in the first incubation and 2.5% iodoacetamide in the following
one. In the second dimension, SDS-PAGE was carried out in continuous
13.5% polyacrylamide gels. Gels were incubated for 30 min with Amplify
Fluorographic Reagent (GE Healthcare) before drying. The radiolabeled
proteins were detected by exposing the gels to Hyperfilm (GE Healthcare)
for 72 h at —80°C.

mRNA decay analysis by quantitative reverse transcriptase PCR
(qQRT-PCR). In order to determine mRNA levels, 10-ml cultures were
harvested from mid-log cultures of C. crescentus NA1000 growing in
PYE medium at 30°C and after 2 h at 10°C. RNA was isolated by TRIzol
extraction (Invitrogen) according to the manufacturer’s instructions
and treated with DNase I (Fermentas) to remove contaminating DNA.
As a negative control for genomic DNA contamination, PCR was per-
formed in the absence of reverse transcriptase, under the following
conditions: 5 min at 95°C, 30 cycles of 5 min at 95°C, 30 s at 55°C, and
30 s at 72°C, followed by an additional incubation of 7 min at 72°C. An
aliquot of 5 ug of RNA was used as a template for total cDNA synthesis
in 20-pl reaction mixtures with the Superscript First-Strand synthesis
system for RT-PCR (Invitrogen). cDNA synthesis conditions were as
follows: 10 min at 25°C, 50 min at 50°C for reverse transcription, 5 min
at 85°C, followed by 20 min at 37°C for RNase H treatment. PCR was
performed using the following primers for cspB and cspA: qRT-CSPBf/
qRT-CSPBr and qRT-CSPAf/qRT-CSPAr, respectively (Table 2), at a
concentration of 100 nM. For quantitative PCR, an amount of cDNA
corresponding to 50 ng of input RNA was used for each reaction.
Reactions were performed with the Platinum SYBR green qPCR
SuperMix-UDG (Invitrogen) and analyzed in the ABI 7500 real-time
PCR system. The measured threshold cycle (C;) for each sample was
determined using second-derivative analysis carried out by the instru-
ment software. The measured cspA and cspB transcript C. values were
normalized by subtracting the C;. for the rho transcript, which was also
measured for each sample, as a reference. To determine the mRNA
degradation rates under each condition, the zero time point AC; was
used as a reference to calculate the relative mRNA levels in samples
removed at time points after addition of 20 wg/ml rifampin.

In order to determine mRNA levels of lacZ carried by pRM10 and
PRMY, RNA was extracted and treated as described above from C. cres-
centus NA1000 carrying either one or the other construction integrated
into its chromosome. PCR was performed with 1 g of cDNA using prim-
ers RicLacFow/RicLacRev at a concentration of 1 M for amplification of
the lacZ coding region. PCRs were carried out as follows: 5 min at 95°C, 15
cycles of 5 min at 95°C, 30 s at 55°C, and 30 s at 72°C, followed by an
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TABLE 1 Bacterial strains and plasmids

Strain or plasmid Description® Reference or source
Strains
E. coli
S17-1\pir E. coli strain for plasmid mobilization 44
DH5a E. coli strain for cloning purposes 25
C. crescentus
NA1000 Synchronizable derivative of wild-type CB15 15
MM60 NA1000 strain with pRM6 translational fusion integrated in the genome This study
MMé61 NA1000 strain with pRM7 translational fusion integrated in the genome This study
MM63 NA1000 strain with pRMS translational fusion integrated in the genome This study
MMe62 NA1000 strain with pRM9 translational fusion integrated in the genome This study
MM64 NA1000 strain with pRM10 translational fusion integrated in the genome This study
MMS8 NA1000 AcspA 31
MM30 NA1000 AcspB This study
MM26 NA1000 AcspC 4
MM9 NA1000 AcspD 31
MM28 NA1000 AcspA AcspB This study
Plasmids
pGEM-T Easy Cloning vector; Amp* Promega
pNPTS138 Suicide vector containing oriT and sacB; Kan" D. Alley
pRKlacZ290 Vector for translational fusion with lacZ gene; Tet" 21
pPMR20 Broad-host-range, low-copy-number vector; Tet" 41
pJBZ281 pRK2-derived vector with promoterless lacZ gene; Kan® M. R. K. Alley
pEL4 Fragment containing cspD promoter cloned into pRKlacZ290 31
pEL6 Fragment containing cspC promoter cloned into pRKlacZ290 31
pRM1 Fragment from —380 to + 162 of cspA amplified using CSPA-B/CSPA-R4 This study
transcriptionally fused to lacZ into pRKlacZ290
pRM2 Fragment from —196 to + 162 of cspA amplified using CSPA-R5/CSPA-R4 This study
transcriptionally fused to lacZ into pRKlacZ290
pRM3 Fragment from —380 to —133 upstream from cspA amplified using CSPA-B/CSPA- This study
R8 transcriptionally fused to lacZ into pRKlacZ290
pRM4 Fragment from —734 to + 152 of cspB amplified using CSPB-F/CSPB-R4 This study
transcriptionally fused to lacZ into pRKlacZ290
pRMS5 Fragment from —187 to +27 of cspB amplified using CSPB-R1/CSPB-C This study
transcriptionally fused to lacZ into pRKlacZ290
pRM6 Fragment from —380 to + 162 of cspA amplified using CSPA-B/CSPA-R4 This study
translationally fused in frame to lacZ into pJBZ281
pRM7 Fragment from —380 to +3 of cspA amplified using CSPA-B/CSPA-R2 This study
translationally fused in frame to lacZ into pJBZ281
pRM8 Fragment from —734 to +152 of c¢spB amplified using CSPB-F/CSPB-R4 This study
translationally fused in frame to lacZ into pJBZ281
pRM9 Fragment from —734 to —93 fused to the fragment —17 to +3 of cspB amplified This study
using CSPB-F/CSPB-R3 translationally fused in frame to lacZ into pJBZ281
pRM10 Fragment from —356 to +3 of cspB amplified using CSPB-A/CSPB-R2 This study
translationally fused in frame to lacZ into pJBZ281
pRM11 Fragment amplified with CSPA-A/CSPA-B containing cspA gene cloned into pMR20 This study
pRM12 Fragment amplified with CSPB-A/CSPB-B containing cspB gene cloned into pRM11 This study
pRM13 Fragment from —380 to —90 fused to the fragment —15 to +3 of cspA amplified This study

