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ABSTRACT: Spontaneous rearrangements of RNA structures are usually characterized by large activation
energies and thus become very slow at low temperatures, yet RNA structure must remain dynamic even in
cold-adapted (psychrophilic) organisms. DEAD-box proteins constitute a ubiquitous family of RNA-
dependent ATPases that can often unwind short RNA duplexes in vitro (helicase activity), hence the belief
that one of their major (though not exclusive) roles in vivo is to assist in RNA rearrangements. Here, we
compare two Escherichia coli DEAD-box proteins and their orthologs from the psychrophilic bacteria
Pseudoalteromonas haloplanktis andColwellia psychrerythraea from the point of view of enzymatic properties.
One of these proteins (SrmB) is involved in ribosome assembly, whereas the other (RhlE) presumably
participates in both mRNAdegradation and ribosome assembly; in vitro, RhlE is far more active as a helicase
than SrmB. The activation energy associated with the ATPase activity of the psychrophilic SrmB is lower than
for its mesophilic counterpart, making it more active at low temperatures. In contrast, in the case of
psychrophilic RhlE, it is the RNA unwinding activity, not the ATPase activity, that has a reduced activation
energy and is therefore cold-adapted. We argue that these different modes of cold adaptation reflect the
likely function of these proteins in vivo: RNA helicase for RhlE and ATP-dependent RNA binding for SrmB.
The cold adaptation of helicases like RhlE presumably facilitates RNAmetabolism in psychrophilic bacteria.

Temperature is one of the main physical parameters to which
living organisms have adapted. For instance, bacteria can grow in
the entire range of temperatures where water remains liquid
(from ca. -15 to 110 �C). Remarkably, many cold-adapted
(psychrophilic) bacteria grow at 0-10 �C almost as fast as their
mesophillic cousins at higher temperatures, despite the slowing of
all chemical reactions in the cold (1, 2). One way psychrophilic
organisms may cope with this slowing is to increase the concen-
tration of their enzymes, a strategy with obvious limits, or to
improve their catalytic efficiency. Indeed, many studies have
shown that enzymes of psychrophilic origin are endowed with
lower activation enthalpies (ΔHq) than their mesophilic counter-
parts, which make them better catalysts in the cold (for reviews,
see refs (3-5)).

Among all reactions that psychrophilic organisms need to keep
fast at low temperature stands the rearrangement of RNA or
ribonucleoprotein (RNP) structures.ManyRNAmolecules need
to undergo rapid structural rearrangements in vivo, either
because their normal function implies that they transiently form
intra- or intermolecular duplexes (6) or because they occasionally
get trapped into misfolded structures that must be resolved (7).
Keeping these rearrangements fast at low temperatures consti-
tutes amajor challenge. Indeed, the stability ofRNAduplexes is a

compromise between enthalpic and entropic contributions that,
beyond a few base pairs in length, become very large. Therefore,
as a consequence of the van’t Hoff and Arrhenius laws, even
duplexes that are only marginally stable at room temperature
can become extremely stable and long-lived around 0 �C (8, 9)
(see Figure 6). In vivo, it is believed that rearrangements of RNA
structures are assisted by specialized proteins.Among them stand
DEAD-box proteins, which constitute a ubiquitous family of
RNA-dependent ATPases and ATP-dependent RNA binding
proteins characterized by nine conserved motifs, including the
eponymous D-E-A-D motif (10). They are essential to nearly all
reactions involving RNA in vivo, particularly in eukaryotes (10).
In vitro, many of them can unwind short (<20 bp) RNA
duplexes. On this basis, it is often assumed that in vivo
DEAD-box proteins serve to facilitate local structural rearrange-
ments in RNA molecules (11). In some cases, this “RNA
chaperone” role has clearly been documented (7, 12, 13). How-
ever, it is becoming increasingly clear that not all DEAD-box
proteins serve to unwind RNA duplexes in vivo: some of them
appear to displace proteins from ribonucleoprotein com-
plexes (14, 15), whereas others simply bind particular RNAs in
an ATP-dependent manner (16).

Escherichia coli possess five DEAD-box proteins, named
SrmB, CsdA (also called DeaD), DbpA, RhlB, and RhlE
(reviewed in ref 17). All these proteins have RNA-dependent
ATPase and RNA helicase activities in vitro (18-20). In vivo,
they participate in at least two fundamental cellular processes,
i.e., mRNA degradation (21-25) and ribosome assembly (26-31).
Both processes require that RNA adopt a particular conforma-
tion (single-stranded structure for mRNA degradation and
native rRNA structure for ribosome assembly) that may be
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favored by DEAD-box proteins. Of note, whereas all five
DEAD-box proteins are dispensable at 37 �C, two of them
(SrmB and CsdA) become essential at lower temperatures [20 �C
(see Figure 3A,B)], and at least one of them (CsdA) is over-
expressed under these conditions (32). Presumably, at 37 �C,
enough thermal energy is available for the spontaneous popula-
tion of the conformations that are favored by SrmB and CsdA,
but at 20 �C, this energy becomes scarce. Growth then becomes
dependent upon these proteins, more so as the temperature
decreases. Interestingly, overexpression of DEAD-box proteins
at low temperatures has also been observed in other micro-
organisms (33), including psychrophilic ones (34).

An intriguing question is whether, besides being over-
expressed, DEAD-box proteins from psychrophilic organisms
have evolved special properties to cope with very low tempera-
tures. To address this question, we have compared the enzymatic
properties of orthologous DEAD-box proteins from E. coli and
from two of its cold-adapted relatives, the marine γ-proteo-
bacteria Pseudoalteromonas haloplanktis (35) and Colwellia
psychrerythraea (36). Two of the five E. coli proteins, RhlE and
SrmB, were selected for this study because they stand among
the most and least active in helicase assays in vitro, respec-
tively (17, 19). Our results show that psychrophilic RhlE and
SrmB have indeed adapted to low temperatures, but that the
enzymatic parameters that have been adapted differ in both
cases, presumably reflecting the different functions of these two
proteins in vivo.

EXPERIMENTAL PROCEDURES

Growth of Cells. P. haloplanktis TAC125 (a gift from
A. Danchin) and C. psychrerythraea 34H (ATCC reference
BAA-681) were grown aerobically in Difco Marine broth 2216,
a salty rich medium that can also be used for E. coli. Whereas the
growth of E. coli, which is maximal at 39 �C, becomes very slow
around 10 �C and undetectable below 8 �C, both P. haloplanktis
andC. psychrerythraea grew readily in the cold (doubling time of
ca. 12 h at 0 �C). P. haloplanktis grew over a broad temperature
range, with optimal and maximal growth temperatures of ca. 26
and 32 �C, respectively. In contrast, C. psychrerythraea is a
stricter psychrophile, with a reported optimal growth tempera-
ture of 8 �C (36), and no growth was observed above 20 �C. The
mesophilic or psychrophilic character of the three organisms can
be readily visualized by plating them at different temperatures
(Figure S1 of the Supporting Information). For genomic DNA
extraction, P. haloplanktis and C. psychrerythraea were grown at
12 �C (doubling times of 1.75 and 2.5 h, respectively), and DNA
was extracted as described in ref 37.
Cloning, Overexpression, and Purification of Proteins.

