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Abstract

Sensing a sudden change of the growth temperature,
all living organisms produce heat shock proteins or
cold shock proteins to adapt to a given temperature.
In a heat shock response, the heat shock sigma factor
plays a major role in the induction of heat shock
proteins including molecular chaperones and
proteases, which are well-conserved from bacteria to
human. In contrast, no such a sigma factor has been
identified for the cold shock response. Instead, RNAs
and RNA-binding proteins play a major role in cold
shock response. This review describes what happens
in the cell upon cold shock, how E. coli responds to
cold shock, how the expression of cold shock proteins
is regulated, and what their functions are.

Introduction

All living organisms have developed sophisticated
strategies to respond to several environmental stresses,
such as osmolarity, pH, nutrition deprivation and thermal
stresses. In terms of thermal stress, heat shock stress
(temperature upshift) has been extensively studied and a
common strategy how to respond to it has been emerged
from bacteria to human (Hendrick and Hartl, 1993;
Gottesman et al., 1997). In contrast, cold shock stress
(temperature downshift) was poorly understood, particularly
in higher eukaryotes. To know the strategy how to respond
to cold shock stress includes not only biological interests
but also economic and health implications. Prevention of
the spoilage of foods kept in a refrigerator, which is usually
caused by contaminated bacteria, is clearly an important
issue in our life.

Cold shock stress causes bacterial cells two major
facts; a decrease in membrane fluidity and translational
block. The former fact can be overcome by increasing an
unsaturated fatty acid, consequently increasing a
diunsaturated phospholipid in membrane. A specific set of
proteins called cold shock proteins are transiently induced
to overcome the translational block. Unlike heat shock
proteins, no common cold shock proteins except for CspA-
like proteins were identified among bacteria. Most of the
free living bacteria possess at least one cold-shock-
inducible CspA-like protein, whose function was proposed
to be an RNA chaperone (Yamanaka et al., 1998;
Graumann and Marahiel, 1998). Cyanobacteria and even
human were revealed to contain cold-shock-inducible RNA-

*For correspondence. Email yamanaku@umdnj.edu; Tel. 732-235-4116;
Fax. 732-235-4559.

© 1999 Horizon Scientific Press

binding proteins, although they are another type from CspA
(Sato and Nakamura, 1998; Nishiyama et al., 1997). RNA-
binding proteins and RNAs thus play a central role in cell
growth under low temperature conditions.

Cold Shock Response of Membrane Lipid Composition

Membranes are normally in a liquid crystalline form and
undergo a reversible transition to a gel phase upon
temperature downshift. To compensate for the transition
from a fluid state to a nonfluid state, many organisms have
developed mechanisms to change the membrane lipid
composition, that is, fatty acid composition, by means of
one or a combination of the following changes: an increase
in fatty acid unsaturation, a decrease in average chain
length, an increase in methyl branching, and an increase
in the ratio of anteiso-branching relative to iso-branching.

It was first reported that E. coli adjusts its fatty acid
composition in response to a lower growth temperature by
increasing the amount of cis-vaccenic acid and decreasing
the amount of palmitic acid incorporated into membrane
phospholipid (Marr and Ingraham, 1962). 3-ketoacyl-ACP
synthase I, encoded by fabF, plays a key role in the change
of fatty acid composition and is responsible for elongating
palmitoleic acid to cis-vaccenic acid (Garwin et al., 1980).
Thus, upon cold shock, C16:1A9 is converted to C18:1A11,
giving an increase in unsaturated fatty acids, and
consequently, diunsaturated phospholipids which lowers
the melting point and has a greater degree of flexibility
comparing to saturated phospholipids. This type of
response is named as homeoviscous adaptation (Sinensky,
1974). It is interesting to notice that the synthesis of B-
ketoacyl-ACP synthase Il is not induced upon cold shock,
but the enzyme activity is induced at low temperature
(Garwin and Cronan Jr., 1980; Garwin et al., 1980). Mutants
lacking this enzyme are deficient in both cis-vaccenic acid
synthesis and thermal regulation (Garwin et al., 1980),
indicating that the changes in membrane lipid composition
are critical for bacterial adaptation to low temperatures.

In contrast, B. subtilis contains a membrane-bound
fatty acid desaturase, encoded by des, which desaturates
palmitate to cis-A5-hexadeceonate (Aguilar et al., 1998).
The des expression is regulated at the level of transcription
upon cold shock (Aguilar et al., 1998). The des deletion
mutant grew well at both high and low temperatures, but
showed severely reduced survival during stationary phase
(Aguilar et al., 1998). In a cyanobacterium Synechococcus
sp. PCC7002, expression of des genes, desA, desB and
desC, is regulated by a combination of mRNA synthesis
and stabilization upon cold shock (Sakamoto and Bryant,
1997).

Cold Shock Proteins of E. coli

When an E. coli culture at 37°C is transferred to 10 or
15°C, a set of proteins called cold shock proteins are
transiently induced (Jones et al., 1987). These cold shock
proteins are conventionally classified into two groups based
on their expression patterns (Thieringer et al., 1998): Class
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| cold shock proteins are expressed at an extremely low
level at 37°C but are dramatically induced upon cold shock.
Class | includes CspA, CspB, CspG, Cspl, CsdA, RbfA,
NusA, and PNP; ClasslI cold shock proteins are expressed
at a certain extent at 37°C and are induced moderately
upon cold shock. Classll includes IF-2, H-NS, RecA, o
subunit of DNA gyrase, Hsc66, HscB, trigger factor,
dihydrolipoamide acetyltransferase and pyruvate
dehydrogenase (lipoamide).

Several cold shock proteins have been detected not
only in E. coli but also in many other bacteria, including
mesophilic bacteria, B. subtilis (Lottering and Streips, 1995;
Graumann et al., 1996), Enterococcus faecalis (Panoff et
al., 1997), and Lactococcus lactis (Panoff et al., 1994),
psychrotrophic bacteria, Pseudomonas fragi (Hebraud et
al., 1994; Michel et al., 1996; 1997), Arthrobacter
globiformis (Berger et al., 1996), Bacillus psychrophilus
(Whyte and Inniss, 1992), Vibrio vulnificus (McGovern and
Oliver, 1995), Pseudomonas putida (Gumley and Inniss,
1996) Listeria monocytogenes (Phan-Thanh and Gormon,
1995; Bayles et al., 1996), and Rhizobium (Cloutier et al.,
1992), and psychrophilic bacterium Aquaspirillum arcticum
(Roberts and Inniss, 1992). It has yet to be determined
how well cold shock proteins are conserved among
bacteria.

Energy Generation

Two cold shock proteins, dihydrolipoamide
acetyltransferase and pyruvate dehydrogenase
(lipoamide), are subunits of pyruvate dehydrogenase
complex along with dihydrolipoamide reductase (NAD*).
Pyruvate dehydrogenase complex is essential to convert
pyruvate to acetyl CoA, which is an initial, important
substrate for the TCA cycle as well as fatty acid synthesis.
This suggests that the metabolic pathway to generate
energy, ATP, is regulated upon cold shock.

Chromosome Dynamics

Negative supercoiling of plasmid DNA in E. coli cells has
been shown to transiently increase upon cold shock
(Goldstein and Drlica, 1984: Mizushima et al, 1997). DNA
gyrase and HU protein play an important role in this DNA
supercoiling reaction. This notion is consistent with that
DNA gyrase a subunit is a cold-shock inducible protein
(Jones et al., 1992b). Thus, the regulation of chromosomal
DNA supercoiling upon cold shock may be important to
maintain DNA transactions such as replication, transcription
and recombination. It is interesting to note that RecA, which
is involved in recombination and repair, and H-NS, which
is a nucleoid-associated DNA binding protein and is
involved in gene expression and chromosome compaction,
are also cold-shock inducible proteins (Jones et al., 1987).
Growth inhibition at low temperature was observed in E.
coli strains carrying hns mutations (Dersch et al, 1994).
Expression of hns and gyrA has been demonstrated to be
regulated by CspA in such a way as CspA may help or
stabilize an open complex formation for transcription (La
Teana et al., 1991; Jones et al., 1992b; Brandi et al., 1994).
It is likely that changes in DNA superhelicity upon cold
shock might be involved in the induction of cold shock
response.