using CSPA-B/CSPA-R3 translationally fused in frame to lacZ into pJBZ281

@ Fragment positions are relative to the ATG.

additional incubation of 7 min at 72°C for templates obtained from cul-
tures incubated at 10°C or by 22 amplification cycles for templates ob-
tained from cultures incubated at 30°C. The PCR products were separated
ina 2% agarose Tris-borate-EDTA (TBE) gel, and after ethidium bromide
staining the intensity of bands visualized under UV were calculated using
Image] software (Image] 1.44p; Wayne Rasband, National Institutes of
Health, Bethesda, MD). To determine the mRNA degradation rates under
each condition, the zero time point band density was used as a reference to
calculate the relative mRNA levels in samples removed at time points after
addition of 20 pg/ml rifampin.
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RESULTS

CspA and CspB expression during C. crescentus cold shock. We
have previously shown that cspA and cspB expression is cold in-
duced in C. crescentus (31). To characterize the protein expression
profile at the acclimation phase, we analyzed CspA and CspB pro-
tein synthesis kinetics after cold shock (Fig. 1A to E). In general,
overall protein synthesis was repressed, while some proteins had
their synthesis increased after cold shock. Among these, two pro-
teins were particularly highly induced under this condition, cor-
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TABLE 2 Primers used in this study

Name Sequence (5'—3")¢ Annealing position

CSPB-A ATAGGATCCGATCGCTCACCGCGAGAC Forward primer, anneals 356 bp upstream from
cspB translation start site

CSPB-B GAAAAGCTTCAAGGCCTCACGCTGCGC Reverse primer, anneals 487 bp downstream from
cspB translation start site

CSPB-C AAAAAGCTTGAACCACTTTACGGTGCCG Reverse primer, anneals 26 bp downstream from
cspB translation start site

CSPB-D AAAAAGCTTCCGGGCAGTTGACCGCAGCG Forward primer, anneals 187 bp downstream
from cspB translation start site

CSPB-E AAAGGTACCGAATCTGGCAGGTGTGGCC Reverse primer, anneals 992 bp downstream from
cspB translation start site

CSPB-F GGATCCGCTCATTGCCGATGCTGG Forward primer, anneals 734 bp upstream from
cspB translation start site

CSPB-R1 AGGATCCCCTGAAAATAAAACAATTGTGG Forward primer, anneals 187 bp upstream from
cspB translation start site

CSPB-R2 AAAGCTTCATGTTTGTATCTTTCAGATGTG Reverse primer, anneals 3 bp downstream from
cspB translation start site

CSPB-R3 AAAGCTTCATGTTTGTATCTTTCAGATAAGAGCAAGCGTGGAGAGCGAC Reverse primer, anneals 93 bp upstream from
cspB translation start site containing the region
—17to +3

CSPB-R4 ATAAAGCTTCTCGTAGTTGAGCTTCTGACC Reverse primer, anneals 152 bp downstream from
cspB translation start site

CSPA-A CGAAACGGCTCGAGCGATG Reverse primer, anneals 330 bp downstream from
cspA translation start site

CSPA-B ATAGGATCCGTCGTTCTCAGAACCATC Forward primer, anneals 380 bp upstream from
cspA translation start site