To identify orthologs of the E. coli DEAD-box proteins SrmB
and RhlE in P. haloplanktis TAC125 and C. psychrerythraea
34H, BLAST-P with default settings was used, except that no
low complexity filter was included (www.ncbi.nlm.nih.gov).
This analysis identified putative orthologs of SrmB and RhlE
in P. haloplanktis (NCBI accession numbers YP_339043 and
YP_340437, respectively) and in C. psychrerythraea (NCBI
accession numbers YP_270752 and YP_267868, respectively).
The sequences of the orthologswere visually alignedwith those of
the corresponding E. coli proteins for unambiguous assignment
of the start codon. In the following, the name of eachDEAD-box
protein is followed by _Ec (E. coli), _Ph (P. halopkanktis), or _Cp
(C. psychrerythraea) to indicate its origin.

The ORFs1 of SrmB_Ph, SrmB_Cp, RhlE_Ph, and RhlE_Cp
were amplified by PCR from the corresponding genomic DNA
using the F (forward) and R (reverse) primers listed in Table S1
(Supporting Information). PCR products were digested at the
restriction sites italicized in Table S1 and ligated into the same
sites of the pPROEX-HTa expression vector (Invitrogen). For
protein purification, E. coli BL21(DE3) cells transformed with
the corresponding pPROEX-HTa derivatives were grown at
37 �C to an OD600 of 0.5-1.0 in LB or in tryptone-phosphate
broth (38) supplemented with 0.01% ampicillin and then induced
overnight at 12-16 �C with 0.5 mM IPTG. Purification of the
four proteins, as well as SrmB_Ec and RhlE_Ec, was conducted
as described in ref 19, except that commercial TEV protease
(Invitrogen) was used. All proteins were dialyzed versus storage
buffer [20 mM Hepes-Na (pH 7.5), 300 mM NaCl, 20% (v:v)
glycerol, 0.1 mM EDTA, and 1 mM DTT] and quantified from
their OD280 values using extinction coefficients computed with
ProtParam (www.expasy.ch). After homogeneity had been
checked by denaturing gel electrophoresis, proteins were ali-
quoted, flash-frozen, and stored at -80 �C.
Complementation Assays. For complementation studies,

the srmB_Ph gene with 500 and 700 nt of upstream and down-
stream sequence, respectively, was amplified from the P. halo-
planktisDNAusing oligonucleotides SrmB_Ph F1 and SrmB_Ph
R1 (Table S1 of the Supporting Information). Similarly, the
srmB_Cp gene with 350 and 25 nt of upstream and downstream
sequence, respectively, was amplified from theC. psychrerythraea
DNAwith oligonucleotides SrmB_CpF1 and SrmB_CpR1. The
fragments were cloned into the EcoRI site (after Klenow filling in
the case of SrmB_Ph) of low-copy number plasmid pCL1920 (39)
and introduced into ENS133ΔSrmB, an E. coli strain lacking
SrmB (26). For control, ENS133ΔsrmB and the parent strain
ENS133 (40) were also transformed with pCL1920. The growth
of these different strains was then compared at 20 �C on plates on
which aliquots (3 μL) of serially diluted saturated cultures had
been deposited. Polysome profiles (30 �C) were analyzed as
described in ref 26.

To test the functionality ofRhlE_Ph andRhlE_Cp, pPROEX-
HTa derivatives carrying the csdA, rhlE_Ec, rhlE_Ph, or rhlE_Cp
genewere introduced intoENS133ΔCsdA, anENS133derivative
constructed from WJW45ΔCsdA (27) by P1 transduction. The
parent plasmid was also used as a control. Cell growth was
recorded as described above, using plates containing suboptimal
IPTG concentrations (from 0 to 20 μM) to limit the expression of
the cloned genes. Polysome profiles (25 �C) were determined as
described above, except that cells were induced with 200 μM
IPTG for 30-60 min before being harvested.
ATPase Assays. ATPase activities were assayed by enzyma-

tically coupling ATP hydrolysis to NADH oxidation (19). The
latter was recorded versus time at 340 nm using a Uvikon 930
spectrophotometer (Kontron) equipped with a thermostated cell
holder, assuming an ε340 of 6220 M-1 cm-1 for NADH. Blanks
without DEAD-box proteins were subtracted from the measure-
ments. Averaged data from at least two independent experiments
were analyzed with KaleidaGraph (Synergy Software). Assays
were conducted in 10 mM Hepes-Na (pH 7.5), 60 mM NaCl,
55 mM KCl, 5% (v:v) glycerol, and, unless otherwise stated,

1Abbreviations: IPTG, isopropyl β-D-1-thiogalactopyranoside; ORF,
open reading frame; TEV, tobacco etch virus; AMP-PNP, 50-adenylyl-
imido-diphosphate; nt, nucleotides; poly(A), polyadenylic acid; poly(U),
polyuridylic acid.
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2 mMATP/Mg (a stoichiometric mix of ATP andMgCl2). Both
poly(A) (Sigma) and a duplex used for the helicase assay (see
below) were used as RNA activators. The concentrations of the
two coupling enzymes, pyruvate kinase and lactate dehydro-
genase (Roche), were such that, at all temperatures tested, their
activities exceeded at least 100-fold the assayed ATPase activity
(>5 units/mL vs< 0.05 unit/mL; one unit corresponds to 1 μmol
of substrate reacting per minute). That ATPase activity is rate-
limiting in the assay even at low temperatures (5 and 10 �C) was
confirmed by checking that the reaction rate was proportional to
DEAD-box protein concentration.
RNA Substrates for Helicase Assays. RNA oligoribo-

nucleotides (Eurogentec) were resuspended in 10 mMMOPS-Na
(pH 7.0). Their concentration was estimated from their OD260

using extinction coefficients provided by the manufacturer. Their
sequences are as follows: Cy5-labeled 9-mer, Cy5-50-GCUUU-
ACGG-30; Cy5-labeled 10-mer, Cy5-50-GCUUUACGGU-30;
Cy5-labeled 11-mer, Cy5-50-GCUUUACGGUG-30; Cy3-labeled
26-mer, 50-AACAAAACAAAAUAGCACCGUAAAGC-30-Cy3;
unlabeled 14-mer, 50-UAGCACCGUAAAGC-30.