Protein Molecular Chaperones at Low Temperature

Previously protein folding or refolding is not considered to
be a major issue at low temperatures. However, it becomes
the important issue at present. Hsc66 and HscB, a DnaK
and DnaJ homologue, respectively, are specifically induced
upon cold shock (Lelivelt and Kawula, 1995). Synthesis of
several proteins were affected by an hsc66 mutation,
although cell growth at low temperature was not
significantly impaired (Lelivelt and Kawula, 1995). Another
cold-shock protein, trigger factor (TF), is a molecular
chaperone functioning as a peptidyl-prolyl isomerase
(Kandror and Goldberg, 1997; Scholz et al., 1997). It
associates with nasent polypeptides on ribosomes, binds
to GroEL, enhances GroEL’s affinity for unfolded proteins,
and promotes degradation of certain polypeptides (Kandror
etal.,, 1995; 1997; Stoller et al., 1995; 1996). TF has been
shown to be important for viability at low temperatures.
When E. coli cells are stored at 4°C, they lose viability at
an exponential rate. Cells with reduced TF content die
faster, while cells overexpressing TF showed greater
viability (Kandror and Goldberg, 1997). These results
suggest that the proper protein folding and the refolding of
cold-shock-damaged proteins are as important upon cold
shock as they are upon heat shock. It should be noticed
that as similar to TF, a peptidyl-prolyl cis-trans isomerase
of B. subtilis, encoded by ppiB, is cold-shock inducible
(Herrler et al., 1994; Graumann et al., 1996) and is found
to be involved in protein folding (Géthel et al., 1998).

Adaptation of Translation Factory upon Cold Shock

At low temperature, protein synthesis, especially the
translation initiation step, becomes rate limiting for cell
growth, resulting in accumulation of 70S ribosomes
(Friedman et al., 1971; Broeze et al., 1978; Farewell and
Neidhardt, 1998). The addition of several translation
inhibitors such as chloramphenicol has been shown to
result in the induction of cold-shock proteins and the
addition of other translation inhibitors such as kanamycin
induces heat-shock proteins (VanBogelen and Neidhardt,
1990). Thus, it has been proposed that the ribosome is a
physiological sensor for thermal stresses, both cold shock
and heat shock (VanBogelen and Neidhardt, 1990). The
level of (p)ppGpp has also been shown to be involved in
the cold-shock response, which reduces the level of
(p)ppGpp (Mackow and Chang, 1983; Jones et al., 1992a).

Upon cold shock, there is a growth lag period called
the acclimation phase before cell growth resumes (Jones
et al., 1987). During the acclimation phase, most of the
cellular protein synthesis is blocked most probably at the
translation initiation step. However, the synthesis of cold-
shock protein is able to bypass this translational block
during this period. The synthesis of non-cold-shock proteins
require some translational factors that are induced upon
cold shock (Jones and Inouye, 1996). These factors include
IF-2, which is a translation initiation factor that lets the
initiation tRNA (fMet-tRNA) bind to the 30S subunit (Jones
et al.,, 1987), CsdA, which is a DEAD-box protein of
helicaces and associates with ribosomes (Jones et al.,
1996), and RbfA, which is a free 30S ribosome binding
factor required for optimal growth particularly at low
temperature (Jones and Inouye, 1996). The cold-shock



ribosome adaptation model has been proposed (Jones and
Inouye, 1996). In this model, at high temperatures
ribosomes are translatable for all cellular mRNAs. Upon
cold shock, translation initiation is transiently blocked,
resulting in a decrease in polysomes and an increase in
70S, 50S and 30S ribosomes, which are incapable for
translation. Cold-shock proteins whose function is related
to translation are synthesized to convert cold-sensitive,
non-translatable ribosomes to cold-adapted, translatable
ribosomes, resulting in the recovery of the cellular protein
synthesis and cell growth. As previously proposed that the
ribosomes function as the sensor for thermal stresses, the
translation is a key factor for adaptation to a given low
temperature.

How, then, is the expression of cold-shock genes able
to be induced during the acclimation phase upon cold
shock, while the synthesis of most of non-cold-shock
proteins is blocked? An important feature of the cold shock
induction of CspA is the presence of the downstream box
(DB) sequence in its MRNA (Mitta et al., 1997; Etchegaray
and Inouye, 1999b) (Figure 1). The DB sequence was
originally proposed to serve as an independent translational
signal besides the Shine-Dalgarno (SD) sequence and is
located downstream of the initiation codon in the coding
sequence of MRNAs (Sprengart et al., 1990; 1996). The
DB sequence is complementary to the region called the
anti-DB sequence of the 16S rRNA. It is speculated that
formation of a duplex between the DB sequence of mRNA
and the anti-DB sequence of 16S rRNA is responsible for
translational enhancement (Sprengart et al., 1996). When

UP element -35
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the DB sequence was deleted from the cspA gene, CspA
induction upon cold shock was not observed (Mitta et al.,
1997). Furthermore, when the DB sequence was inserted
into the B-galactosidase gene, it became cold-shock
inducible (Mitta et al., 1997; Etchegaray and Inouye,
1999b). These results clearly indicate that the DB sequence
plays a crucial role in the cold shock induction. It is worth
mentioning that not only c¢spA but also other cold-shock
genes belonging to the Class | group, whose expression
is dramatically induced upon cold shock, contain the DB
sequence downstream of the initiation codon in their
mRNAs (Mitta et al., 1997). The formation of translation
initiation complex between mRNA for Class | cold-shock
genes and 16S rRNA is likely enhanced by the presence
of the DB sequence in concert with the SD sequence
(Etchegaray and Inouye, 1999b). The DB sequence is
therefore essential for the induction of cold-shock proteins
during the acclimation phase, when the translation initiation
for non-cold-shock proteins is blocked. In other words,
mRNAs for Class | cold-shock genes are efficiently
translated without any requirement of cold-shock proteins,
whose function is related to translation capacity, such as
IF-2, CsdA and RbfA.

It is interesting to note that when a translatable
truncated cspA mRNA is overexpressed at low temperature,
cell growth is completely blocked (Jiang et al., 1996b). This
effect was termed LACE (low-temperature antibiotic effect
of truncated cspA expression). It is considered to be caused
by the truncated cspA mRNA, which still possesses the
DB sequence. This mRNA may efficiently form an initiation
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Figure 1. Sequence Comparison of csp Genes

Comparison of characteristic regions of cspA, cspB, cspG, and cspl genes. Characteristic motifs are boxed. SD, Met and DB represent Shine-Dalgarno
sequence, translation initiation codon, and downstream box, respectively. Nucleotides identical to cspA are shown as dots and gaps are shown as dashes.
At the middle, schematic structure of these genes is presented. See text in details.
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complex, in such a way as almost all ibosomes are trapped
by the overproduced truncated cspA mRNAs. In fact, under
LACE, a high polysome profile, which is normally reduced
upon cold shock, was retained, resulting in production of
only truncated CspA products (Jiang et al., 1996b). This
also supports the notion that the DB sequence is crucial
for efficient translation upon cold shock.

In contrast, it is not well understood how the Class Il
cold-shock genes are induced. It should be noticed that
hns and gyrA are regulated by CspA at the level of
transcription upon cold shock, that is, CspA may help or
stabilize the open complex formation for transcription. It is
possible that the changes in DNA superhelicity may be
involved in cold-shock induction of these genes.

Regulation of cspA Expression

The cspA gene is located at 80.1 min on the E. coli
chromosome and it is monocistronically transcribed in a
clockwise direction. The most important feature is that the
cspA mRNA possesses an unusually long 5'-untranslated
region (5-UTR) consisting of 159 bases (Tanabe et al.,
1992). Since the cspA mRNA as well as CspA protein are
hardly detected at 37°C, it was suggested that cspA
expression is regulated at the level of transcription (Tanabe
et al., 1992). Since then, cspA expression has been
extensively analyzed, and it is currently considered to be
regulated at the levels of transcription, mRNA stability and
translation.