CSPA-R2 AAAGCTTCATGGGGATGTTCCTTGTAGG Reverse primer, anneals 3 bp downstream from
cspA translation start site

CSPA-R3 AAAGCTTCATGGGGATGTTCCTTGTAGCTCCTGGTCCAGGAGCAAGG Reverse primer, anneals 90 bp upstream from
cspA translation start site containing the region
—15to +3

CSPA-R4 TTTAAGCTTGACTTCGGGCTCGTACGAGATC Reverse primer, anneals 162 bp downstream from
cspA translation start site

CSPA-R5 AGGATCCACGGTATTTCTCTTGATATCCCC Forward primer, anneals 196 bp upstream from
cspA translation start site

CSPA-R8 TTTAAGCTTATTCGATACAACCATAAACAGG Reverse primer, anneals 133 bp upstream from
cspA translation start site

RicLacFow GTTTTACAACGTCGTGACTGG Forward primer, anneals 31 bp downstream from
lacZ translation start site

RicLacRev GATGGGCGCATCGTAACC Reverse primer, anneals 300 bp downstream from

lacZ translation start site

@ Boldface letters indicate restriction enzyme recognition sites, used for cloning purposes.

responding to CspA, with predicted mass of 7.3 kDa and pl 6.54,
and CspB, with predicted mass of 7.3 kDa and pl 5.64. The iden-
tification of the spots corresponding to each protein was possible
by comparison to extracts from the null mutant strains (Fig. 1F
through H). The induction of these proteins begins early, within
the first 15 min of temperature downshift (Fig. 1B), and reaches
the highest levels of synthesis around 1 h at 10°C (Fig. 1D). After 2
h at 10°C, the majority of proteins induced during acclimation
phase had returned to the initial levels of synthesis, but a small set
of proteins, including CspA and CspB, still showed a more intense
synthesis than at 30°C (Fig. 1E). We have previously determined
that the growth lag period following cold shock is about 4 h (33).
These results suggest that the maximum expression of CSPs oc-
curs during the early acclimation phase.

CspA and CspB are required for appropriate cold adaptation
of C. crescentus. In order to investigate the contribution of each
cold-induced C. crescentus csp paralogue for cold adaptation, mutant
strains for cspA or cspB and a AcspA AcspB double mutant strain were
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constructed, as well as complemented strains. All strains were incu-
bated at 10°C for 48 h, and viability was determined by comparing
CFU counts before and after low-temperature incubation.

The AcspA strain presented a more pronounced defect in cold
adaptation, while the cspB strain showed a slight defect in growth
only at the 24-h time point. Although this difference was statisti-
cally significant, this phenotype was no longer observed at the
48-h time point, suggesting that the cspB contribution is minor.
The cold-related phenotype of the AcspA strain was completely
reverted when a copy of cspA was inserted in trans (Fig. 2A). The
double mutant strain presented a more severe cold-related phe-
notype, showing no growth after 24 h (Fig. 2B) and very subtle
growth after 48 h at 10°C. Despite the fact that the absence of cspB
did not cause a persistent cold-related growth phenotype, its ab-
sence in the AcspA AcspB strain showed some additive effect on
growth phenotype compared to the AcspA strain.

In order to determine if cspC and cspD would be differentially
expressed in the AcspA AcspB strain, as an attempt to compensate
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FIG 1 CspA and CspB cold-induced synthesis. The autoradiograms show the regions of CspA and CspB in 2-D gels containing L-[**S]methionine-labeled
proteins from C. crescentus NA1000 cultures incubated at 30°C (A) or at different time points at 10°C (B through E). Proteins were pulse-labeled for 10 min, from
5to 15 min (B), 20 to 30 min (C), 50 to 60 min (D, F), and 110 to 120 min (E) at 10°C. Protein spots corresponding to CspA and CspB are indicated by arrows
and are not present in C. crescentus AcspA (G) and AcspB (H) null mutant backgrounds, respectively.

for the absence of cspA and cspB during cold shock response, 3-ga-
lactosidase assays using cspC and cspD transcriptional fusions
were performed. There was no alteration on cspD expression in
NA1000 or in the AcspA AcspB strain after 3 h at 10°C in these
assays. On the other hand, cspC was partially repressed in NA1000
cultures after temperature downshift, but its transcription was
higher in AcspA AcspB under the same conditions (Fig. 3).
Effects of each csp paralogue on cspA and cspB expression. It
has been reported that some CSPs may affect their own expression
and that of other csp genes (1, 2, 12, 17, 55); therefore, it would be
interesting to evaluate the importance of each csp paralogue on the
expression of cspA and cspB during cold acclimation. Transcrip-
tional fusions of the promoters and 5'-UTR regions from both
cold shock genes to the lacZ reporter gene were introduced into
the AcspA, AcspB, AcspC, and AcspD mutant strains and assayed
prior to and after cold shock (Fig. 4), showing that neither cspA
nor cspB is self-regulated and their absence had no effect on each
other’s expression at least during 5 h of incubation at 10°C. The
absence of cspC resulted in a consistent decrease in the expression
of cspA and cspB from the late stage of the acclimation phase,
reducing expression levels of cspA (by about 15%) and of cspB (by
about 40%) after 5 h at 10°C. Interestingly, the absence of cspD
compromised only the expression of cspB to levels similar to those
generated in the absence of cspC during cold acclimation. These
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results indicate that CspC and CspD have an important role in
cspB cold induction whereas cspA expression is affected only in the
absence of CspC.