These oligonucleotides are derived from those used in ref 19;
they are designed to minimize intramolecular structures. Du-
plexes between the Cy3 26-mer and the Cy5 9-, 10-, and 11-mers
were prepared via incubation of equimolar amounts (10-20 μM)
of complementary oligonucleotides for 10min in 75mMKCl and
10 mM Hepes-Na (pH 7.5) at room temperature. Duplex
formation brings the two fluorophores (the donor Cy3 and the
acceptor Cy5) into the proximity of one another, allowing
fluorescence resonance energy transfer (FRET) between them.
Continuous Helicase Assays. Unwinding rates were mea-

sured between 1 and 37 �C, using 50 μL quartz microcuvettes and
a Varian Eclipse spectrofluorimeter equipped with a temperature
controller. Assays were performed in the same buffer as ATPase
assays, routinely containing 20 nM fluorescent duplex, 0.2 μM
unlabeled 14-mer, and 2 mM ATP/Mg or the nonhydrolyzable
analogueAMP-PNP/Mg. TheDEAD-box protein (0.6-0.8 μM)
was added last to start the reaction. The fluorescence of the donor
(Cy3) was measured versus time with excitation at 500 nm and
emission at 565 nm, whereas FRET from Cy3 to Cy5 was
measured with excitation at 540 nm and emission at 665 nm.
In both cases, 10 nm slit widths were used.

All unwinding assays were conducted at least in duplicate, in
parallel with samples lacking either DEAD-box protein or ATP
(or containing 2 mMAMP-PNP). In most cases (but see below),
the fluorescence of samples without protein remained stable with
time (Figure 1B), indicating that both photobleaching and
spontaneous duplex dissociation were negligible. In the presence
of DEAD-box protein, but without ATP, fluorescence variations
also remained very limited, and no kinetic end points could be
reached. In contrast, in the presence of both DEAD-box protein
and ATP, duplex unwinding is readily observed, as shown by
the increase in donor fluorescence and decrease in FRET
(Figure 1B). We estimate that, in all cases tested, unwinding is
at least 50 times faster in the presence of ATP than in its absence.

The time course of the donor fluorescence (F) andFRET signals
were nonlinearly fitted to the equations F(t) = F0 þ (F¥ - F0)
[1- exp(-kunwt)] and FRET(t) =FRET¥þ (FRET0-FRET¥)
exp(-k0unwt), respectively, using KaleidaGraph (first-order
kinetics). Correlation coefficients (R) were always above 0.99.
Moreover, the two rate constants, kunw and k0unw, were always
within 15% of each other. In a limited number of cases, F and
FRET did not reach a plateau but decreased linearly with time,

due presumably to photobleaching. In this case, the equations
were modified to F(t) = F0 þ (F¥ - F0)[1 - exp(-kunwt)] -
kbleacht and FRET(t) = FRET¥ þ (FRET0 - FRET¥) exp-
(-k0unwt) - k0bleacht. With this correction, the values obtained for
kunw and k0unw remained very similar (to (20%).
Additional Controls. In control experiments, the concentra-

tions of DEAD-box protein and ATP in the unwinding reactions
were varied over ranges of 0.3-2 μMand 1-2 mM, respectively.
Similarly, for RhlE_Ec and RhlE_Cp, the concentration of the
14-mer competitor was varied over the range of 0.2-1 μM.None
of these changes significantly affected unwinding rates.

To validate the unwinding assay, the results were compared to
those of the conventional electrophoretic method. Assays were
performed at 25 �C with a duplex consisting of the Cy3 26-mer
and the Cy5 11-mer, under the same conditions described above.
At timed intervals, aliquots were removed and treated as
described in ref 19. Gels were analyzed with a Typhoon Trio
phosphorimager (Amersham Biosciences) in fluorescence mode
(Cy5 detection): bands corresponding to the duplex were cor-
rected from background and quantified. Data were analyzed
assuming first-order kinetics and yielded kunw values similar to
those obtained from the fluorescence assay.

RESULTS

SrmB and RhlE Orthologs in P. haloplanktis and
C. psychrerythraea. A prerequisite for this study was the avail-
ability of psychrophilic relatives ofE. coliwhose genomehas been
sequenced, so that orthologs of E. coli DEAD-box proteins can
be identified. The Antarctic bacterium P. haloplanktisTAC125 (35)
and the Arctic bacterium C. psychrerythraea 34H (36) were the

FIGURE 1: Principle of the RNA helicase assay used here. (A) Sche-
matic representation of the substrates used. Thick bars marked
<9-11 mer> and <26 mer> represent oligoribonucleotides that
are complementary over part of their length (vertical bars). These
oligonucleotides are labeled with the fluorophores Cy3 (<26mer>)
or Cy5 (<9-11 mer>) at their 30 or 50 extremities, respectively. (B)
Typical time course of the Cy3 fluorescence (left) and of the Cy3 to
Cy5 FRET signal (right) during the unwinding of an RNA substrate
shown in panel A by aDEAD-box protein. Empty triangles or circles
correspond to data for samples containing the substrate but either no
helicase or no ATP, respectively, while empty squares correspond to
data for a sample containing all three components. The latter values
were fitted to a single-exponential curve (;) as described in the text.
Protein was added at time zero. The illustrated example corresponds
to the unwindingof the 9-mer/26-mer substrate byRhlE_Cp at 10 �C.
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only psychrophilic γ-proteobacteria for which sequence infor-
mation was available at the start of this work. Their genomes
were screened with BLAST-P, using the E. coli DEAD-box
proteins SrmB and RhlE as probes. This screen identified a
number of DEAD-box proteins (9 in P. haloplanktis and 11 in
C.psychrerythraea). However, for each organism, twoDEAD-box
proteins exhibited particularly high homology scores with respect
to the two probes, and they were taken as SrmB and RhlE
orthologs in these organisms. In the following, we use the suffixes
_Ec (E. coli), _Ph (P. haloplanktis), and _Cp (C. psychrerythraea)
to indicate the origin of these orthologs.

