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Balanced growth of every microorganism is
maintained within a well-defined temperature
range. Within the normal range of temperature,
the cell composition is very similar and any
minor upshift of temperature results in the in-
stantaneous growth at the characteristic
growth rate. Temperature shifts outside of that
range cause pronounced physiological
changes, which are essential to support growth
athighand low temperatures. Itis believed that
these changes serve adaptive functions.

Up-to-date, the best characterized adaptive
response is the heat shock response, universal
for prokaryotic and eukaryotic cells. The func-
tions of heat shock proteins [1-3] and the mole-
cular basis of regulation of the heat shock
response [4-6] are described in detail.

Recent extensive studies on the physiology of
the cell at low temperature, especially but not
exclusively Escherichia coli, lead to the dis-
covery of the cold shock response. Transferring
E. coli cells from 37°Cto 10°C resultsinad hlag
period of growth followed by reasumption of
growth with the generation time of 24 h [7]. The
growth resumption is observed only when the
temperature does not drop below 7.8°C [8].
Several experimental data suggest that the in-
hibition of translation initiation is responsible
for the lag period and the minimal growth tem-
perature [7, 9-11). During the growth lag the
number of synthesized proteins is dramatically
reduced and at one time-point only about two
dozen proteins are made [7].

The cold shock response includes specific
changes in gene expression following the tem-
perature downshift and is characterized by: a)
transient induction of several cold shock pro-
teins despite the severe reduction of total pro-
tein synthesis, b) continuous synthesis of
transcriptional and translational proteins dur-
ing the lag period and c¢) specific repression of
heat shock proteins [7, 12]. After the transfer of
E. coli to 10°C the response and therefore the
adaptive changes of cell physiology, which
allow the subsequent growth resumption,
reach their maximun during the 4 h lag period.
The cold shock response is induced with any
downshift of at least 13°C and its magnitude
depends on the range of temperature shift [8].

A lot of information about the cold shock
response have been obtained during the last
few years. Several cold shock proteins were
identified [7, 13-21]). Moreover, the possible
regulators of cold shock proteins expression
were discovered recently [22-24] and also the
interaction of the cold shock response with the
stringent response [12] and the induction of the
response by other stimuli [25, 26] were re-
vealed.

COLD SHOCK PROTEINS
Esclierichia coli

Following a shift to 10°C, 13 cold shock pro-
teins are expressed at the rates 2 to 200 times
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greater than at 37°C, as was identified by two-
dimensional gel electrophoresis followed by
autoradiography of total [>*S)methionine la-
belled cell extracts. Some of these proteins,
listed in Table 1, were identified and were
shown to beinvolved in various crucial cellular
processes (7, 8, 16].

Protein NusA has a dual cellular function. It
can act as transcription termination factor but,
in a specific situation created by N-antitermi-
nation complex, its opposite antitermination
activity is revealed (for review see [27, 28]).

Initiation factor 2 (IF2) mediates the binding
of charged tRNA™€ o the 30S ribosomal sub-
unit for initiation of translation. Inaddition, IF2
helps the association of the two ribosomal sub-
units and has a GTPase activity in the presence
of ribosomes (for review see [29, 30]). The genes
encoding two proteins, the members of nusA-
infB operon [29,31] were located adjacent to 515
operon which comprises prip gene encoding
polynucleotide phosphorylase [32] involved in
degradation of mRNA [33]. Although cotran-
scription of the operons has been detected in
some conditions, it remains to be elucidated
whether pnp is cotranscribed with nusA and
infB following the cold shock [8].

RecA protein plays a very important role in
homologous recombination and SOS response
(for review see [34]).

H-NS is a neutral protein with a strong DNA-
binding affinity. However H-NS does not wrap

DINA in vitro, protein binding compacts DNA
significantly. Moreover, H-NS may make DNA
inaccessible to other DN A binding proteins, as
was suggested by its negative effect on tran-
scription and illegitimate recombination (for
review see [35]).

Yet another cold shock protein is gyrase A (o
subunit of the topoisomerase DINA gyrase), the
enzyme involved in the proper DN A supercoil-
ing [36].

Other cold shock proteins (not included in
Table 1) are: pyruvate dehydrogenase (lipo-
amide), dihydrolipoamide acetyltransferase of
pyruvate dehydrogenase [16, 22] and unchar-
acterized proteins F84.0, G41.2, G55.0 and
G74.0 [8].