The cspA gene has a strong promoter equipped with
the UP element as well as the extended -10 sequence,
which is active at both 37°C and 15°C (Fang et al., 1997;
Goldenberg et al., 1997; Mitta et al., 1997) (Figure 1). When
the cspA promoter was replaced with the [pp promoter, a
constitutive, strong promoter of a major outer membrane
protein, cspA expression was still cold-shock inducible,
indicating that the cold-shock induction of CspA does not
depend on its promoter (Fang et al., 1997). However, the
expression level at 15°C is higher with the cspA promoter
than that with the Ipp promoter (Fang et al., 1997),
suggesting that the cspA promoter is one of the strongest
promoter in E. coli. The cspA promoter is equipped with
two unique motifs: one is the presence of an AT rich
sequence immediately upstream of the -35 region
(Goldenberg et al., 1997; Mitta et al., 1997). The AT rich
sequence, called the UP element, was reported to be
directly recognized by the a subunit of RNA polymerase
and to confer a strong transcription activity (Ross et al.,
1993). In fact, when the UP element was deleted from the
cspA promoter, the promoter activity was almost diminished
(Mitta et al., 1997). The second unique motif is the presence
of a TGn motif immediately upstream of the -10 region. It
was reported that this motif together with the -10 region
constitute a so called extended -10 region and if a promoter
contains the extended -10 region, the -35 region becomes
dispensable (Kumar et al., 1993). Moreover, the cspA
promoter itself was shown to be active even at 37°C, at
which the CspA protein is hardly detected (Mitta et al.,
1997). Thus, by virture of these two motifs, the cspA
promoter has a strong activity both at 37°C and 15°C. It
should be mentioned that transcription of the cspA gene
does not require any de novo protein synthesis upon cold
shock (Etchegaray and Inouye, 1999a). Note that unlike

the heat-shock response, no specific sigma factor
responsible for cold shock has been identified among
prokaryotes.

It is very important to notice that the cspA mRNA has
an unusually long 5-UTR (Tanabe et al., 1992) and is
extremely unstable at 37°C (half life; <12 sec) (Brandi et
al., 1996; Goldenberg et al., 1996; Fang et al., 1997).
Immediately upon cold shock, the cspA mRNA becomes
stable (half life; >20 min) (Brandi et al., 1996; Goldenberg
et al., 1996; Fang et al., 1997). Again, this stabilization of
the cspA mRNA upon cold shock does not require any de
novo protein synthesis (Etchegaray and Inouye, 1999a).
In the 5'-UTR, there is a putative RNaseE cleavage site
immediately upstream of the SD sequence. This site is
considered to be responsible for the extreme instability of
the cspA mRNA, since the three-base substitution mutation
at this region resulted in dramatic stabilization of the mRNA,
allowing a high CspA production even at 37°C (Fang et
al., 1997). When the region from +26 to +143 of the 5'-
UTR was deleted from the translational cspA-lacZ fusion
construct, high B-galactosidase activity was obtained even
at 37°C (Mitta et al., 1997). Thus, it is clear that the mRNA
stabilization plays a major role in cspA expression upon
cold shock and that the unusually long 5'-UTR is
responsible for its instability at 37°C, in other words, the
5'-UTR makes the cspA mRNA extremely unstable at 37°C.
As described above the cspA mRNA is constitutively
transcribed even at 37°C but can not be translated due to
its extreme instability. However, the exact mechanism of
the cspA mRNA stabilization upon cold shock is not known.
RNase, which is responsible for the degradation of the cspA
mRNA, may be somehow inactivated upon cold shock.
Alternatively, the secondary structure of the cspA mRNA
at 37°C may be highly susceptible to RNase but not be
accesible to ribosomes, while the secondary structure of
the cspA mRNA at low temperature may be changed to be
accesible to ribosomes. It is worth mentioning that although
the cspA mRNA becomes stable and is accumulated at
the nonpermissive temperaturte in the temperature-
sensitive RNaseE mutant, CspA production was not
detected under this condition (Fang et al., 1997),
suggesting that in addition to the stability of mRNA, the 5'-
UTR may have another role. This may be related to the
secondary structure of the cspA mRNA, its translation
efficiency and the transcription attenuation.

The 5-UTR of the cspA mRNA contains a unique
sequence called the cold box, which may form a stable
stem-loop structure (Jiang et al., 1996a) (Figure 1). CspA
is transiently produced during acclimation phase upon cold
shock. However, when the 5-UTR of the cspA mRNA or
the fragment containing the cold box sequence was
overexpressed at 15°C, CspA production became no more
transient. When CspA was simultaneously overproduced,
however, the normal transient expression was resumed
(Jiang et al., 1996a). Moreover, when the cspA gene without
the cold box sequence was reintroduced into a cspA
deletion mutant, CspA production was again poorly
repressed at the end of the acclimation phase (Bae et al.,
1997; Fang et al., 1998). These results clearly indicate that
the cold-box sequence plays an important role in
autoregulation of cspA expression.

Very recently, it has been reported that CspA is also
transiently induced during early exponential phase after



dilution of overnight culture at 37°C to a level of
approximately 100,000 molecules/cell (Brandi et al., 1999).
Therefore, they claimed that the designation of CspA as a
major cold-shock protein is a misnomer. However, upon
cold shock CspA is induced at a level of 800,000 to
1,000,000 molecules/cell, 8 to 10 times higher than the
transient expression at 37°C (Jiang et al., 1997).
Furthermore, when the temperature is lowered less than
10°C, CspA and its homologues CspB and CspG are major
proteins induced with little production of all the other cellular
proteins (Etchegaray et al., 1996). It is important to note
that well-established heat-shock proteins such as DnaK
and GroE are known to be constitutively expressed under
normal growth conditions (Yura et al., 1993). In addition,
heat-shock proteins can be induced without heat shock if
other stresses such as alcohol are given. Similarly, it has
been shown that CspA can also be induced at 37°C in the
presence of chloramphenicol (VanBogelen and Neidhardt
1990; Jiang et al., 1993; Etchegaray and Inouye 1999a).
Clearly CspA can be termed as a cold-shock protein, and
it is the major cold-shock protein in E. coli.

Structure and Function of CspA

CspA was originally identified as a major cold-shock protein
in E. coliand consists of 70 amino acid residues (Goldstein
etal., 1990). It has been purified and its three-dimensional
structure has also been determined by both X-ray
crystallography (Schindelin et al., 1994) and NMR
spectroscopy (Newkirk et al., 1994; Feng et al., 1998). It
exists as a monomer and consists of five anti-parallel B-
strands, B1 (K5-N13), 82 (F18-T22), 33 (D29-H33), B4
(Q49-E56) and B5 (A63-L70), forming a B-barrel structure
with two B-sheets (31-82-B3 and B4-B5) (Schindelin et al.,
1994; Newkirk et al., 1994; Feng et al., 1998). Five of the
hydrophobic residues (V9, 121, V30, V32, and V51) form
the hydrophobic core in the B-barrel structure (Feng et al.,
1998). It is particularly important to mention that the B-
sheet consisting of 31 to B3 contains seven out of eight of
aromatic residues (W11, F12, F18, F20, F31, F34 and Y42)
and two Lys residues (K10 and K16). Furthermore, on this
surface there are two RNA-binding motifs, RNP1
(K16GFGF|21) on B2 and RNP2 (V30FVHF34) on B3. CSpA
has been shown to bind to both single-stranded DNA
(ssDNA) and RNA (Jiang et al., 1997). Hydrophilic
interactions between CspA and nucleic acid occur through
aromatic residues on this surface of the CspA molecule. In
fact, it has been demonstrated that mutations of Phe
residues on this surface severly affected the DNA-binding
activity (Hillier et al., 1998). In the case of B. subtilis, CspB,
a major cold shock protein, has been shown to be highly
homologous to E. coli CspA (Willimsky et al., 1992). Its
three-dimensional structure has also been resolved to form
a similar B-barrel structure (Schindelin et al., 19983;
Schnuchel et al., 1993). Mutations of Phe residues in the
RNA-binding motifs has been shown to abolish the DNA-
binding activity (Schréder et al., 1995). These results clearly
indicate that the B-sheet of B1 to B3, especially RNA-
binding motifs, plays a crucial role in the binding of CspA
to nucleic acids.