Homology between SrmB andRhlEorthologs was widespread
over the DEAD-box core (ca. 360 amino acids), as shown by the
distribution of the residues that are identical among all three
proteins within each series; in contrast, for unrelated DEAD-box
proteins, identity was largely confined to the conserved motifs
(Figure 2). Pairwise comparisons showed that SrmB_Ph and
SrmB_Cp proteins were slightly closer to each other (61%
identical residues over the DEAD-box core) than to their E. coli
ortholog (54-56% identity). The same trend was observed
within the RhlE series (68 and 64-66% identity, respectively).
Presumably, many of the differences between orthologs reflect
genetic drift between different species. Yet, comparison of the
psychrophilic SrmB and RhlE with their mesophilic orthologs
showed a striking reduction in the Arg/Lys ratio and, in the RhlE
series, a reduction in the number of charged residues and an
increase in Asn content. These particular sequence biases are
characteristic of psychrophilic proteins (5, 35).
Complementation Studies. The psychrophilic orthologs of

SrmB and RhlE were then tested for their ability to functionally
replace theirE. coli counterparts. For SrmB, we exploited the fact
that E. coli cells lacking the corresponding gene grow slowly at a
low temperature (20 �C). Moreover, these cells show a deficit in
50S ribosomal subunits and an accumulation of an imperfectly
assembled subunit [40S particle (see ref 26 and Figure 3A)]. The
srmB_Ph and srmB_Cp genes, together with flanking sequences
including a potential promoter, were cloned into a low-copy
number vector (see Experimental Procedures). When introduced
into ΔsrmB E. coli cells, the resulting plasmids restored both
normal growth at 20 �C and the normal polysome profile,

whereas the parent vector did not (Figure 3A; only the experi-
ment with SrmB_Ph is shown). Thus, SrmB_Ph and SrmB_Cp
are functionally equivalent to SrmB_Ec.

The rhlEdeletion produces no obvious phenotype inE. coli (17).
However, E. coli cells lacking the DEAD-box protein CsdA show
a growth defect at 20 �C that can be alleviated via overexpression
of RhlE (17, 25, 29). To prepare the RhlE_Ec, RhlE_Ph, and
RhlE_Cp proteins, the corresponding genes were cloned into an
expression vector under the control of an IPTG-inducible pro-
moter (see below). We observed that, under partial induction or
even without induction, the presence of these plasmids in E. coli
cells lacking CsdA improves growth at 18 �C, whereas the parent
plasmid did not. Presumably, the limited RhlE synthesis is enough
to compensate, at least partially, for the absence of the csdA gene,
and RhlE_Ph and RhlE_Cp are qualitatively equivalent to
RhlE_Ec in this test. Quantitatively, growth improvement was

FIGURE 2: SrmB andRhlE orthologs are highly homologous to each
other throughout the DEAD-box core. The top barcode shows the
alignment of SrmB_Ph and SrmB_Cp on the SrmB_Ec sequence
(444 amino acids) and the bottomone the alignment ofRhlE_Ph and
RhlE_Cp on the RhlE_Ec sequence (454 amino acids). In the middle
barcode, two unrelated DEAD-box proteins (RhlE_Ec and
RhlB_Ec) have been aligned on the SrmB_Ec sequence. Alignments
were done with CLUSTALW, and vertical bars indicate identical
residues. The horizontal bar above the panel represents the DEAD-
box core of SrmB_Ec, assumed to extend from a conserved phenyl-
alanine residue upstream of the Q motif to amino acid 368, after a
predicted R-helix that is conserved in known structures of DEAD-
box proteins. Small horizontal bars facing the middle and bottom
barcodes show the positions of the nineDEAD-box conservedmotifs
in SrmB_Ec and RhlE_Ec, respectively.

FIGURE 3: SrmB and RhlE orthologs from P. haloplanktis and
C. psycherythraea are functionally equivalent to the E. coli proteins.
(A) SrmB from P. haloplanktis (SrmB_Ph) complements the growth
and ribosome assembly defect ofE. coli cells lacking SrmB. In the top
panels, growth tests on agar show that E. coli cells lacking SrmB
(ΔSrmB) grow more slowly than their SrmBþ counterparts (wt) at
20 �C, and that the expression of SrmB_Ph alleviates this defect. The
bottom panel shows polysome profiles (30 �C) showing that E. coli
cells lacking SrmB show a deficit in 50S subunits and an accumula-
tion of a misassembled 50S-related particle (40S) (compare left and
central traces), which can be corrected by expressing SrmB_Ph (right-
most trace). (B) RhlE from P. haloplanktis (RhlE_Ph) can comple-
ment the growth and ribosome assembly defect ofE. coli cells lacking
CsdA (DeaD). Assays were run as described for panel A, except that
theRhlE_Phgenewas borne onanexpressionplasmid thatwas either
not induced (growth tests) or induced only transiently (polysome
profiles). For polysome profiles, cells were grown at 25 �C.
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more effective with RhlE_Ph (Figure 3B) than with RhlE_Cp or
RhlE_Ec (not illustrated), perhaps due to differences in expres-
sion. Besides its effect on growth, the absence of CsdA also results
in a defect in assembly of the 50S ribosomal subunit, as shown
again by the accumulation of an incomplete 40S particle (27, 29,
30). At 25 �C, the presence of the plasmid carrying the rhlE_Ph
gene largely corrected this defect, as judged by the disappearance
of the 40S particle (Figure 3B). Again, RhlE_Ec and RhlE_Cp
were less efficient in this respect (not shown). As a control, we
checked that both defects are fully corrected by the presence of the
same plasmid carrying the E. coli csdA gene (not shown).

On the basis of these tests, we conclude that the psychrophilic
orthologs of SrmB and RhlE are functionally equivalent to their
E. coli counterparts.
The ATPase Activity of Psychrophilic SrmB, but Not

That of Psychrophilic RhlE, Is Cold-Adapted. The four
psychrophilic proteins (SrmB_Ph, SrmB_Cp, RhlE_Ph, and
RhlE_Cp), together with SrmB_Ec and RhlE_Ec, were prepared
as described inExperimental Procedures.However, nomeaningful
enzymatic data could be obtained for SrmB_Cp. The ATPase
activity of this protein exhibited large day-to-day variations,
presumably reflecting its high propensity to aggregate, as judged
by gel filtration analysis. Therefore, our comparison of mesophilic
and psychrophilic SrmB is limited to SrmB_Ec and SrmB_Ph.

(i) ATPase Activity and Heat Lability of SrmB. The
ATPase activity of most DEAD-box proteins is strongly and
nonspecifically stimulated by RNA (41). SrmB_Ec is somewhat
atypical in that its ATPase activity responds very differently to
various natural or synthetic RNA species. Thus, it is well
stimulated by poly(A) but not by poly(U) or E. coli tRNA (19).
The same hierarchywas foundwith SrmB_Ph, further supporting
the relatedness of the two proteins. Poly(A), which at saturating
concentrations stimulated the ATPase activity of SrmB_Ec or
SrmB_Ph >20-fold, was chosen as a standard activator here.