Characterization of cspA and cspB regulatory regions and
their role in expression at optimal temperature and after cold
shock. Initially, in order to map the regulatory regions important
for cspA and cspB expression, the 250-nucleotide (nt) regions up-
stream from the start codon of each gene were aligned in an at-
tempt to identify conserved regions in the two sequences that
could indicate a common regulatory mechanism. Two regions
with noticeable conservation were found: the firstis 12 ntlong and
is located 35 nt upstream of the predicted —35 region of both
promoters, and the other is 13 nt long and is located on the 5'-
UTR on both mRNAs, approximately 30 nt upstream of the re-
spective ribosome binding site (RBS) (Fig. 5).

The relevance of the 12-nt-long region for the expression of
each gene was evaluated at 30°C and 10°C (Fig. 5A and B). At
optimal temperature, no changes in expression profile were ob-
served for either gene, but after temperature downshift, expres-
sion of cspA (pRM1 in Fig. 5A) increased gradually up to 5 h at
10°C, while ¢spB expression (pRM4 in Fig. 5B) reached a maxi-
mum level 2 h after cold shock. The absence of the putative 12-nt
regulatory region upstream of both promoters had no effect on
expression at optimal growth temperature but generated higher

jb.asm.org 6511


http://jb.asm.org

Mazzon et al.

400

>

300

200 -

100 +

Relative growth (%)

NA1000 AcspB AcspA AcspA

pRM11

w

400

300

200 +

100 +

Relative growth (%)

NA1000 AcspAB AcspAB

pRM12

FIG 2 Relative growth of csp mutant strains at low temperature. (A) Cultures
of C. crescentus strains were incubated in PYE medium at 30°C under agitation.
When cultures reached mid-log phase (OD, 0.2), samples were taken to deter-
mine CFU counts and cultures were transferred to 10°C. After 24 h (light gray
bars) and 48 h (dark gray bars) of incubation at 10°C, aliquots of each culture
were taken for CFU determination. Relative growth percentage was obtained
by dividing the CFU from each incubation time by the respective CFU at 30°C
and multiplying by 100. The results shown are the averages of at least three
experiments. Error bars indicate standard deviations. (A) Single mutant
strains (as indicated) carrying either the empty vector pMR20 or pRM11 (in
the case of the AcspA strain). (B) Double mutant AcspA AcspB strain carrying
either the empty vector pMR20 or pRM12. Asterisks indicate statistical differ-
ences relative to the wild-type strain according to parametric unpaired ¢ test
(P < 0.05). Letters a and b indicate statistical comparisons of the respective
means of AcspA and AcspA AcspB mutant strains by parametric unpaired ¢ test
(P <0.05).

levels of expression at longer times at low temperature than fu-
sions containing this putative regulatory region (compare pRM1
with pRM2 in Fig. 5A and pRM4 with pRMS5 in Fig. 5B). These
results indicate that this 12-nt region has a negative role in tran-
scription, and considering its location one may suggest that it
affects transcription initiation.

Another transcriptional fusion (pRM3) was constructed to eval-
uate if the induction seen after temperature downshift is due to tran-
scriptional enhancement or is a result of posttranscriptional mecha-
nisms. This fusion of the cspA promoter differs from the others by the
absence of the 5'-UTR, and the results showed that the induction of
expression at 10°Cis lost (Fig. 5A). However, the absolute expression
values in Miller units of this shorter fusion are 5 times higher than
those of pRM1 at 30°C, with values similar to pRM1 expression after
5 h following temperature downshift (Fig. 5C). Taken together, these
results indicate that cold induction is due to posttranscriptional
mechanisms and that cspA expression at 30°C is under 5’-UTR-
dependent negative regulation.

