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A new class of cold shock-induced proteins that may be involved in an adaptive process required for cell
viability at low temperatures or may function as antifreeze proteins in Escherichia coli and Saccharomyces
cerevisiae has been identified. We purified a small BaciUus subtilis cold shock protein (CspB) and determined
its amino-terminal sequence. By using mixed degenerate oligonucleotides, the corresponding gene (cspB) was
cloned on two overlapping fragments of 5 and 6 kb. The gene encodes an acidic 67-amino-acid protein (pI 4.31)
with a predicted molecular mass of 7,365 Da. Nucleotide and deduced amino acid sequence comparisons
revealed 61% identity to the major cold shock protein ofE. coli and 43% identity to a family of eukaryotic DNA
binding proteins. Northern RNA blot and primer extension studies indicated the presence of one cspB
transcript that was initiated 119 bp upstream of the initiation codon and was found to be induced severalfold
when exponentially growing B. subtilis cell cultures were transferred from 37°C to 10°C. Consistent with this
cold shock induction of cspB mRNA, a six- to eightfold induction of a cspB-directed 13-galactosidase synthesis
was observed upon downshift in temperature. To investigate the function of CspB, we inactivated the cold
shock protein by replacing the cspB gene in the B. subtilis chromosome with a cat-interrupted copy (cspB::cat)
by marker replacement recombination. The viability of cells of this mutant strain, GW1, at freezing
temperatures was strongly affected. However, the effect of having no CspB in GW1 could be slightly
compensated for when cells were preincubated at 10°C before freezing. These results indicate that CspB
belongs to a new type of stress-inducible proteins that might be able to protect B. subtilis cells from damage
caused by ice crystal formation during freezing.

The well-characterized heat shock response appears to be
universal among prokaryotes and eukaryotes. All organisms
examined produce a specific subset of proteins in response
to elevated temperatures as well as to a variety of other
stress factors such as anoxia, ethanol, or heavy metal ions
(5, 21, 25, 27, 36, 40).
Escherichia coli exhibits, besides the induction of 17 heat

shock proteins when cell cultures are transferred from 30°C
to 42°C, a response to cold temperatures. E. coli cell cultures
shifted from 37°C to 10°C showed the induction of 13
non-heat shock proteins (1, 11, 15-17). Some of them are
known proteins and were identified as NusA, RecA, dihy-
drolipoamide acetyltransferase subunit of pyruvate dehydro-
genase, polynucleotide phosphorylase, pyruvate dehydroge-
nase (lipoamide), initiation factors 2a and 2,, and the
recently identified proteins CS7.4 and H-NS. CS7.4, the
major cold shock protein, is a hydrophilic protein with a
molecular mass of 7,402 Da. All of these proteins belong to
the E. coli cold shock regulon, whose expression is initiated
during the lag phase that follows the temperature downshift.
Although the gene for the major cold shock protein of E. coli
has been cloned and sequenced, no direct function could be
assigned because its interruption was not carried out. The
most compelling hypothesis is that CS7.4 (encoded by cspA)
protects cells from damage caused by growth of large ice
crystals during freezing (11, 16). Furthermore, a DNA bind-
ing property has been proposed for CS7.4 because of its
strong similarity to conserved regions of eukaryotic DNA
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binding proteins (39). Indeed, the major cold shock protein
of E. coli recently was found to act as a cold shock
transcriptional enhancer that specifically recognizes and
binds to the promoter region of the hns gene controlling the
expression of the nucleoid protein H-NS (20).

Species of the gram-positive genus Bacillus grow over a
wide range of temperatures and show a heat shock response
(25, 36). In this study, we report the identification of a
Bacillus subtilis cold shock-inducible gene (cspB) that is
rapidly induced upon shift from 37°C to 10°C. The gene
encoding CspB, a protein quite similar to the E. coli cold
shock protein CS7.4, was cloned, sequenced, and character-
ized. As an initial step toward understanding the physiolog-
ical role of the B. subtilis cold shock protein, we interrupted
the cspB gene and examined cell viability at freezing tem-
peratures in the resulting strain.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. Bacterial
strains and plasmids are listed in Table 1. 2xYT and NZCYM
media and SM buffer were described by Short et al. (35).

Purification and sequencing of the cold shock protein (CspB)
from B. subtilis. B. subtilis cold shock protein was copurified
with B. subtilis peptidyl-prolyl cis-trans isomerase cyclo-
philin (12a), and the amino-terminal sequence of purified
CspB was determined.