Last but not least, the list of cold shock pro-
teins should be supplemented by the CspA
family.

Protein CspA (C57.4 or F10.6) is induced 200-
fold following the shift from 37°C to 10°C and
then it contributes to 13% of total protein syn-
thesis. Therefore CspA has been named the
major cold shock protein [7, 16]. Subsequently
it has been proved that CspA is induced at the
transcriptional level [25, 37]. Since the induc-
tion of CspA occurs immediately after the tem-
perature shift, cspA gene expression may be
repressed at high temperature by a specific re-
pressor, which becomes inactive at low tem-
perature [8]. Unlike other cold shock proteins,
even traces of CspA are not detected at high

Table 1

Cold shock proteins in E. coli.
IF2, initiation factor 2; PNPase, polynucleotide phosphorylase; n.d., not determined.

Protein Gene Map position Function
NusA usA 69° anminaﬁu:;n ::md antitermination of
franscriphion
1F2 infB 69’ Initiation of translation
PNPase prp 69 Degradation of mRNA
H-NS hns o7 DNA compactness, inhibition of transcription
(osmZ, belY) and illegitimate recombination o
Gyrase A ayrA 48’ DM A supercoiling
S
CspA espA i Eiﬁaﬁtf}c?&dslﬂgck genes transcription
CspB cspB a5 n.d.
CspC cspC 40" n.d.
CspD cspD 19" n.d.
CspE cspE n.d. n.d.
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Fig. 1. Comparison of CspA-like proteins.

The sequences of E. coli CspA, B. subtilis CspB, 5. clavuligerus 5C7.0 and Homo sapiens “cold-shock domain” of YBI1 protein

arc after references 16, 21, 14 and 38, respectively.

temperature due to the instability of the tran-
script [16]. The transcription start site (+1) of
cspA gene was identified. In vive footprinting
experiment demonstrated that the region up-
stream of the cspA promoter, from bases -35 to
-73, was protected, and gel mobility shift ana-
lysis showed that a cold-shocked cell extract
contained a factor(s) specifically bound to the
fragment containing the sequence between
bases —63 and -92 [37].

CspA is a hydrophilic protein of 70 amino-
-acid residues encoded by the cspA gene map-
ped at 79 min [16] and shows sequence simi-
larity to cold shock proteins from other bacteria
[14, 21] and to the “cold-shock domain® of eu-
karyotic Y-box transcription factors [38] (Fig. 1).

Experimental data suggest the involvement of
CspA in the transcriptional activation of other
cold shock genes. Using hns-cat transcriptional
fusion, it was demonstrated that CspAbindsto,
and stimulates transcription of the cold shock
gene hns [23]. The positive effect on transcrip-
tion of gyrA gene was also proved, moreover it
was shown that CspA binds specifically to
ATTGG sequence located in the gyrA promoter.
It is highly probable that CspA enhances the
expression of two other cold shock proteins
(G55.0 and G41.2 [22].

The secondary structure of CspA was ana-
lyzed by examining circular dichroism at both
far- and near-UV regions; the results suggested
that the protein is largely -sheet in conforma-
tion. The predominance of f-sheet structure
was confirmed further by using Fourier-trans-

form infrared spectroscopy. The folded com-
pact conformation was also verified by fluores-
cence emission spectroscopy. The protein is
relatively small and contains no disulfite
bonds, it is also stable to heat denaturation [39].

The tertiary structure of CspA has been deter-
mined recently by X-ray crystallography ana-
lysis [40] and nuclear magnetic resonance [41].
CspAis composed of five antiparallel f-strands
forming a closed five-stranded B-barrel (Fig. 2).
The surface of CspA containing an unusual

Fig. 2. Three-dimensional structure of CspA.
p-Strands are given as curved arrows and are numboered
p1-5. Loops between strands are numbered L1-L4 (after
[407).
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cluster of aromatic side chains is characteristic
for a protein interacting with single-stranded
nucleic acids [40].

CspA canserve a general function, interacting
with DNA or possibly RNA. This hypothesis is
highly probable, considering the huge intracel-
lular protein concentration (a few hundred
thousand molecules per cell). The role of pro-
tein in transcription activation was already
mentioned above. Its function can be executed
by converting the closed complex to an open
one during transcription initiation. Although it
has been demonstrated that CspA recognizes a
specific DNA sequence [22], it may recognize
RNA as well. It can be speculated that CspA
displays “RNA chaperone-like” function and
acts by unwinding tightly folded RNA mole-
cules, especially at low temperatures. “RNA
chaperone--like” functions have been reported
for eukaryotic RNA-binding proteins, some of
which show sequence similarity to Csp [42].