The main mechanism described for cold shock induction of
genes in E. coli and B. subtilis is the decrease of their mRNA turn-
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FIG 3 Expression of cspC and cspD in the cspAB mutant strain at low temper-
ature. Promoters of cspC and cspD cloned into pRKlacZ290 (pEL6 and pEL4,
respectively) were introduced into C. crescentus NA1000 and AcspA AcspB.
Gene expression was determined by measuring (3-galactosidase activity at 30°C
(light gray bars) and after 3 h at 10°C (dark gray bars). The results shown are
the averages of at least three experiments. Error bars indicate standard devia-
tions. Asterisks indicate statistical differences relative to the wild-type strain
according to parametric unpaired ¢ test (P < 0.05).

overrate (12, 16,26, 27). Thus, we investigated if C. crescentus cspA
and cspB cold induction could be an effect of mRNA stabilization
during cold acclimation. We have determined cspA and cspB
mRNA half-lives both at 30°C and after temperature downshift.
The stability of both mRNAs increased 8-fold at 10°C relative to
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FIG 4 Analysis of the contribution of each CSP to cspA and cspB cold
induction. The promoter regions of cspA (pRM1) (A) and cspB (pRM4) (B)
were cloned into pRKlacZ290 in front of a lacZ reporter gene, and the
constructs were introduced into C. crescentus NA1000, AcspA, AcspB,
AcspC, and AcspD strains. Expression was determined by measuring 3-ga-
lactosidase activity at 30°Cand 1 h, 2 h, and 5 h at 10°C. Relative expression
was obtained by dividing Miller units from each time point at 10°C by the
units at 30°C. The results shown are the averages of at least three experi-
ments. Error bars indicate standard deviations. Expressions of cspA in the
AcspC mutant and of ¢spB in the AcspC and AcspD mutants after 2 h were
statistically different relative to the wild-type strain according to paramet-
ric unpaired ¢ test (P < 0.05).
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FIG 5 Role of promoter and 5’-UTR on cold induction of cspA and cspB. Transcriptional fusions of each regulatory region with the lacZ reporter gene were
constructed as indicated in the top panel. (A and B) B-Galactosidase assays were performed at 30°C (open symbols) and after 0 h, 1 h, 2 h, and 5 h at 10°C (filled
symbols). (A) Relative expressions obtained by lacZ fusions were as follows: cspA promoter including its 5'-UTR region and part of the open reading frame (ORF)
(pRM1), same as pRM1 without the 184 nt upstream from the promoter (pRM2); cspA promoter without the 5'-UTR region (pRM3). (B) Relative expression
driven by the cspB promoter and the 5'-UTR, containing (pRM4) or not (pRM5) the region upstream of the promoter. The results shown are averages of at least
three experiments. Error bars indicate standard deviations. (C) Absolute expression of transcriptional lacZ fusions of the cspA promoter with (pRM1) and
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30°C (data not shown). We have also determined the half-lives at
30°C and 10°C for five genes not cold induced (phoH, ftsZ, cspD,
aceB, and sodA), and the average increase in stability for these
genes was 3-fold. These results suggest that the c¢spA and cspB
mRNAs undergo preferential stabilization compared to the other
mRNAs in the cell. However, given the narrow spectrum of genes
evaluated, it is not possible to confirm whether mRNA stabiliza-
tion is an attribute specific to csp cold induction or if this is a more
widespread effect.

The importance of the initial translated regions for the expres-
sion of each gene was evaluated using translational fusions in
B-galactosidase activity assays (Fig. 6A and B). Absence of these
regions caused no changes in the pattern of expression at 30°C or
at 10°C (Fig. 6A and B), indicating that the translated region has
no regulatory role, in contrast to the downstream box described
for E. coli csp genes (13, 14). The 13-nt region on both 5'-UTRs
shows partial complementarity to a portion of 16S mRNA from C.
crescentus (from positions 1059 to 1083) and will be referred to
here as upstream box (UB) in analogy to the UB described for E.
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coli (55). When the putative UB was deleted in translational fu-
sions of cspA and cspB (constructs pRM13 and pRMY, respec-
tively, in Fig. 6), the cold induction of both genes was completely
lost (Fig. 6A and B). Moreover, the absolute levels in Miller units
generated by pRM9 at 30°C were about 3-fold higher than those
generated by pRM10 under the same conditions (Fig. 6C), but this
was not observed when we compared pRM13 and pRM7 (data not
shown). These results suggest that UB is necessary for the induc-
tion of cspA and cspB expression at 10°C and that it also interferes
negatively with cspB expression at 30°C.