The activities of the two proteins at saturating concentrations
of poly(A) and ATP/Mg (i.e., the maximal velocity, or kcat) were
then compared (Figure 4). At 30 �C, the kcat of SrmB_Ec is
higher than that of SrmB_Ph, but it decreased more steeply
with temperature so that SrmB_Ph becomes more active below
20 �C. This differential behavior reflects a large difference in
activation enthalpy ΔHq, as measured from the slope of ln(kcat)
versus -1/RT (Arrhenius plot). For SrmB_Ph, this plot was
linearwith a slope of 17.5 kcal/mol. For SrmB_Ec, it was concave
downward; however, the average slope (26.5 kcal/mol) wasmuch
higher than that for SrmB_Ph. That the two enzymes show
comparable activities in the studied temperature range despite
their large difference in ΔHq means that the activation entropy
(ΔSq) is also lower for the psychrophilic enzyme (see eq 1 in the
Discussion for the definition of ΔSq). Also clearly apparent from
Figure 4 is the fact that the ATPase activity of SrmB_Ph is
markedly heat-labile: at 40 �C, it was rapidly inactivated, whereas
SrmB_Ec remained active over time (see the legend of Figure 4).

Next, the concentrations of ATP/Mg and poly(A) were
systematically varied, and the Km values for these substrates
were compared for SrmB_Ec and SrmB_Ph. In the temperature
range of 10-25 �C, the Km for ATP/Mg is 15-30-fold larger for
SrmB_Ph than for SrmB_Ec (Table 1). The same trend was
observed for the Km for poly(A), although in this case the
difference was smaller [<3-fold (results not shown)].

Thus, compared to its mesophilic counterpart, the psychro-
philic enzyme SrmB_Ph exhibits reduced ΔHq and ΔSq, a larger
Km for substrates, and reduced thermal stability. All these
features are hallmarks of cold adaptation (3-5).

(ii)ATPaseActivity andHeat Lability of RhlE.Likewise,
we compared the ATPase activities of RhlE_Ec, RhlE_Ph, and
RhlE_Cp. Like for the SrmB series, all three proteins were
efficiently stimulated by poly(A), which was used as the activator
in most experiments. Quantitatively, at a given temperature,
maximal velocities (kcat) were higher for the RhlE than for the
SrmB series (by 1.5-20-fold, depending upon the protein and
temperature used), as previously documented with RhlE_Ec and
SrmB_Ec (19). However, the most intriguing difference lies in the
absence of cold adaptation of the ATPase activity from psychro-
philic RhlEs. RhlE_Ec was slighly more active than its psychro-
philic counterparts and remained so throughout the temperature
range examined [5-28 �C (Figure 5)]. Consistently, Arrhenius
plots yielded similar activation enthalpies for the three enzymes
[from14 (RhlE_Ec) to 15.8 (RhlE_Ph) kcal/mol]. The fact that the
kcat andΔHq are similar for the three enzymes means that theΔSq

is also similar (eq 1). The variations inKm for substrates within the
RhlE series also did not follow the same trend as with the SrmB
series. Rather, theKm for ATPwas slightly but reproducibly lower
for RhlE_Cp and RhlE_Ph than for RhlE_Ec (Table 1). The only
classical feature of cold-adapted enzymes exhibited by RhlE_Ph
and RhlE_Cp is heat lability: like SrmB_Ph, but unlike RhlE_Ec,
both proteins were rapidly inactivated at 40 �C (Figure 5).

FIGURE 4: Cold adaptation of the ATPase activity of SrmB_Ph. The
maximal ATPase velocities (kcat) of SrmB_Ph (blue bars) and
SrmB_Ec (red bars) are compared at different temperatures, using
poly(A) as the RNA stimulator. SrmB_Ph is heat-labile but becomes
comparatively more efficient than RhlE_Ec at low temperatures,
indicating a lower activation enthalpy. At 40 �C, the activity of
SrmB_Ph vanishes rapidly over time; the corresponding value
(marked with an asterisk) does not correspond to the steady state,
but to an average over the first few minutes of the reaction (2 min in
this particular case).

Table 1: Comparison of the Km Values for ATP (millimolar) of the

Different DEAD-Box Proteins Used in This Study (ATPase activity)

10 �C 25 �C

SrmB_Ec 0.02( 0.005 0.06( 0.02

SrmB_Ph 0.6( 0.03 0.9( 0.1

RhlE_Ec 0.7( 0.2 0.9( 0.3

RhlE_Cp 0.2( 0.04 0.2( 0.06

RhlE_Ph 0.3( 0.15 0.75( 0.15
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As a test for the robustness of these results, we turned to
a different RNA activator, i.e., a 9 bp duplex with a 17 nt
50-overhang used as a substrate for unwinding assays (see below).
This RNA proved to be only slightly (ca. 1.5-fold) less efficient
than poly(A) in stimulating RhlE_Ec and RhlE_Cp, but with
RhlE_Ph, the decrease was more marked (5-fold). Nevertheless,
the kcat values of the three enzymes were again affected very
similarly by temperature, and the corresponding activation
enthalpies (from 13.5 to 14.5 kcal/mol) were close to those
obtained with poly(A) (not illustrated).
The RNA Helicase Activity of Psychrophilic RhlE Is

Cold-Adapted. (i) A Fluorometric Assay for RNA Heli-
case Activity. In vitro, most DEAD-box proteins possess an
ATP-dependent helicase activity in addition to their ATPase
activity. Since the psychrophilic RhlE exhibited no obvious
adaptation of their ATPase activities to the cold, we investigated
whether the same holds for the helicase activity. The classical
helicase assay, involving electrophoretic analysis of aliquots
taken at timed intervals during the unwinding reaction, is
laborious and often inaccurate. We therefore devised an assay
based on fluorescence resonance energy transfer (FRET). Similar
assays have been described previously (42, 43). Briefly, two
complementary RNA oligonucleotides are labeled at their 30

and 50 ends with the two fluorophores Cy3 and Cy5, respectively.
Upon formation of the duplex, FRET from Cy3 to Cy5 is
observed and Cy3 fluorescence is quenched; conversely, when
the samples unwind, FRET vanishes and Cy3 fluorescence
increases. Both variations can bemeasured continuously with time,
allowing accurate determination of unwinding rates (Figure 1B).

The natural substrates ofRhlE are unknown, so that we had to
design a model substrate. RhlE_Ec is able to unwind blunt-
end duplexes, a property shared by only a few DEAD-box
proteins (19). Preliminary experiments showed that RhlE_Cp
behaves similarly but that RhlE_Ph required a single-strand
extension for activity. For this reason, we designed a substrate
consisting of a Cy5-labeled 9-mer annealed to a Cy3-labeled
26-mer, with a 17 nt 50-overhang (see Experimental Procedures

and Figure 1A). Moreover, a nonlabeled 14-mer RNA oligo-
nucleotide complementary to the 9-mer was present in 10-fold
excess to prevent reannealing of the separated oligonucleotides
during the reaction (19). The presence of the competitor does not
interfere with unwinding, as judged by the fact that unwinding
rate is insensitive to competitor concentration. To achieve
significant rates, assays were performed with a large excess of
enzyme over substrate or competitor, as usual in DEAD-box
proteins tested in vitro (18).Under these conditions, unwinding is
readily observed. Controls showed that the concentrations
routinely used for ATP and protein (2 mM and 0.6-0.8 μM,
respectively) were sufficient to approach maximal unwinding
rates (see Experimental Procedures).