E. coli CspA exists as a monomer (Schindelin et al.,
1994; Newkirk et al., 1994), while B. subtilis CspB exists
as a dimer, which is formed by intermolecular hydrogen
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bonds between B4 strands (Schindelin et al., 1993;
Schnuchel et al., 1993). What could be the determinant
for the dimer formation? It is speculated that the B4 strand
in E. coliCspA is somehow masked by its N-terminal region,
because E. coli CspA has an extra 3 amino acid residues
at its N-terminal region comparing to that of B. subtilis CspB
(Newkirk et al., 1994). Since a mutant CspA, which is
lacking the N-terminal 4 amino acid residues, still exists
as a monomer, it is unlikely that the N-terminal region is
involved in the inhibition of dimer formation (Wang et al.,
manuscript in preparation). Alternatively, the structural
differences, which are observed in the B4 strand and the
loop connecting strand B4 and B5, probably preclude dimer
formation in E. coli CspA (Makhatadze and Marahiel, 1994).
Interestingly, CspD, which is a member of the E. coli CspA
family but is not cold-shock inducible as discussed below,
was found to exist as a dimer (Yamanaka and Inouye,
unpublished). By analyzing several chimeric proteins
between CspA and CspD, it was recently found that only
the B4 strand is enough to determine the dimer formation.
When the B4 strand of CspA was replaced with the 34
strand of CspD, the resulting chimeric CspA became to be
a dimer (Yamanaka and Inouye, unpublished). Whether a
critical amino acid residue in the B4 strand exists or the
structure of the B4 strand is required for dimerization
remains to be addressed.

CspA binds cooperatively to RNA and ssDNA without
an apparent sequence specificity (Jiang et al., 1997).
Binding of CspA to RNA renders it more sensitive to RNase.
It is thus proposed that CspA functions as an RNA
chaperone to facilitate translation at low temperatures by
preventing the formation of stable secondary structures in
mRNAs (Jiang et al., 1997). In fact, in the cell free
translation system, which was prepared from cells grown
at 37°C, translation of the cspA mRNA was shown to be
enhanced by the addition of the purified CspA (Brandi et
al., 1996). Note that the CspA binding to RNA is rather
weak (Jiang et al., 1997), so that ribosome movement on
mRNA would not be hampered by the CspA binding.

The CspA Family of E. coli

The entire genome sequence of E. coli has been
determined. It possesses totally nine CspA homologues,
CspA to Cspl (Yamanaka et al., 1998). The lengths vary
from 69 to 74 amino acid residues and the identities
between each two proteins vary from 29 to 83%. The
secondary structure analysis by using the Chou-Fassman’s
method predicts that all of them likely form a B-barrel
structure as shown for CspA (Yamanaka et al., 1998).
Moreover, the RNA-binding motifs, RNP1 and RNP2, are
also well conserved among them except for CspF and
CspH, which have S16, K18, Q31, and V34 or 134 instead
of K16, F18, F31 and F34 for CspA, respectively,
suggesting that the E. coli CspA homologues are likely to
bind to nucleic acid (Yamanaka et al., 1998).

Among nine homologues, only four, CspA (Goldstein
et al., 1990), CspB (Lee et al., 1994; Etchegaray et al.,
1996), CspG (Nakashima et al., 1996), and Cspl (Wang et
al., 1999), are cold-shock inducible. Based on the
similarities of their primary amino acid sequences, they
may have a similar structure and function as CspA does. It
should be noted that although the cspA gene has been
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shown to be dispensable at both high and low
temperatures, the increased production of CspB and CspG
was observed upon cold shock in the cspA deletion mutant,
suggesting that the CspA function may be at least partially
complemented by CspB and CspG (Bae et al., 1997). Thus,
CspA, CspB, CspG, and Cspl may have overlapping
functions each other, if not the same.

In terms of regulation of gene expression, cspA, cspB,
csp@G, and cspl genes were revealed to share several
important features (Figure 1). (i) They all contain the UP
element upstream of the -35 region as well as the extended
-10 region in their promoter sequences, which are
considered to maintain the high promoter activity even at
low temperatures (Goldenberg et al., 1997; Mitta et al.,
1997; Wang et al., 1999). (ii) They all contain an unusually
long 5'-UTR in theirmRNAs (159, 161, 156, and 145 bases
for cspA, cspB, cspG, and cspl, respectively) (Tanabe et
al., 1992; Etchegaray et al., 1996; Nakashima et al., 1996;
Wang et al., 1999). As shown in the case of cspA, it is
believed that these 5'-UTRs play a crucial role in their cold-
shock inducibility. (iii) They all contain the cold box at the
5'-end region of their 5-UTRs, which plays a role in
autoregulation to repress their own gene expression at the
end of the acclimation phase (Jiang et al., 1996a; Bae et
al.,, 1997; Fang et al., 1998; Wang et al., 1999). (iv) They
all contain a DB sequence downstream of the translation
initiation codon, which plays an essential role in the cold-
shock induction by enhancing translation (Mitta et al., 1997;
Etchegaray and Inouye, 1999b). Taken altogether, it is likely
that expression of all four csp genes is regulated essentially
in the same manner. It should be mentioned, however, that
the optimal temperature ranges for the induction of these
genes are different (Etchegaray et al., 1996; Wang et al.,
1999). CspA induction occurs over the broadest
temperature range (30°C to 10°C), Cspl induction occurs
over the narrowest and lowest range (15°C to 10°C), and
CspB and CspG occurs at temperatures between the above
extremes (20°C to 10°C). The nucleotide sequences of
their 5-UTR are different, suggesting differences in their
mRNA secondary structure and therefore in their stabilities.
The 5'-UTR of the cold-shock inducible csp genes exert a
negative effect on their expression at 37°C, affecting their
mRNA stabilities and translation initiation efficiencies (Mitta
et al., 1997). These are likely to be differently modulated
upon cold shock, depending upon the secondary structure
of each mRNA. A smaller temperature difference woud be
enough for cspA expression, while a larger temperature
difference might be required for cspl expression.

CspC and CspE were originally isolated as multicopy
suppressors for a temperature-sensitive chromosome
partition mutant and are expressed at 37°C (Yamanaka et
al., 1994). CspE was also shown to be involved in
chromosome condensation (Hu et al., 1996) and to inhibit
the transcription antitermination mediated by Q protein of
phage A (Hanna and Liu, 1998). In a cspE deletion strain,
the synthesis of a number of proteins at 37°C was found
to be altered comparing to the wild-type strain. Interestingly,
cspA expression was derepressed at 37°C (Bae et al.,
1999). The derepression of cspA in the cspE mutant
occured at the level of transcription in a promoter-
independent manner but was not caused by stabilization
of the cspA mRNA, which is a major cause of CspA
induction upon cold shock (Bae et al.,, 1999). In vitro

transcription assays demonstrated that CspE may increase
the efficiency of transcription pausing through direct binding
to either the ssDNA or the nascent RNA of the cold box
region of cspA (Bae et al., 1999). Note that CspE can bind
to ssDNA and RNA (Bae et al., 1999). Moreover, CspE
has been shown to be able to interact with elongation
complexes containing RNAs as short as 10 nucleotides
through protein-RNA interactions (Hanna and Liu, 1998).
These results indicate that CspE functions as a negative
regulator for cspA expression at 37°C.

cspD expression is not cold-shock inducible but is
induced during the stationary phase and upon carbon
starvation (Yamanaka and Inouye, 1997). It was also shown
to be inversely dependent on growth rate. cspD expression
was suggested to be regulated at the level of transcription
rather than translation. However, it is independent of the
stationary sigma factor o (Yamanaka and Inouye, 1997).
No significant defect was observed in the cspD deletion
mutant and purified CspD can bind to ssDNA and RNA but
not to dsDNA (Yamanaka and Inouye, unpublished).
Interestingly, CspD exists as a dimer and the B4 strand is
found to be a determinant for dimer formation as described
above. Cellular function of CspD is yet to be determined.
Nothing is known about CspF and CspH.

The chromosomal location of nine genes for the E.
coli CspA family are as follows: cspE, 14.2 min (c); cspD,
19.9 min (cc); cspH, 22.6 min (cc); cspG, 22.6 min (c);
cspl, 35.3 min (cc); cspB, 35.3 min (cc); cspF, 35.3 min
(c); cspC, 41.1 min (cc); and cspA, 80.1 min (c), where in
parentheses ¢ and cc mean that transcription is occured
in clockwise and counter-clockwise direction, respectively
(Rudd, 1998; Yamanaka et al., 1998). The cspA gene
located at 80.1 min is unique among the family by being
closer to the DNA replication origin (84.6 min), while the
others are clustered from 14.2 min to 41.1 min, where the
DNA replication termination sites are also clustered. Based
on these facts together with sequence similarities, it was
proposed that the large CspA family of E. coliresulted from
several steps of gene duplications (Yamanaka et al., 1998).
Why did E. coli duplicate csp genes several times? As
mentioned above, the region where eight csp genes are
located corresponds to the region where the DNA
replication termination sites are clustered. The DNA
replication termination has to be tightly controlled. This
would be the reason the DNA replication termination sites
are duplicated several times. If csp genes and the DNA
replication termination sites are somehow linked, it is
possible that these might be co-duplicated. It is interesting
to mention that the clusters of cspE-cspH-cspG and cspC-
cspF-cspB are located in a mirror image centered around
28.8 min, where TerA, one of the DNA replication
termination site, is located (Yamanaka et al., 1998).