Interestingly, the relative expression of the translational fusion
PRMO9 shows a pattern similar to that of the transcriptional fusion
pRM4 (Fig. 6C), both at 30°C and at 10°C, suggesting that deletion
of UB eliminates a translational component of cspB regulation. In
order to ascertain that the reduced cold induction of pRM9 was
not a result of poor cold-dependent mRNA stabilization, the
mRNA decay rates for lacZ from pRM10 and pRM9 were evalu-
ated (Fig. 6D). The absence of a UB region on cspB mRNA slightly
increases its stability at initial times after transcription arrest at
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FIG 6 Role of the upstream box on cold induction of cspA and cspB and mRNA stabilization. Translational fusions of each regulatory region with the lacZ reporter gene
in pJBZ281 were constructed as indicated at the top of the figure. (A through C) B-Galactosidase assays were performed at 30°C (open symbols and bars) and prior to (0
h) and 1 h, 2 h, and 5 h after temperature downshift to 10°C (filled symbols and bars). (A) Relative expression driven by the regulatory regions of cspA containing the
promoter and the 5'-UTR, with (pRMS6) or without (pPRM7 and pRM13) the initial portion of the coding region. In construct pRM13, the region corresponding to the
UB was deleted. (B) Relative expression driven by the regulatory regions of cspB containing the promoter and the 5'-UTR with (pRM8) or without (pRM9 and pRM10)
the initial portion of the coding region. In construct pRM9, the region corresponding to the UB was deleted. The results shown are the averages of at least three
experiments. Error bars indicate standard deviations. (C) Absolute expression of a transcriptional lacZ fusion of cspB promoter (pRM4) and translational fusions of cspB
(pRM9 and pRM10). (D) mRNA stability of lacZ carried by fusions pRM?9 (triangles) and pRM10 (squares) was determined by RT-PCR from total RNAs obtained from
cultures incubated at 30°C (open symbols) and after 2 h at 10°C (filled symbols). Aliquots were taken for RNA extraction every 5 min after rifampin addition. The results
shown are the averages of four experiments. Lines indicate trends of decay rates for each construct.

30°C but has no effect on cold-dependent stabilization. Therefore,
the reduction in the cold induction is due to a translational effect,
and the increase in the absolute levels of expression at 30°C is
probably a result of a small increase in mRNA stability.

DISCUSSION

Cells at different stages of cold shock response are at different
physiological states. Thus, temporal definition of acclimation and
recovery/adaptive phases after cold shock is necessary to under-
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stand the regulatory mechanisms and importance of CSPs for cold
response. The most relevant set of proteins transiently induced
immediately after cold shock, during the acclimation phase of
CSR in E. coli, can be loosely categorized in two groups: (i) CSPs,
RNA helicases, ribonucleases, and ribosomal factors that are ex-
pressed in low levels at optimal growth temperature and dramat-
ically induced after temperature downshift; and (ii) RecA, GyrA,
IF-2, and H-NS, which are abundant at optimal temperature and
show a small induction after cold shock (29, 38, 39, 46, 48, 49).
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The characterization of the CSR phases in C. crescentus was
achieved by two-dimensional electrophoresis of NA1000 proteins
at different time points after shifting cultures from 30°C to 10°C,
using the cold-induced CspA and CspB proteins as indicators to
define the kinetic pattern of CSR protein expression. The peak of
CspA/CspB expression is reached about 1 h after cold shock (this
is also true for many other proteins [data not shown]) (Fig. 1).
This differs slightly from what is observed in E. coli, where CSPs
reach the maximum expression about 2 to 3 h after cold shock,
during the late 4-h-long acclimation phase (29). Up- or down-
regulation of individual proteins in a time-dependent manner
may reflect strictly controlled regulatory networks with precisely
defined roles, which may suggest that the CSRs from either bacte-
rium may be different, the expression of CSPs being required ear-
lier for Caulobacter. Attesting to the diversity of CSRs, Yersinia
enterocolitica restarts growth immediately following the down-
regulation after cold induction of the major cold shock protein
during acclimation phase (36). Caulobacter, on the other hand,
remains in lag phase even after the decrease of CSP expression
during acclimation phase.

The contribution of CSPs in maintaining cell viability and al-
lowing growth at low temperature was previously analyzed in sev-
eral bacteria belonging to the Firmicutes (e.g., L. monocytogenes,
Lactobacillus plantarum, Staphylococcus aureus, Lactococcus lactis,
and B. subtilis) and Gammaproteobacteria (e.g., E. coli) divisions
(9,10, 22, 42, 48, 50, 52). On the other hand, little is known about
the importance and regulation of CSPs among Alphaproteobacte-
ria, although many genera in this group may be exposed to tem-
perature extremes due to their free-living lifestyle. The absence of
cspA in C. crescentus produces a cold-related phenotype; however,
deletion of cspB causes only a subtle and transient decrease in
growth after 24 h at 10°C, indicating that CspA is more important
for cold adaptation than CspB. However, when both cold-induced
CSPs are lacking, there is a manifestation of a more severe pheno-
type than that observed for the AcspA strain, indicating that CspB
also plays a role in cold adaptation. Furthermore, the absence of
cold-induced CSPs does not lead to a decrease in cell viability but
instead causes a period of growth arrest through the initial hours
at low temperature, after which growth resumes at a lower rate
than for the wild type. In contrast, in E. coli a more severe cold-
related phenotype is manifested when four of five cold-induced
CSPs are absent, with cultures being unable to form colonies at
low temperature (53). In L. monocytogenes and B. subtilis, a growth
deficiency at low temperature was observed when a specific cold-
induced CSP was absent, but in this case no additive effect on
phenotype was seen when more than one cold-induced CSPs were
deleted (42, 48, 53).