E. coli has at least 4 other proteins, members
of CspA family, i.e. CspB, CspC, CspD and
CspE with 79%, 70%, 45% and 70% sequence
identity to CspA, respectively. The cold shock
inducible activation of transcription of cspB
gene was proved recently [17].

Other bacteria

The effect of low temperature on gene ex-
pression has been examined in various bacteria
besides E. coli.

In Bacillus subtilis cold-shock protein CspB
with 61% identity with CspA has been found
[21]. The expression of cspB geneis induced six-
to eightfold upon temperature downshift;
regulation seems to be at transcriptional level.
CspB does not seem essential for bacterial
growth at high and even lower but still moder-
ate temperatures but the viability of cspB mu-
tant at freezing temperatures was strongly
affected [21]. The protein was crystalyzed and
its structure was determined from two crystal
forms. In both CspB is present as an antiparallel
five-stranded B-barrel with strands connected
by turns and loops. Such structure resembles
that of staphylococcal nuclease and bacterioph-
age fd (M13) gene-5 protein. According to gel
shift experiments, CspB can bind to ssDNA
containing CCAAT motif. Protein surface rich
in aromatic and basic residues is probably in-
volved in nucleic acids binding [43, 44].

Another gram positive bacterium, Strepfo-
myces clavuligerus, also contains a 7.0 kDa pro-
tein that closely resembles E. coli CspA. The two
proteins share 56% sequence identity and more
than 80% sequence similarity, which suggests
that they may have a common biological func-
tion [14].

Cold shock response has been intensively stu-
died in psychrophilic bacteria. Cold-adapted
arctic rhizobia produced at least five proteins
(52.0, 38.0, 23.4, 22.7 and 11.1 kDa) under the
cold shock conditions. However, adaptation to
cold by these bacteria does not seem to provide
them with better survival at freezing tempera-
ture comparing with the temperate strains [15].
The synthesis of cold shock proteins (csps) and
cold acclimation proteins (caps) in response to
continuous growth at low temperature in the
psychrophile Aquaspirillum arclicum was inves-
ligated. Cold shock treatments (10°C to 0°C,
5°C to 0°C, 10°C to 5°C) induced a total of 14
csps, 6 of which were induced by all three kinds
of cold shocks. The production of caps in re-
sponse to continuous growth at 0°C was also
showed. Five out of eight caps produced were
also csps which suggests that these proteins
may share a common involvement in cold
adaptation [20]. The presence of cold shock
proteins has been reported in other psychro-
philic bacteria — Arthrobacter globiformis S155
[19] and Vibrio sp. strain ANT-300 [45]). In Vibrio
dramatic increases in the rates of synthesis of
39 proteins were induced immediately upon a
shift from 13°C to 0°C [13].

REPRESSION OF HEAT SHOCK RESPON-
SE AND CONTINUED SYNTHESIS OF
TRANSCRIPTIONAL AND TRANSLATIO-
NAL PROTEINS

A drop in temperature (13°C or more) leads
to a severe specific repression of heat shock
proteins. The repression is transient and
canceled gradually to a new steady state level
in 60-80 min [46]. Other conditions that cause
both, a decrease in the translational capacity of
the cell and a stimulation of ribosome forma-
tion, such as deprivation of a streptomycin-de-
pendent mutant of streptomycin, tetracycline
addition to a partially tetracycline-resistant
strain, addition of chloramphenicol, tetracy-
cline, erythromycin or spiramycin to sensitive
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E. coli strain and nutritional shift up, all result
in the repression of heat shock response with
the simultaneous induction of cold shock pro-
tein synthesis [26].

During the lag period, which occurs follow-
ing temperature downshift, continued syn-
thesis of many components of transcriptional
and translational machinery takes place [12].
This observation is very interesting, while con-
sidering repression of transcription and trans-
lation usually observed when growth is
arrested.