Evolution of the Cold-Shock Domain

Proteins homologous to CspA are found widely in
prokaryotes and to date, more than 90 CspA-like proteins
have been identified including Gram-positive and Gram-
negative bacteria, and psychrophilic, psychrotrophic,
mesophilic and thermophilic bacteria. However, csp-like
genes have not been found in the archaeal genomes
(Archaeoglobus  fulgidus, Methanobacterium
thermoautotrophicum, Methanococcus jannaschii, and



Pyrococcus horikoshii) and most of the parasites (Borrelia
burgdorferi, Chlamydia trachomati, Mycoplasma
pneumoniae, Mycoplasma genitalium, and Treponema
pallidum), whose entire genomes have been sequenced.
It can be considered that CspA-like proteins are not
required in the parasitic bacteria, since host cells would
possess their own response systems against any stresses.
One exception is Rickettsia prowazekii, which has one csp-
like gene (Andersson et al., 1998). In addition,
cyanobacteria also do not have a csp-like gene. However,
it has another cold-inducible RNA-binding protein RbpA1,
which does not belong to the CspA family but is similar to
the eukaryotic RNA-binding proteins, such as U1A snRNP
(Sato and Nakamura, 1998; Graumann and Marahiel,
1998). Interestingly, its expression is regulated by several
DNA-binding proteins, which bind to the 5'-UTR, at the level
of transcription.

Furthermore, eukaryotic Y-box proteins, such as
human YB-1 and Xenopus FRGY-2, contain a region called
cold-shock domain (CSD) with more than 40% identity to
E. coli CspA (Matsumoto and Wolffe, 1998; Yamanaka et
al., 1998). These facts indicate that the CSD is well-
conserved from prokaryotes to eukaryotes. Cellular
functions of the Y-box protein family are diverged and
include positive or negative transcriptional regulation
(Kashanchi et al., 1994; Ohmori et al., 1996; Ting et al.,
1994; Zou et al., 1995), translational masking of mRNAs
(Ranjan et al., 1993), signal transduction pathway (Duh et
al., 1995; Shinozaki and Yamaguchi-Shinozaki, 1996), cell
proliferation (Landomery and Sommerville, 1995; Bargou
etal., 1997), and development (Moss et al., 1997). It should
be mentioned that proteins of Y-box protein family are
relatively large comparing to those of CspA family by having
N- and C-terminal extra domains, which are thought to be
responsible for their diverged functions (Matsumoto and
Wolffe, 1998; Graumann and Marahiel, 1998).

From the evolutional aspect, it is interesting to note
that the archaea, which may be an ancestor for eukaryotic
nucleus, does not contain a csp-like gene, and that
eukaryotes have proteins containing a CSD as mentioned
above. Recently, a parasite Rickettsia prowazekii, which
is considered to be more closely related to eukaryotic
mitochondria than is any other microbe studied so far, was
revealed to contain a csp-like gene (Andersson et al.,
1998). Thus, it can be speculated that the ancestor of the
eukaryotic CSD might come from the ancestor of
mitochondria, which may be a bacterial parasite. Later on,
the gene for CSD was transferred from mitochondria to
nucleus and then diverged, probably by duplication, gene
arrangement, insertion and so on. It is also interesting to
mention that Mycobacterium tuberculosis and
Mycobacterium leprae possess two csp-like genes. One
seems to encode a bacterial CspA homologue, while
another seems to encode a eukaryotic Y-box protein
homologue, since it contains a C-terminal extra domain,
which possesses a similar feature as the C-terminal extra
domain of human YB-1 protein. It consists of alternating
regions of predominantly basic and acidic amino acid
residues, which is proposed to function as a charge-zipper
to mediate protein-protein interactions. Therefore, the
mycobacterial homologue is interesting from aspects of
both biological function and evolution of CSD.
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Concluding Remarks

All living organisms have developed the mechanisms to
respond to environmental stresses, such as temperature
fluctuation. In the case of temperature upshift (heat shock
response), the heat-shock sigma factor plays a crucial role
in induction of heat-shock proteins (Yura et al., 1993). Heat-
shock proteins, in particularly molecular chaperones and
proteases, are well-conserved from bacteria to human
(Hendrick and Hartl, 1993; Gottesman et al., 1997). This
is consistent with the notion that protein folding and
refolding and/or degradation are the most important issues
upon heat shock. In contrast, in the case of temperature
downshift (cold-shock response), no such a sigma factor
has been identified. Synthesis of cold-shock proteins
seems to be regulated mainly at the post-transcriptional
level as described above. Thus, the fate of individual mMRNA
for each cold-shock protein plays a central role in cold-
shock response. Most of the free living bacteria possess
at least one cold-shock-inducible CspA homologue, which
is likely function as an RNA chaperone (Jiang et al., 1997).
Cyanobacteria contain another type of cold-shock-inducible
RNA-binding protein rather than a CspA-like protein (Sato
and Nakamura, 1998; Graumann and Marahiel, 1998).
Furthermore, a cold-inducible RNA-binding protein has
been identified in human cells (Nishiyama et al., 1997).
RNA-binding proteins probably with an RNA chaperone
activity play a major role in cell proliferation at low
temperatures. In fact, it has been demonstrated that at least
one out of three CspA homologues is required for cell
growth in B. subtilis (Graumann et al., 1997). In the case
of E. coli, there are nine CspA homologues and it is
considered that their functions may overlap. Simultaneous
introduction of mutations of nine genes into one cell seems
to be a somewhat challenging task. However, a quadruple
deletion mutant (cspA cspB cspE csp@G) was obtained and
did show a cold-sensitive growth (Xia et al., unpublished).
These results indicate that RNA-binding proteins are
essential for bacterial growth. These facts are consistent
with the notion that translation block and stable secondary
structure formation of DNA and RNA are the major issues
upon cold shock.

It is interesting to notice that upon cold shock,
expression of heat-shock proteins is repressed (Taura et
al., 1989). When the heat-shock proteins are artificially
produced at low temperatures, cellular survival was lost
much faster (Kandror and Goldberg, 1997). These results
suggest that cold-shock proteins and heat-shock proteins
provide protection against opposite thermal extremes, but
these two protectors are tightly controlled not to be existing
simultaneously.

Very recently, it has been demonstrated that the rpoH
mRNA secondary structure at 42°C, which is accessible to
ribosomes, is different from that at 30°C, and that the rooH
mRNA structure itself is determinant for rpoH expression
without any other factors (Morita et al., 1999). Thus, it was
proposed that the rpoH mRNA acts as an RNA
thermosensor (Morita et al., 1999). It was also suggested
that lerF mRNA of Yersinia pestis and the A phage clll
mRNA might be other examples for RNA thermosensor
(Storz, 1999). CspA is not produced at 37°C because of
extreme instability of its mRNA, even though it is
transcribed. However, upon cold shock the cspA mRNA
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becomes stable and translatable with no requirement of
any de novo protein synthesis. Thus, the cspA mRNA is
designed to be unstable and non-translatable at high
temperatures, and simultaneously it is designed to be
stabilized and translatable at low temperatures without any
de novo protein synthesis. In this regard, mRNAs for cold-
shock proteins, at least CspA homologues, can be
considered to act as an RNA thermosensor, but in a different
manner from above mentioned examples.

Acknowledgements

The author greatly thank Prof. Masayori Inouye for providing great
opportunity to write this review, continuous warm support, and stimulating
discussions. The author also thank Dr. S Phadtare for critical reading of
this manuscript. This work was supported by a grant from the National
Institutes of Health (GM19043) to Dr. M. Inouye.

References

Aguilar, P.S., Cronan, J.E., and de Mendoza, D. 1998. A Bacillus subtilis
gene induced by cold shock encodes a membrane phospholipid
desaturase. J. Bacteriol. 180: 2194-2200.