It was reported for E. coli and B. subtilis that single or combined
deletions of cold shock genes cause changes in the expression of
remaining CSPs, which usually become more expressed (48, 53).
Thus, it may be possible that higher expression of the remaining
CSPs in the ¢cspA and cspB mutants could lead to an attenuation of
the cold-related phenotype by a compensatory effect. The results
showed that cspD is equally expressed in mutant and wild-type
strains irrespective of temperature (Fig. 3). cspC expression, on the
other hand, was diminished in the wild type during cold acclima-
tion but increased in the AcspA AcspB mutant, reaching about
40% higher levels than those of the wild-type strain. However,
despite being induced, CspC was not sufficient to prevent the
cold-related growth phenotype, suggesting that either it does not
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perform all CspA and CspB functions or the protein concentra-
tion was not sufficient to compensate for deprivation of CspA and
CspB. Caulobacter CspA and CspB have only one CSD and share
78% identity, while CspC has two CSDs, with the first and second
domains sharing 73% and 77% of identity, respectively, with
CspA. Despite such high similarity, CspA, CspB, and CspC appar-
ently do not have equivalent roles in the cell.

The fact that only cspCbut not cspD was induced in the absence
of the other two paralogues suggests that CSPs can affect the ex-
pression of the other csp genes in a specific way. We showed that
CspC affects positively the expression of both cspA and ¢spB, but in
distinct situations. CspC affects cspA expression mainly at late
acclimation phase (after 2 h hours of temperature downshift) and
during adaptation phase (after 4 h of temperature downshift). The
effect of CspC on cspB expression is apparently more prominent
than on cspA, since the B-galactosidase units generated by the
cspB-lacZ transcriptional fusion in the AcspC mutant are one-half
of those shown in the wild-type strain even at 30°C (data not
shown). Moreover, cspB cold induction is consistently diminished
in the AcspC background. CspD, in turn, affects positively solely
the expression of cspB to an extent similar to that of CspC but is
restricted to low-temperature induction. CspC and/or CspD
could be acting by decreasing transcription antitermination or
RNA polymerase pausing during cspA and cspB expression. In E.
coli, cspA expression is transcriptionally regulated by the RNA
polymerase pausing time, which is affected directly by CspE (at
37°C) and CspA (during late acclimation phase) through interac-
tions with a region downstream from the cold box at the initial
part of the 5'-UTR (2). Mutational studies of cspA 5'-UTR in E.
coli suggested that this region is not important for mRNA stability
at 37°C but instead is involved in premature transcription termi-
nation (3, 17). The transcriptional fusion of the C. crescentus cspA
promoter alone, without the 5'-UTR (pRM3), drives a constitu-
tively high expression even at optimal temperature (Fig. 5C). This
result suggests that for C. crescentus cspA the 5'-UTR plays an
important role on transcription attenuation at optimal tempera-
ture. However, in contrast to what happens in E. coli (1, 5), cspA
and cspB are not negatively regulated by their own products, nor
are they regulated by each other (Fig. 4). This also confirms that
the biochemical roles of each CSP in cell physiology are quite
different.

cspA and cspB share a 12-nt sequence region located 30 nt up-
stream of the —35 element of the previously identified promoters
(31). While this region is not necessary for the cold induction of
either gene (Fig. 5A), it appears to be important for negative reg-
ulation of both genes at the recovery phase, possibly acting as an
important element for turning off the cold shock response. This
would be different from what has been reported for other bacteria,
where this is done by increase of RNA polymerase pausing or
mRNA destabilization. However, due to its location and distance
to the promoter elements, this sequence probably does not con-
stitute an operator site. Fis and H-NS regulate cspA of E. coli in
antagonistic ways, being important only at 37°C but not after cold
shock (1, 5). H-NS from E. coli binds to AT-rich sequences, in-
cluding the cspA promoter region and consequently inhibiting
cspA transcription, thus acting as a repressor. Although no ortho-
logue of H-NS was found on C. crescentus CB15 or NA1000 ge-
nomes (32, 37), it is possible that another nucleoid-associated
protein (e.g., HU) could be responsible for this repression.

Yamanaka and colleagues (55) performed a mutational analy-
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sis of the 5'-UTR of E. coli cspA mRNA and showed that specific
regions affect mRNA stability, while others were responsible for
posttranscriptional and potentially translational regulation.
Moreover, it has been described for E. coli that preferential trans-
lation of the csp genes occurs at low temperature (18, 19, 20, 24).
The 5'-UTRs of cspA and cspB mRNAs from C. crescentus share a
region of sequence similarity of 13 nt (called upstream box),
whose relevance for regulation was evaluated in expression assays
using translational fusions. According to the results from the ex-
pression assays (compare Fig. 5 and 6), the cold induction of cspA
and cspB is largely due to translation regulation, this feature being
more relevant to cspB expression. The translational component of
cold induction was due to the putative upstream box, as deter-
mined by translational fusions of both genes lacking that region
(pPRM9 and pRM13 in Fig. 6).