The search for the intracellular factor(s)
which can influence the observed high level of
transcriptional and translational components,
pointed to the role of guanosine 5-triphos-
phate-3’-diphosphate and guanosine 5-di-
phosphate-3"-diphoshate, collectively abbre-
viated (p)ppGpp (magic spots). Variations in
(p)ppGpp level do occur in response to tem-
perature stress. In E. coli a downshift in tem-
perature results ina decrease in (p)ppGpp level
while an upshift has an opposite effect. The
magnitude of (p)ppGpp decrease is propor-
tional to the range of temperature downshift
[47-49). So, an inverse correlation exists be-
tween (p)ppGpp level and the synthesis of
translational and transcriptional proteins
(along with the induction of cold shock pro-
teins synthesis). Neidhardt and coworkers [12]
proved that increasing the (p)ppGpp level
prior to temperature downshift by overproduc-
ing the enzymes that catalyse their synthesis
results in decreased cold shock response. In
contrast, the cold shock response in relAspoT
mutant defected in magic spot synthesis is
much stronger, moreover transfer of this mu-
tant to 10°C results in growth without the cus-
tomary lag period. The inverse correlation
between (p)ppGpp content and the total rate of
RNA synthesis does also exist (for review see
[17]).

The change in (p)ppGpp content, which fol-
lows the temperature shock correlates well
with the change observed after nutrient stress.
The cold shock response mimics the nutritional
shift up, whereas, heat shock response imitates
the nutritional shift down. The adjustment of
cell metabolism to nutritional stress was exten-
sively studied as an example of cellular adap-
tive response (stringent response). Taking
advantage from the analogy of the response to
nutrient upshift and temperature downshift, it

can be suggested that both stresses result in a
physiological state where the translational ca-
pacity of the cell is insufficient relative to the
supply of charged tRNA, triggering the de-
crease in the (p)ppGpp level with the corre-
sponding changes in gene expression [8].

As mentioned earlier, not only a downshift in
temperature but also certain inhibitors of trans-
lation (e.g. chloramphenicol, tetracycline, ery-
thromycin, fusidic acid and spiramycin) result
in the induction of cold shock response. This
observation led to the proposal that the state of
ribosome is the physiological sensor for the
induction. It seems possible that the cold shock
response is induced when the ribosomes are
slowed down or made hyperaccurate. The anti-
biotics, which induce cold shock response, pro-
long the occupancy of ribosomal A site by
aminoacyl-tRNA (chloramphenicol, erythro-
mycin, spiramycin) or block it (fusidic acid,
tetracycline). It is not obvious whether the
physioclogical state of ribosome or the nature of
some ribosome product is involved as a signal
linking the environmental stimulus (tempera-
ture) and the cold shock response. This adap-
tive response, in turn, functions to correct a
temperature-imposed dysfunction of transla-
tion [26].

The possible model for the cold shock regu-
latory network is summarily presented in Fig.
3. The details of the sensing and signalling
mechanisms are still unknown.

CONCLUDING REMARKS

The extensive studies on the physiology of E.
coli and other organisms following an abrupt
shift to low temperatures already provided a lot
of information on cells’ response and adapta-
tion to cold stress.

The most interesting feature which makes the
cold shock response such an interesting field of
study is its universality. Beside the bacteria,
cold shock response and cold shock proteins
were discovered and characterized in other or-
ganisms. Induction of protein synthesis in re-
sponse to cold shock (21°C to 5°C) in the
psychrotrophic yeast Trichosporum pullulans
concerns 26 cold shock proteins at the maxi-
mum induction time of 12 h [50]. In Saccharo-
miyces cerevisiae four genes have been identified,
whose expression increased after a shift from
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30°C to 10°C. One of them, called TIP1, is a
putative membrane-bound protein containing
tandemly repeated serine-rich sequences. Their
function is unknown yet [51]. Another nucle-
olin-like protein, NSR1, plays an important role
in ribosomes biogenesis [52, 53]. In amoeba
Dictyostelium discoideum cold shock induces the
synthesis of a putative membrane protein and
ubiquitin [18, 54] while in Chlorella vulgaris the
accumulation of photosynthetic products was
observed [55).

Many important problems remain yet to be
answered. They deal with the relationships be-
tween cold shock and heat shock responses
and, first of all, with working out the cold shock
regulatory network. The latter will allow to
answer the question why the inhibition of ribo-
somal function results in the induction of cold
shock response. It can be hoped that the intens-

ive researches going on in many laboratories
will solve these problems in the near future.
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