(ii) RhlE Orthologs: Unwinding Rates versus Tempera-
ture. The rates of unwinding of the 9-mer substrate by RhlE_Ec,
RhlE_Ph, and RhlE_Cp were then compared in the temperature
range of 0-15 �C. Despite the fact that RhlE_Cp is slightly less
efficient than RhlE_Ec as an ATPase (Figure 5), it was more
efficient as a helicase. Moreover, the lower the temperature, the
larger the difference: thus, while the unwinding activity of
RhlE_Ec decreased 200-fold from 15 to 1 �C, with RhlE_Cp
the decreasewas only 45-fold; as a consequence, the ratio between
the two activities, which is 1.2-fold at 15 �C, reaches 5.5-fold at
1 �C. The Arrhenius plots (Figure 6) reflected this difference:
whereas the activation enthalpy (ΔHq) for RhlE_Ec was
∼60 kcal/mol, for RhlE_Cp it decreased to 44 kcal/mol. As for
RhlE_Ph, it was less efficient as a helicase than eitherRhlE_Cpor
RhlE_Ec whatever the temperature (Figure 6). This result
parallels ATPase assays (see above) and may indicate that the
substrate used is not optimal for this particular enzyme. Never-
theless, compared to RhlE_Ec, RhlE_Ph became comparatively
more efficient as the temperature decreased. Consistently, the
corresponding ΔHq (45 kcal/mol) is much lower than that
observed with RhlE_Ec and similar to the RhlE_Cp value.

For the sake of comparison, we also measured the rate of
duplex dissociation under the same conditions but in the absence
of protein. Spontaneous unwindingwas readilymeasurable in the

FIGURE 5: ATPase activity of psychrophilic RhlEs showing no evi-
dence of cold adaptation. Same as Figure 4, except that RhlE_Ec
(red bars), RhlE_Ph (light blue bars), and RhlE_Cp (dark blue bars)
were compared. Note that whatever the temperature in the 5-28 �C
range, the E. coli enzyme remains slightly more active than its
psychrophilic counterparts. For the significance of values marked
with asterisks, see the legend of Figure 4.

FIGURE 6: Rate constant for unwinding of a 9 bp RNA duplex as a
function of temperature, in the absence of protein (black) or in the
presence of RhlE_Ec, RhlE_Cp, or RhlE_Ph (red, dark blue, and
light blue, respectively). The data are presented in the form of
Arrhenius plots; the activation enthalpies calculated from the slope
of the plots are indicated.
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temperature range of 27-37 �C (Figure 6). From the Arrhenius
plot, the activation enthalpy was estimated to be 71 kcal/mol,
which was very close to the standard enthalpy for duplex
dissociation (76 kcal/mol) calculated from tabulated values using
the nearest-neighbor approximation (44) corrected for the salt
concentration used here (45). Extrapolation shows that, in the
range of 0-15 �C, spontaneous unwinding is orders ofmagnitude
slower thanDEAD-box-mediated unwinding (Figure 6), explain-
ing why it does not interfere with our assay (Figure 1B).

To summarize this section, the rate of duplex unwinding is
considerably increased by the presence of the RhlEs, and the
corresponding activation enthalpy (ΔHq) is decreased, as ex-
pected. However, ΔHq is even lower with RhlE_Cp or RhlE_Ph
than with RhlE_Ec, so that unwinding by these proteins is less
temperature-dependent than withRhlE_Ec. However, compared
with that ofRhlE_Ec, the activities ofRhlE_CpandRhlE_Ph are
not as high as predicted from the reduction in ΔHq, indicating
thatΔSq is also reduced (eq 1). These observations document the
adaptation of the unwinding activities of RhlE_Cp andRhlE_Ph
to low temperatures, in contrast with their ATPase activities.

(iii) Unwinding Rates versus Duplex Length. To further
compare the unwinding activities of RhlE_Ec and RhlE_Cp, we
investigated the influence of duplex length (and hence duplex
stability) on these activities. To this end, we extended the
length of the 9 bp duplex by 1 bp increments, to 10 and 11 bp
(Figure 1A). Measurements were taken at 10 �C, where unwind-
ing rates were easily measurable for both enzymes and all three
duplexes. As expected, this rate decreased rapidly with duplex
stability whatever the enzyme (for RhlE_Ec, the decrease was
35-fold in going from the 9-mer to the 11-mer). However,
importantly, the ratio of the unwinding rates for the two enzymes
varied by less than 50% in this series (Table 2). This result has
implications for interpreting the cold adaptation of unwinding
activity of psychrophilic RhlEs (see the Discussion).

DISCUSSION

Cold Adaptation of Enzyme Catalysis. During recent
years, enzymes from psychrophilic and mesophilic origin have
been extensively compared, yielding general rules for adaptation
of enzyme activity to low temperatures. These rules can be
conveniently summarized using the transition state theory
(TST) formalism. Indeed, in most cases, the temperature depen-
dence of the catalytic constants (kcat) of enzymatic reactions
follows the classical TST equation (46):

kcat ¼ ðkB � T=hÞe-ΔGq=RT

¼ ðkB � T=hÞeΔSq=Re-ΔHq=RT ð1Þ
where kB and h are the Boltzmann and Planck constants,
respectively, ΔGq (activation free energy) is the free energy
difference between the transition state and the substrate state,

and ΔHq and ΔSq are the associated activation enthalpies and
entropies, respectively. Equation 1 is equivalent to the empirical
Arrhenius equation [kcat = Ae-Ea/RT, where ΔHq ∼ Ea (activa-
tion energy) and ΔSq is embedded in the pre-exponential
term A].

Compared to their mesophilic counterparts, psychrophilic
enzymes are generally characterized by a higher kcat at low
temperatures, due to a reduction in ΔHq that attenuates the
effect of temperature changes. However, the increase in kcat is
invariably smaller than expected from the reduction in ΔHq,
which means that ΔSq is also reduced (eq 1). Moreover,
psychrophilic enzymes are also generally more heat-labile than
their mesophilic counterparts, and their affinity for their sub-
strates is also often reduced; i.e., Km values are increased (for
reviews, see refs (3-5)). These changes are here collectively
termed “cold adaptation”. It has been suggested that the decrease
in ΔSq, the increase in Km, and the reduced thermal stability are
the price paid for a reducedΔHq, which is the main adaptation of
psychrophilic enzymes to low temperatures (3-5).