Andersson, S.G.E., Zomorodipour, A., Andersson, J.O., Sicheritz-Ponten,
T., Alsmark, U.C.M., Podowski, R.M., Naslund, A.K., Eriksson, A.-S.,
Winkler, H.H., and Kurland, C.G. 1998. The genome sequence of
Rickettsia prowazekii and the origin of mitochondria. Nature. 396: 133-
140.

Bae, W., Jones, P.G., and Inouye, M. 1997. CspA, the major cold shock
protein of Escherichia coli, negatively regulates its own gene expression.
J. Bacteriol. 179: 7081-7088.

Bae, W., Phadtare, S., Severinov, K., and Inouye, M. 1999. Characterization
of Escherichia coli cspE, whose product negatively regulates transcription
of cspA, the gene for the major cold shock protein. Mol. Microbiol. 31:
1429-1441.

Bargou, R.C., Jurchott, K., Wagener, C., Bergmann, S., Metzner, S.,
Bommert, K., Mapara, M.Y., Winzer, K.J., Dietel, M., Dorken, B., and Royer,
H.D. 1997. Nuclear localization and increased levels of transcription factor
YB-1 in primary human breast cancers are associated with intrinsic MDR1
gene expression. Nature Med. 3: 447-450.

Bayles, D.O., Annous, B.A., and Wilkinson, B.J. 1996. Cold stress proteins
induced in Listeria monocytogenes in response to temperature downshock
and growth at low temperatures. Appl. Environ. Microbiol. 62: 1116-1119.

Berger, F., Morellet, N., Menu, F., and Potier, P. 1996. Cold shock and cold
acclimation proteins in the psychrotrophic bacterium Arthrobacter
globiformis SI55. J. Bacteriol. 178: 2999-3007.

Brandi, A., Pietroni, P., Gualerzi, C.O., and Pon, C.L. 1996. Post-
transcriptional regulation of CspA expression in Escherichia coli. Mol.
Microbiol. 19: 231-240.

Brandi, A., Pon, C.L., and Gualerzi, C.O. 1994. Interaction of the main cold
shock protein CS7.4 (CspA) of Escherichia coli with the promoter region
of hns. Biochimie. 76: 1090-1098.

Brandi, A., Spurio, R., Gualerzi, C.O., and Pon, C.L. 1999. Massive presence
of the Escherichia coli ‘major cold-shock protein’ CspA under non-stress
conditions. EMBO J. 18: 1653-1659.

Broeze, R.J., Solomon, C.J., and Pope, D.H. 1978. Effects of low
temperature on in vivo and in vitro protein synthesis in Escherichia coli
and Pseudomonas fluorescens. J. Bacteriol. 134: 861-874.

Cloutier, J., Prévost, D., Nadeau, P., and Antoun, H. 1992. Heat and cold
shock protein synthesis in arctic and temperate strains of Rhizobia. Appl.
Environ. Microbiol. 58: 2846-2853.

Dersch, P., Kneip, S., and Bremer, E. 1994. The nucleoid-associated DNA-
binding protein H-NS is required for the efficient adaptation of Escherichia
coli K-12 to a cold environment. Mol. Gen. Genet. 245: 255-259.

Duh, J.L., Zhu, H.A., Shertzer, H.G., Nebert, D.W., and Puga, A. 1995. The
Y-box motif mediates redox dependent transcriptional activation in mouse
cells. J. Biol. Chem. 270: 30499-30507.

Etchegaray, J.P., and Inouye, M. 1999a. CspA, CspB, and CspG, major
cold shock proteins of Escherichia coli, are induced at low temperature
under conditions that completely block protein synthesis. J. Bacteriol.
181: 1827-1830.

Etchegaray, J.P., and Inouye, M. 1999b. Translational enhancement by an
element downstream of the initiation codon in Escherichia coli. J. Biol.
Chem. 274: 10079-10085.

Etchegaray, J.P., Jones, P.G., and Inouye, M. 1996. Differential
thermoregulation of two highly homologous cold-shock genes, cspA and

cspB, of Escherichia coli. Genes Cells. 1: 171-178.

Fang, L., Hou, Y., and Inouye, M. 1998. Role of the cold-box region in the 5'
untranslated region of the cspA mRNA in its transient expression at low
temperature in Escherichia coli. J. Bacteriol. 180: 90-95.

Fang, L., Jiang, W., Bae, W., and Inouye, M. 1997. Promoter-independent
cold-shock induction of cspA and its derepression at 37°C by mRNA
stabilization. Mol. Microbiol. 23: 355-364.

Farewell, A., and Neidhardt, F.C. 1998. Effect of temperature on in vivo
protein synthetic capacity in Escherichia coli. J. Bacteriol. 180: 4704-
4710.

Feng, W., Tejero, R., Zimmerman, D.E., Inouye, M., and Montelione, G.T.
1998. Solution NMR structure and backbone dynamics of the major cold-
shock protein (CspA) from Escherichia coli: evidence for conformational
dynamics in the single-stranded RNA-binding site. Biochem. 37: 10881-
10896.

Friedman, H., Lu, P., and Rich, A. 1971. Temperature control of initiation of
protein synthesis in Escherichia coli. J. Mol. Biol. 61: 105-121.

Garwin, J.L., and Cronand.E.Jr. 1980. Thermal modulation of fatty acid
synthesis in Escherichia colidoes not involve de novo enzyme synthesis.
J. Bacteriol. 141: 1457-1459.

Garwin, J.L., Klages, A.L., and Cronan, J.E.Jr. 1980. 3-Ketoacyl-acyl carrier
protein synthase Il of Escherichia coli.: evidence for function in the thermal
regulation of fatty acid synthesis. J. Biol. Chem. 255: 3263-3265.

Goldenberg, D., Azar, |., and Oppenheim, A.B. 1996. Differential mRNA
stability of the cspA gene in the cold-shock response of Escherichia coli.
Mol. Microbiol. 19: 241-248.

Goldenberg, D., Azar, |., Oppenheim, A.B., Brandi, A., Pon, C.L., and
Gualerzi, C.O. 1997. Role of Escherichia coli cspA promoter sequences
and adaptation of translational apparatus in the cold shock response.
Mol. Gen. Genet. 256: 282-290.

Goldstein, E., and Drlica, K. 1984. Regulation of bacterial DNA supercoiling:
plasmid linking numbers vary with growth temperature. Proc. Natl. Acad.
Sci. USA. 81: 4046-4050.

Goldstein, J., Pollitt, N.S., and Inouye, M. 1990. Major cold shock proteins
of Escherichia coli. Proc. Natl. Acad. Sci. USA. 87: 283-287.

Goéthel, S.F., Scholz, C., Schmid, F.X., and Marahiel, M.A. 1998. Cyclophilin
and trigger factor from Bacillus subtilis catalyze in vitro protein folding
and are necessary for viability under starvation conditions. Biochem. 37:
13392-13399.

Gottesman, S., Wickner, S., and Maurizi, M.R. 1997. Protein quality control:
triangle by chaperones and proteases. Genes Dev. 11: 815-823.

Graumann, P., and Marahiel, M.A. 1998. A superfamily of proteins that
contain the cold-shock domain. Trends Biochem. Sci. 23: 286-290.

Graumann, P., Schréder, K., Schmid, R., and Marahiel, M.A. 1996. Cold
shock stress-induced proteins in Bacillus subtilis. J. Bacteriol. 178: 4611-
4619.

Graumann, P., Wendrich, T.M., Weber, M.H.W., Schroder, K., and Marahiel,
M.A. 1997. A family of cold shock proteins in Bacillus subtilis is essential
for cellular growth and for efficient protein synthesis at optimal and low
temperatures. Mol.Microbiol. 25: 741-756.

Gumley, A.W., and Inniss, W.E. 1996. Cold shock proteins and cold
acclimation proteins in the psychrotrophic bacterium Pseudomonas putida
Q5 and its transconjugant. Can. J. Microbiol. 42: 798-803.

Hanna, M.H., and Liu, K. 1998. Nascent RNA in transcription complexes
interacts with CspE, a small protein in E. coli implicated in chromatin
condensation. J. Mol. Biol. 282: 227-239.

Hebraud, M., Dubois, E., Potier, P., and Labadie, L. 1994. Effect of growth
temperatures on the protein levels in a psychrotrophic bacterium,
Pseudomonas fragi. J. Bacteriol. 176: 4017-4024.

Hendrick, J.P., and Hartl, F.-U. 1993. Molecular chaperone functions of
heat-shock proteins. Annu. Rev. Biochem. 62: 349-384.