That region, as well as the upstream box (UB) from E. coli,
which is present in mRNAs from the majority of cold-induced
CSPs in this organism (CspA, CspB, CspG, and Cspl) (35), shows
partial complementarity to RNA from the 16S ribosomal subunit
(Fig. 6), suggesting that it could play a role as a translational en-
hancer. In contrast to the UB of cold-induced csp genes in E. coli,
which are located 4 to 11 nucleotides upstream from the RBS (27,
55), the UB of C. crescentus cspA and cspB 5'-UTRs are located 34
nt and 32 nt upstream from the RBS, respectively. According to
the three-dimensional structure prediction for 16S RNA (51), a
putative anti-UB sequence from C. crescentus (positions 1059 to
1083) and one from E. coli (positions 1023 to 1035) are predicted
to be both localized in a similar region of the 3" major domain (not
shown). However, as the anti-UB sequence is located in a short
hairpin with low base pairing, we cannot discard the possibility of
the UB region being involved in the conformational changes of
mRNA after cold shock without ribosome interaction. It was de-
scribed for E. coli cspA that the mRNA changes its conformation
after cold shock, freeing the RBS region that was unavailable for
ribosome recognition before temperature downshift (20). In a
similar way, the UB region in C. crescentus csp mRNAs could en-
gage in base pairing within the 5'-UTR, leaving the RBS free for
ribosome recognition only after cold shock, and thus modulate
the translation of CspA and CspB. Sequences similar to this puta-
tive UB were used for an in silico screen of the C. crescentus genome
using RSAT (regulatory sequence analysis tools) (47) in order to
find genes that could share the same type of regulation. The results
indicated that there are other genes that contain this 13-nt se-
quence up to 100 nt upstream of the annotated start codon, sug-
gesting that this mechanism of regulation is not restricted to cspA
and cspB (data not shown). Additionally, in E. coli a second region
called downstream box was also proposed to act as a translational
enhancer in the same way as UB (13, 14). However, in cspA and
cspB from C. crescentus, no equivalent DB region was identified.

The removal of the UB region of cspB was evaluated as to
whether it could affect mRNA decay (Fig. 6D). Constructs pPRM9
and pRM10 present very similar mRNA decay rates at 10°C, indi-
cating that the cold-dependent stabilization was not affected. Nev-
ertheless, pPRM9 was more stable at 30°C than pRM10 during the
first minutes after rifampin addition, which agrees with 3-galac-
tosidase assays, in which pRM9 showed 3 times more Miller units
than pRM10 at 30°C (Fig. 6C). According to mRNA secondary
structure predictions (data not shown), the UB is part of a hairpin
in cspB mRNA formed at 30°C, which is not predicted to exist at
10°C. This hairpin could be a target for degradation by ribonu-
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cleases that recognize double-stranded RNA (dsRNA), such as
RNase III. The main endonuclease described as responsible for E.
coli cspA mRNA degradation is RNase E (16), which apparently
cleaves single-stranded RNA (ssRNA) more efficiently than
dsRNA, but RNase III is another key endonuclease to bacterial
mRNA decay (23, 45). In E. coli, the overexpression of the S1
ribosomal protein, which is believed to bind preferentially at sin-
gle-stranded regions in the cspE 5'-UTR, inhibits RNase E-depen-
dent decay of cspE mRNA (8). This decay apparently occurs by an
alternative pathway, strengthening the hypothesis of the involve-
ment of other RNases in csp mRNA turnover (8). Therefore, it is
possible that RNase III would be responsible for quick mRNA
decay during the first minutes after its synthesis, which would
render the pRM9 mRNA more stable than pRM10 mRNA. The
difference between half-lives of mRNAs from pRM9 and pRM10
fusions is more apparent at the beginning of the assay and is lost
after longer times of incubation with rifampin. That could be ex-
plained by the progressive decrease of the amount of total RNA in
the cell and the consequent increase in the availability of free
RNAses for an effective degradation of highly structured RNAs
without RNase III participation.

Surprisingly, as a psychrotolerant free-living bacterium, and
hence subjected more easily to temperature changes, C. crescentus
has less than one-half the number of cold-induced CSPs than E.
coli, and that is enough to allow it to undergo this lifestyle. Despite
the fact that regulation of CspA and CspB shares some similarities
with cold induction of CSPs from E. coli, their importance to C.
crescentus cold adaptation, mechanisms of regulation, and pattern
of expression during the acclimation phase apparently differs in
many aspects from what has been described so far for other bac-
teria. The biochemical and physiological roles of these proteins in
Caulobacter CSR are currently being investigated.
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