The generalizations described above have been based largely
on studies with simple catabolic enzymes (5). In particular, no
enzymes involved in RNA metabolism have been studied in
this respect. Here, we have compared two DEAD-box proteins
from E. coli (Ec) with their orthologs from two psychrophilic
γ-proteobacteria, P. haloplanktis (Ph) and C. psychrerythraea
(Cp). In vitro, these enzymes, called SrmB andRhlE, catalyze the
RNA-dependent hydrolysis of ATP and the unwinding of short
RNA duplexes. However, they differ considerably in this latter
capacity: SrmB_Ec cannot unwind a 14-mer duplex that
RhlE_Ec easily unwinds, despite the fact that theATPase activity
of both proteins is stimulated by this duplex (19).More generally,
SrmB has been found to be orders of magnitudes less efficient
than a series of other DEAD-box proteins for unwinding a
10-mer duplex (13).

With regard to ATPase activity, SrmB_Ph exhibits all the
hallmarks of cold adaptation whereas RhlE_Ph and RhlE_Cp
exhibit none, except for heat lability. In contrast, for the
unwinding activity, RhlE_Ph and RhlE_Cp are clearly cold-
adapted. SrmB_Ph could not be evaluated in this respect because
the unwinding activity of SrmB orthologs is too low for accurate
measurements versus temperature. The structural basis for these
cold adaptations remains elusive and is tentatively discussed in
the Supporting Information. Here, we first attempt to rationalize
the fact that the unwinding activity of psychrophilic RhlEs can be
cold-adapted whereas their ATPase activity is not. Next, we
propose that the different modes of cold adaptation of these
proteins reflect their different roles in vivo. Finally, we briefly
discuss possible mechanisms whereby fast interconversion of
RNA structures can be maintained at low temperatures in
psychrophilic bacteria.
The ATPase and Unwinding Activities Need Not Be

Correlated. The mechanism of duplex unwinding by DEAD-
box proteins has been extensively studied recently (see ref 47 for a
review); although several points remain unclear, what has been
learned is tentatively summarized in Figure 7A. These proteins
possess a “helicase core” consisting of two RecA-like domains
with anATPbinding site between them (10, 11, 41). The binding of
ATP on one hand and the binding of RNA on the other
synergistically favor the transition from an “open” (state 1 in
Figure 7A) to a “closed” conformation (state 2) in which the two
RecA-like domains are brought together (48-54). Only in this
conformation canATPhydrolysis occur. The closed conformation

Table 2: Comparison of the Rate Constants [kunw (min -1)] for the

Unwinding of Duplexes of Various Lengths (base pairs) by the E. coli

(Ec) and C. psychrerythraea (Cp) RhlEs at 10 �C

9 bp 10 bp 11 bp

kunw
RhlE_Ec 0.44 ( 0.1 0.03 ( 0.003 0.012 ( 0.003

RhlE_Cp 0.99 ( 0.15 0.06 ( 0.01 0.035 ( 0.01

kunw
Cp /kunw

Ec 2.25 2.0 2.9
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binds RNA tightly but cannot accommodate a regular A helix.
Consequently, duplex RNA is probably unwound over a few base
pairs at this stage, which may result in complete dissociation
(dashed arrow with rate constant kdiss in Figure 7A) if the residual
duplex is sufficiently unstable (55, 56). Oddly, whereas nonhydo-
lyzable ATP analogues favor the formation of closed complexes
resembling stage 2 (53, 57, 58), only some of them promote duplex
dissociation (55), presumably due to subtle conformational differ-
ences.ATPhydrolysis (state 2f state 3) does not appear to induce
major conformational changes in itself (53, 57, 58). However, after
the release of the products Pi and ADP, the protein returns to the
open conformation, releasing its grip on the RNA. Duplexes that
have not dissociated at this stage are free to reanneal, explaining
why these enzymes can unwind only short duplexes. A detailed
kinetic analysis with the E. coli DEAD-box protein DbpA has
revealed the existence of two slow steps in theATPase cyle (59): the
first one precedes ATP hydrolysis and presumably corresponds to
the open f closed complex isomerization, whereas the second is
concomitant with Pi release and may correspond to the reverse
isomerization. We refer to the corresponding rate constants as kiso
and kiso*, respectively.

Available data show that, except for extremely weak duplexes,
many futileATPase cycles take place before the duplex eventually
dissociates (19, 56), which means that kdiss , kiso*. Under the
conditions used in the assay (saturating concentration of ATP
and protein), the unwinding pathway then simplifies into a pre-
equilibrium followed by a slow dissociation step (Figure 7B), and
according to classical treatments (46), the unwinding rate con-
stant becomes

kunw ¼ kdiss½kiso=ðkiso� þ kisoÞ� ð2Þ
Equation 2 immediately suggests why, compared with RhlE_Ec,
RhlE_Cp and RhlE_Ph can be cold-adapted from the viewpoint
of unwinding activity even though all three proteins show

comparable ATPase activities (i.e., comparable kiso* and kiso
values) whatever the temperature (Figures 5 and 6). Simply, it is
the dissociation of the partially unwound duplex, characterized
by kdiss, that must be cold-adapted. Though more complicated
interpretations exist, we speculate that the psychrophilic RhlEs
can unwind more base pairs than RhlE_Ec in the closed
conformation (states 2 and 3 in Figure 7A). Fewer base pairs
then remain to be broken during dissociation (Figure 7C), which
means a reduced ΔHq

diss and hence a reduced ΔHq
unw, as indeed

observed. From the reduction in ΔHq
unw (from 60 kcal/mol for

RhlE_Ec to 44-45 kcal/mol for RhlE_Cp or RhlE_Ph), we can
estimate from nearest-neighbor parameters that one or two extra
base pairs are unwound by the psychrophilic RhlEs in the closed
conformation (44). That RhlE_Cp unwindsmore base pairs than
RhlE_Ec is consistent with the fact that the ratio of their
unwinding rates, i.e., kunw

Cp /kunw
Ec , is insensitive to duplex length

(Table 2). Indeed, assuming that kiso* and kiso are the same for
both proteins, eqs 1 and 2 show that

kCpunw=k
Ec
unw ¼ kCpdiss=k

Ec
diss ¼ e-ðΔGqÞCp

diss
=RT=e-ðΔGqÞEcdiss=RT

¼ e-ΔðΔGqÞCp-Ec

diss
=RT

In this expression, -Δ(ΔGq)diss
Cp-Ec is the free energy cost for the

opening of extra base pairs by RhlE_Cp (Figure 7C). This cost
and, therefore, kunw

Cp /kunw
Ec should depend upon only the number

of these extra base pairs and not upon the length of the duplex, as
indeed observed.

In summary, using available information, one can rationalize
the fact that the unwinding activity of psychrophilic RhlEs is
cold-adapted whereas their ATPase activity is not. More gen-
erally, it is clear from eq 2 that, when different DEAD-box
proteins are compared, no systematic correlation is expected
between the rates of the ATPase and unwinding reactions.