Herrler, M., Bang, H., and Marahiel, M.A. 1994. Cloning and characterization
of ppiB, a Bacillus subtilis gene which encodes a cyclosporin A-sensitive
peptidyl-prolyl cis-trans isomerase. Mol. Microbiol. 11: 1073-1083.

Hillier, B.J., Rodriguez, H.M., and Gregoret, L.M. 1998. Coupling protein
stability and protein function in Escherichia coli CspA. Folding Design. 3:
87-93.

Hu, K.H., Liu, E., Dean, K., Gingras, M., DeGraff, W., and Trun, N.J. 1996.
Overproduction of three genes leads to camphor resistance and
chromosome condensation in Escherichia coli. Genetics. 143: 1521-1532.

Jiang, W., Fang, L., and Inouye, M. 1996a. The role of 5'-end untranslated
region of the mRNA for CspA, the major cold-shock protein of Escherichia
coli, in cold-shock adaptation. J. Bacteriol. 178: 4919-4925.

Jiang, W., Fang, L., and Inouye, M. 1996b. Complete growth inhibition of
Escherichia coli by ribosome trapping with truncated cspA mRNA at low
temperature. Genes Cells. 1: 965-976.

Jiang, W., Jones, P., and Inouye, M. 1993. Chloramphenicol induces the
transcription of the major cold shock gene of Escherichia coli, cspA. J.



Bacteriol. 175: 5824-5828.

Jiang, W., Hou, Y., and Inouye, M. 1997. CspA, the major cold-shock protein
of Escherichia coli, is an RNA chaperone. J. Biol. Chem. 272: 196-202.
Jones, P.G., Cashel, M., Glaser, G., and Neidhardt, F.C. 1992a. Function
of a relaxed-like state following temperature downshifts in Escherichia

coli. J. Bacteriol. 174: 3903-3914.

Jones, P.G., and Inouye, M. 1994. The cold-shock response - a hot topic.
Mol. Microbiol. 11: 811-818.

Jones, P.G., and Inouye, M. 1996. RbfA, 30S ribosomal binding factor, is a
cold-shock protein whose absence triggers the cold-shock response. Mol.
Microbiol. 21: 1207-1218.

Jones, P.G., Krah, R., Tafuri, S.R., and Wolffe, A.P. 1992b. DNA gyrase,
CS7.4, and the cold shock response in Escherichia coli. J. Bacteriol. 174:
5798-5802.

Jones, P.G., Mitta, M., Kim, Y., Jiang, W., and Inouye, M. 1996. Cold shock
induces a major ribosomal-associated protein that unwinds double-
stranded RNA in Escherichia coli. Proc. Natl. Acad. Sci. USA. 93: 76-80.

Jones, P.G., VanBogelen, R.A., and Neidhardt, F.C. 1987. Induction of
proteins in response to low temperature in Escherichia coli. J. Bacteriol.
169: 2092-2095.

Kandror, O., and Goldberg, A.L. 1997. Trigger factor is induced upon cold
shock and enhances viability of Escherichia coli at low temperatures.
Proc. Natl. Acad. Sci. USA. 94: 4978-4981.

Kandror, O., Sherman, M., Moerschell, R., and Goldberg, A.L. 1997. Trigger
factor associates with GroEL in vivo and promotes its binding to certain
polypeptides. J. Biol. Chem. 272: 1730-1734.

Kandror, O., Sherman, M., Rhode, M., and Goldberg, A.L. 1995. Trigger
factor is involved in GroEL-dependent protein degradation in Escherichia
coli and promotes binding to GroEL to unfolded proteins. EMBO J. 14:
6021-6027.

Kashanchi, F., Duvall, J.F., Dittmer, J., Mireskandari, A., Reid, R.L., Gitlin,
S.D., and Grady, J.N. 1994. Involvement of transcription factor YB-1 in
human T-cell lymphotropic virus Type | basal gene expression. J. Virol.
68: 561-565.

Kumar, A., Malloch, R.A., Fujita, N., Smillie, D.A., Ishihama, A., and Hayward,
R.S. 1993. The minus 35 region of Escherichia colisigma 70 is inessential
for initiation of transcription at an ‘extended minus 10’ promoter. J. Mol.
Biol. 232: 406-418.

Landomery, M., and Sommerville, J. 1995. A role for Y-box proteins in cell
proliferation. BioEssays. 17: 9-11.

LaTeana, A., Brandi, A., Falconi, M., Spurio, R., Pon, C.L., and Gualerzi,
C.0. 1991. Identification of a cold shock transcriptional enhancer of the
Escherichia coli gene encoding nucleoid protein H-NS. Proc. Natl. Acad.
Sci. USA. 88: 10907-10911.

Lee, S.J., Xie, A., Jiang, W., Etchegaray, J.-P., Jones, P.G., and Inouye, M.
1994. Family of the major cold-shock protein, CspA (CS7.4) of Escherichia
coli, whose members show a high sequence similarity with the eukaryotic
Y-box binding proteins. Mol. Microbiol. 11: 833-839.

Lelivelt, M.J., and Kawula, T.H. 1995. Hsc66, an Hsp70 homolog in
Escherichia coli, is induced by cold shock but not by heat shock. J.
Bacteriol. 177: 4900-4907.

Lottering, E.A., and Streips, U.N. 1995. Induction of cold shock proteins in
Bacillus subtilis. Curr. Microbiol. 30: 193-199.

Mackow, E.R., and Chang, F.N. 1983. Correlation between RNA synthesis
and ppGpp content in Escherichia coli during temperature shifts. Mol.
Gen. Genet. 192: 5-9.

Makhatadze, G.l., and Marahiel, M.A. 1994. Effect of pH and phosphate
ions on self-association properties of the major cold-shock protein from
Bacillus subtilis. Protein Sci. 3: 2144-2147.

Marr, A.G., and Ingraham, J.L. 1962. Effects of temperature on the
composition of fatty acids in Escherichia coli. J. Bacteriol. 84: 1260-1267.

Matsumoto, K., and Wolffe, A.P. 1998. Gene regulation by Y-box proteins:
coupling control of transcription and translation. Trends Cell Biol. 8: 318-
323.

McGovern, V.P. and Oliver, J.D. 1995. Induction of cold-responsive proteins
in Vibrio vulnificus. J. Bacteriol. 177: 4131-4133.

Michel, V., Labadie, J., and Hébraud, M. 1996. Effect of different temperature
upshifts on protein synthesis by the psychrotrophic bacterium
Pseudomonas fragi. Curr. Microbiol. 33: 16-25.

Michel, V., Lehoux, ., Depret, G., Anglade, P., Labadie, J., and Hebraud,
M. 1997. The cold shock response of the psychrotrophic bacterium
Pseudomonas fragiinvolves four low-molecular-mass nucleic acid-binding
proteins. J. Bacteriol. 179: 7331-7342.

Mitta, M., Fang, L., and Inouye, M. 1997. Deletion analysis of cspA of
Escherichia coli: requirement of the AT-rich UP element for cspA
transcription and the downstream box in the coding region for its cold
shock induction. Mol. Microbiol. 26: 321-335.

Mizushima, T., Kataoka, K., Ogata, Y., Inoue, R., and Sekimizu, K. 1997.

Cold-Shock Response in Escherichia coli 201

Increase in negative supercoiling of plasmid DNA in Escherichia coli
exposed to cold shock. Mol. Microbiol. 23: 381-386.

Morita, M.T., Tanaka, Y., Kodama, T., Kyogoku, Y., Yanagi, H., and Yura, T.
1999. Translational induction of heat shock transcription factor o%:
evidence for a built-in RNA thermosensor. Genes Dev. 13: 655-665.

Moss, E.G., Lee, R.C., and Ambros, V. 1997. The cold shock domain protein
LIN-28 controls developmental timing in C. elegans and is regulated by
the lin-4 RNA. Cell. 88: 637-646.

Nakashima, K., Kanamaru, K., Mizuno, T., and Horikoshi, K. 1996. A novel
member of the cspA family of genes that is induced by cold-shock in
Escherichia coli. J. Bacteriol. 178: 2994-2997.

Newkirk, K., Feng, W., Jiang, W., Tejero, R., Emerson, S.D., Inouye, M.,
and Montelione, G.T. 1994. Solution NMR structure of the major cold
shock protein (CspA) from Escherichia coli: identification of a binding
epitope for DNA. Proc. Natl. Acad. Sci. USA. 91: 5114-5118.

Nishiyama, H., Higashitsuji, H., Yokoi, H., Ito, K., Danno, S., Matsuda, T.,
and Fuijita, J. 1997. Cloning and characterization of human CIRP (cold
inducible RNA-binding protein) cDNA and chromosomal assignment of
the gene. Gene. 204: 115-120.

Ohmori, M., Shimura, H., Shimura, Y., and Kohn, L.D. 1996. A Y-box protein
is a suppressor factor that decreases thyrotropin receptor gene expression.
Mol. Endocrinol. 10: 76-89.

Panoff, J.-M., Corroler, D., Thammavongs, B., and Boutibonnes, P. 1997.
Differentiation between cold shock proteins and cold acclimation proteins
in a mesophilic Gram-positive bacterium, Enterococcus faecalis JH2-2.
J. Bacteriol. 179: 4451-4454.

Panoff, J.-M., Legrand, S., Thammavongs, B., and Boutibonnes, P. 1994.
The cold shock response in Lactococcus subsp. lactis. Curr. Microbiol.
29:213-216.

Phan-Thanh, L., and Gormon, T. 1995. Analysis of heat and cold shock
proteins in Listeria by two-dimensional electrophoresis. Electrophoresis.
16: 444-450.

Ranjan, M., Tafuri, S., and Wolffe, A.P. 1993. Masking mRNA from translation
in somatic cells. Genes Dev. 7: 1725-1736.

Roberts, M.E., and Inniss, W.E. 1992. The synthesis of cold shock proteins
and cold acclimation proteins in the psychrophilic bacterium Aquaspirillum
arcticum. Curr. Microbiol. 25: 275-278.

Ross, W., Gosink, K.K., Salomon, J., Igarashi, K., Zou, C., Ishihama, A.,
Severinoy, K., and Gourse, R.L. 1993. A third recognition element in
bacterial promoters: DNA binding by the a subunit of RNA polymerase.
Science. 262: 1407-1413.

Rudd, K.E. 1998. Linkage map of Escherichia coli K-12, edition 10: the
physical map. Microbiol. Mol. Biol. Rev. 62: 985-1019.

Sakamoto, T., and Bryant, D.A. 1997. Temperature-regulated mRNA
accumulation and stabilization for fatty acid desaturase genes in the
cyanobacteriim Synechococcus sp. strain PCC 7002. Mol. Microbiol. 23:
1281-1292.

Sato, N., and Nakamura, A. 1998. Involvement of the 5'-untranslated region
in cold-regulated expression of the rbpA1 gene in the cyanobacterium
Anabaena variabilis M3. Nucleic Acids Res. 26: 2192-2199.

Schindelin, H., Jiang, W., Inouye, M., and Heinemann, U. 1994. Crystal
structure of CspA, the major cold shock protein of Escherichia coli. Proc.
Natl. Acad. Sci. USA. 91: 5119-5123.

Schindelin, H., Marahiel, M.A., and Heinemann, U. 1993. Universal nucleic
acid-binding domain revealed by crystal structure of the B. subtilis major
cold-shock protein. Nature. 364: 164-168.

Schnuchel, A., Wiltscheck, R., Czisch, M., Herrler, M., Willimsky, G.,
Graumann, P., Marahiel, M.A., and Holak, T.A. 1993. Structure in solution
of the major cold-shock protein from Bacillus subtilis. Nature. 364: 169-
171.

Scholz, C., Stoller, G., Zarnt, T., Fischer, G., and Schmid, F.X. 1997.
Cooperation of enzymatic and chaperone functions of trigger factor in
catalysis of protein folding. EMBO J. 16: 54-58.

Schréder, K., Graumann, P., Schnuchel, A., Holak, T.A., and Marahiel, M.A.
1995. Mutational analysis of the putative nucleic acid-binding surface of
the cold-shock domain, CspB, revealed an essential role of aromatic and
basic residues in binding of single-stranded DNA containing the Y-box
motif. Mol. Microbiol. 16: 699-708.

Shinozaki, K., and Yamaguchi-Shinozaki, K. 1996. Molecular responses to
drought and cold stress. Curr. Opin. Biotechnol. 7: 161-167.

Sinensky, M. 1974. Homeoviscous adaptation - a homeostatic process that
regulates the viscosity of membrane lipids in Escherichia coli. Proc. Natl.
Acad. Sci. USA. 71: 522-525.

Sprengart, M.L., Fatscher, H.P., and Fuchs, E. 1990. The initiation of
translation in E. coli: apparent base pairing between the 16S RNA and
downstream sequences of the mRNA. Nucleic Acids Res. 18: 1719-1723.

Sprengart, M.L., Fuchs, E., and Porter, A.G. 1996. The downstream box:
an efficient and independent translation initiation signal in Escherichia



202 Yamanaka

coli. EMBO J. 15: 665-674.

Stoller, G., Rucknagel, K.P., Nierhaus, K.H., Schmid, F.X., Fischer, G., and
Rahfeld, J.U. 1995. A ribosome-associated peptidyl-prolyl cis/trans
isomerase identified as the trigger factor. EMBO J. 14: 4939-4948.

Stoller, G., Tradler, T., Rucknagel, K.P., Rahfeld, J.U., and Fischer, G. 1996.
An 11.8 kDa proteolytic fragment of the E. coli trigger factor represents
the domain carrying the peptidyl-prolyl cis/trans isomerase activity. FEBS
Lett. 384: 117-122.

Storz, G. An RNA thermometer. 1999. Genes Dev. 13: 633-636.

Tanabe, H., Goldstein, J., Yang, M., and Inouye, M. 1992. Identification of
the promoter region of the Escherichia coli major cold shock gene, cspA.
J. Bacteriol. 174: 3867-3873.

Taura, T., Kusukawa, N., Yura, T, and Ito, K. 1989. Transient shut-off of
Escherichia coli heat shock protein synthesis upon temperature shift down.
Biochem. Biophys. Res. Commun. 163: 438-443.

Thieringer, H.A., Jones, P.G., and Inouye, M. 1998. Cold shock and
adaptation. BioEssays. 20: 49-57.

Ting, J.P.Y,, Painter, A., Zeleznik-Le, N.J., MacDonald, G., Moore, TM.,
Brown, A., and Schwartz, B.D. 1994. YB-1 DNA binding protein represses
interferon gamma activation of class Il major histocompatibility complex
genes. J. Exp. Med. 179: 1605-1611.

VanBogelen, R.A., and Neidhardt, F.C. 1990. Ribosomes as sensors of
heat and cold shock in Escherichia coli. Proc. Natl. Acad. Sci. USA. 87:
5589-5593.

Wang, N., Yamanaka, K., and Inouye, M. 1999. Cspl, the ninth member of
the CspA family of Escherichia coli, is induced upon cold shock. J.
Bacteriol. 181: 1603-1609.

Whyte, L.G., and Inniss, W.E. 1992. Cold shock proteins and cold
acclimation proteins in a psychrotrophic bacterium. Can. J. Microbiol. 38:
1281-1285.

Willimsky, G., Bang, H., Fischer, G., and Marahiel, M.A. 1992.
Characterization of cspB, a Bacillus subtilis inducible cold shock gene
affecting cell viability at low temperatures. J. Bacteriol. 174: 6326-6335.

Yamanaka, K., Fang, L., and Inouye, M. 1998. The CspA family in
Escherichia coli: multiple gene duplication for stress adaptation. Mol.
Microbiol. 27: 247-255.

Yamanaka, K., and Inouye, M. 1997. Growth-phase-dependent expression
of cspD, encoding a member of the CspA family in Escherichia coli. J.
Bacteriol. 179: 5126-5130.

Yamanaka, K., Mitani, T., Ogura, T., Niki, H., and Hiraga, S. 1994. Cloning,
sequencing, and characterization of multicopy supressors of a mukB
mutation in Escherichia coli. Mol. Microbiol. 13: 301-312.

Yura, T., Nagai, H., and Mori, H. 1993. Regulation of the heat-shock response
in bacteria. Annu. Rev. Microbiol. 47: 321-350.

Zou, Y., and Chien, K.R. 1995. EF1A/YB-1 is a component of cardiac HF-
1A binding activity and positively regulates transcription of the myosin
light-chain 2V gene. Mol. Cell. Biol. 15: 2972-2982.