FIGURE 7: Cartoon illustrating current views of the mechanism of duplex unwinding by DEAD-box proteins, and how this activity can be cold-
adapted. (A)ATPase cycle and its relation tounwinding.On their own,DEAD-boxproteins adopt an open conformation inwhich the twoRecA-
likedomains are loosely connected.However, in the presence ofbothATPandRNA, theprotein switches toa closed conformation (state 1 to state
2 transition) in which duplex RNA is partially unwound. ATP hydrolysis per se does not induce major conformational changes (state 3), but
following the release of Pi and ADP, the open conformation is restored and RNA is released (state 4). The cycle is characterized by two rate-
limiting steps that precede and followATPhydrolysis (kiso and kiso*, respectively). In state 2 and presumably state 3, the partially unwoundduplex
can occasionally dissociate (kdiss). The presence in the assay of excess competitorRNA (gray)makes this step irreversible by capturing the released
strand (dark green). The removal of Pi and ADP then causes the enzyme to release its grip on the second strand (light green), eventually allowing
multiple turnovers (55). (B)Under the conditions of the unwinding assay (saturating concentration of protein andATP), schemeA simplifies into
an apparent equilibrium between native duplexD and partially unwound duplexD*, with the latter occasionally dissociating (dashed arrow) into
single strands (S). (C) Cartoon explaining how, by unwinding more base pairs than E. coli RhlE (Ec) in states 2 and 3, the RhlE from
C. psychrerythraea (Cp) may accelerate duplex dissociation by a factor that is independent of duplex length (see the text).



2644 Biochemistry, Vol. 49, No. 12, 2010 Cartier et al.

For instance, increasing kiso*, which corresponds to the slowest of
the two slow steps in the DbpA ATPase cycle (59), will in fact
decrease the unwinding rate by shortening the lifespan of the
closed conformation, an obligate intermediate toward dissocia-
tion (Figure 7A,B).
Cold Adaptation versus Biological Function of RhlE and

SrmB. It seems plausible that the cold adaptation of an enzy-
matic activity reflects its importance in vivo. As discussed above,
DEAD-box proteins possess two distinct activities, RNA un-
winding andRNA-dependentATPase. The unwinding activity of
psychrophilic RhlE is cold-adapted, suggesting that this activity
is physiologically relevant. In contrast, in the case of SrmB_Ph, it
is the ATPase activity that is cold-adapted and thus presumably
important. The limited information available on the role of these
two proteins is consistent with these views.

RhlE orthologs are widespread in bacteria (17). In the
psychrophilic organism Pseudomonas syringae, RhlE assembles
with RNase E and the exonuclease RNase R into a “degrado-
some”, much as RhlB does with RNase E and the exonuclease
PNPase inE. coli (60). In vitro assays show that within the E. coli
degradosome, RhlB assists the activity of PNPase by unwinding
secondary structures (22). It is thus likely that RhlE plays the
same essential role in P. syringae. In E. coli, the removal of
RhlE_Ec has no known phenotype, and its possible partners are
unknown. However, when overexpressed, RhlE can substitute
for CdsA (Figure 3B), another E. coli DEAD-box protein that
has been more extensively studied. CsdA is implicated in
both mRNA decay and ribosome assembly, with the former role
being presumably more crucial to the cell (17, 25, 29). At low
temperatures in vivo, CsdA associates with PNPase andRNase E
to form a “cold-shock degradosome” (23), and it is required for
the fast decay of at least some mRNAs (25). A CsdA variant
mutated in the second residue of the DEAD motif, which lacks
unwinding activity (61), is ineffective in this respect (25). In vitro,
both CsdA and RhlE_Ec can replace RhlB in the degradosome,
assistingPNPase digestion of structuredRNA fragments (23, 62).
The functional equivalence of CsdA and RhlE_Ec suggests that,
under yet undefined conditions, RhlE_Ecmay also participate in
the degradosome in E. coli, as in P. syringae, and help unwind
mRNA secondary structures. Thus, unwinding is presumably a
physiologically relevant activity for RhlE, explaining its cold
adaptation in psychrophilic enzymes.

The in vivo function of SrmB is also still elusive. This protein,
which assists an early step in the assembly of the 50S ribosomal
subunit, forms a ribonucleoproteic complex with r-proteins
L4 and L24, and their binding site near the 50-end of 23S rRNA
(26, 63). Recently, the analysis of rRNA mutations that can
bypass the SrmB requirement led us to hypothesize that SrmB
serves to prevent spurious pairings between the nascent 50S
subunit and decaying rRNA fragments (F. Proux, M. Dreyfus,
and I. Iost, manuscript in preparation). While SrmB could do so
either by unwinding these pairings or by acting as an ATP-
dependent placeholder, as does eIF4AIII in the exon-junction
complex (49, 50), the weakness of the unwinding activity of SrmB
argues in favor of the latter hypothesis. The ATPase activity, by
allowing the protein to release its grip on the RNA, would adjust
the duration of this grip to the kinetics of ribosome assembly. The
cold adaptation of this activity in SrmB_Ph would simply reflect
the faster assembly of the P. haloplanktis ribosome in the cold as
compared with the E. coli ribosome.
Unwinding RNA in the Cold. In rich medium,C. psychrery-

thraea grows as fast at 0 �C as E. coli at 10 �C, yet RNA

structures are considerably more stable at the former tempera-
ture. This can be illustrated with our 9-mer model duplex, whose
stability falls in the upper range of hairpin stabilities in natural
RNAs. Extrapolation of the data from Figure 6 shows that
spontaneous unwinding of this duplex occurs 100-fold slower at
0 �C than at 10 �C. However, if we now consider that unwinding
at 10 �C takes place in the presence of RhlE_Ec whereas at 0 �C it
takes place in the presence of the more active RhlE_Cp, the ratio
drops to only 10 (Figure 6). Another factor that is likely to favor
rearrangement of RNA structures is theGC%,which is∼40% in
C. psychrerythraea versus 50% inE. coli. Decreasing theGC%of
the 9-mer duplex by ca. 10% by changing one GC base pair into
an AU base pair decreases the free energy of the duplex by an
average of 1.5 kcal/mol at 0 �C, or a factor of∼15 in stability (44).
Another factor that may facilitate duplex dissociation in
C. psychrerythraea is the presence of cold-shock RNA chaper-
ones like CspA: this protein has been found to be constitutively
expressed in another psychrophilic bacterium, Arthrobacter
globiformis, when growing in the cold (64). Thus, psychrophilic
organisms may use multiple strategies to facilitate RNA rear-
rangements in the cold. Presumably, these strategies are efficient:
for instance, we have found that bulk mRNA decay, which
requires mRNA to be single-stranded, is 4-6-fold faster in
C. psychrerythraea than in E. coli at 12 �C (G. Cartier and
M. Dreyfus, manuscript in preparation).
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