Construction of mixed degenerate oligonucleotides. The
DNA sequence of the oligonucleotides used for identification
of the cold shock gene is based on the N-terminal amino acid
sequence of purified CspB protein (see below). Nucleotides
placed in parentheses indicate the bases used in degenerated
positions. One 23-mer, 5'-GAAGG(AC)AAAGTTAAATG
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or description Source or reference

B. subtilis
JH642 trpC2 pheA1 J. Hoch
GW1 trpC2pheAl cspB::cat This paper
ZB493 trpC2pheAl abrB703 SPP c2 del-2::Tn917::pSK10A6 23
GW2 trpC2 pheAl SP[::cspB-lacZ cspB+ This paper
GW3 trpC2pheAl Pcv,B::pTKlac-PcspB cspB+ This paper

E. coli
XL-1 Blue recAl endAI gyrA96 thi hsdR17 (rK- MK+) supE44 relI X- lac {F' proAB 35

lacIqZ/&Ml5 TnlO (Tetr)l
JM105 endAl A(lac pro) thi-1 strA sbcBlS hsdR4 {F' traD36 proA+B+ lacIqZAM15} J. Messing
TG1 A(lac-pro) supE thi hsdD5 {F' traD36 proA+B' lacIq lacZAM15} Amersham

Plasmids
pBluescriptll SK- Cloning vector, Apr Stratagene
pCSPB1 Pc.PB-cspB+ derivative of pBluescript SK- 5-kb B. subtilis DNA insert (Fig. 2) This paper
pCSPB2 cspB+ derivative of pBluescript SK- 6-kb B. subtilis DNA insert (Fig. 2) This paper
pCSPB3 P71-cspB+ derivative of pCSPB2 454-bp cspB-HincII/PstI fragment This paper (34)
pCSPB4 cspB+ derivative of pCSPB1 733-bp cspB-PstI fragment This paper
pCSPB3H cspB+ derivative of pCSPB3 HindIll site within cspB This paper
pZA327 Derivative of pBR322 (Cmr Apr) 1.3-kb cat-EcoRI fragment 42
pCSPB3Hcat cspB::cat derivative of pCSPB3 This paper
pCSPB4H cspB+ derivative of pCSPB4 HindlIl site preceding cspB This paper
pTKlac Derivative of pZA326-GV34 (Cm' Apr) trpA terminator, spoVG ribosome- 18

binding site, promoterless derivative of E. coli lacZ gene
pTKlac-Pc.pB cspB-lacZ, derivative of pTKlac, 474-bp PIcPB EcoRI-HindIII fragment This paper

preceding lacZ

GTT(TC)AA-3' (oligol), matches the N-terminal CspB se-
quence from amino acid residues 3 through 10; the other
oligomer, a 38-oligonucleotide sequence, 5'-GAAAAAG
G(AC)TT(TC)GG(AC)TT(TC)ATTGAAGTTGAAGGACA
(AG)GA-3' (oligo2), represents amino acid residues 12
through 24. All oligonucleotides were purchased from M.
Krause, Institut fur Molekularbiologie und Tumorforschung,
Marburg, Germany.

Hybridization conditions of oligonucleotides and random
primed DNA fragments. Nitrocellulose filters and nylon
transfer membranes were prehybridized in 5 x SSC (1 x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% (wt/vol)
N-lauroylsarcosine sodium salt-0.02% (wtlvol) sodium do-
decyl sulfate (SDS)-1% (wt/vol) blocking reagent (Boehr-
inger Mannheim) for 1 h at 65°C. Oligonucleotides were end
labeled with [_y-3_P]dATP, and DNA fragments were labeled
with the Multiprime DNA labeling system (Amersham) with
[a-32P]dCTP. The probe was added to the prehybridization
mix and hybridized for 5 h at either 42°C (for hybridization
with oligonucleotides) or 65°C (DNA fragments). Southern
blots and plaque and colony transfer membranes hybridized
with oligonucleotides were washed twice with 6x SSC for 5
min each at different temperatures ranging from 42 to 80°C.
Membranes hybridized with random-primed DNA fragments
were subjected to two more stringent washes: one in 2x
SSC-0.5% SDS for 5 min at room temperature and one in 2x
SSC-0.1% SDS for 15 min at 65°C. Filters were exposed to
Kodak X-Omat film.

Identification of recombinant DNA in the B. subtilis library.
The construction and amplification of the B. subtilis genomic
library in Lambda Zap II was described previously (24).
Phages were transferred to nylon membranes, and phage
DNA was fixed by standard procedures (33). Methods of
hybridization and wash conditions were as described above.
Positive plaques were isolated from the agar plate and

transferred to 500 ,ul of SM buffer containing 20 ,ul of
chloroform. Colonies that appeared after in vivo excision of
recombinant phagemids were transferred to nylon mem-
branes and denatured by standard procedures (33). Methods
of hybridization and wash conditions were as described
above.
DNA sequencing. Nucleotide sequence analysis was car-

ried out by the dideoxy-chain termination method of Sanger
et al. (33a) with a T7 sequencing kit (Pharmacia). To deter-
mine the nucleotide sequences of double-stranded or single-
stranded DNA prepared from recombinant plasmids, oligol,
oligo2, the T7 sequencing primer (Promega), the reverse
M13 primer (GIBCO BRL), and the following oligonucleo-
tides were used: pexl, 5'-TCGATGAATCCGAAACC-3'
(nucleotide positions 308 through 324), mutl 5'-TCTJlCTAA
AG(TIlGAAGCCT-3' (nucleotide positions 376 through
397; the position of the mismatch is underlined), and mut2
5'-GCGATCATAAAGC`1TAAATTC-3' (nucleotide posi-
tions 231 through 252; the position of the mismatch is
underlined). All nucleotide positions refer to those shown in
Fig. 3.

Induction experiments, RNA preparation, and Northern
RNA blots. B. subtilis was cultured in 2xYT medium at 37°C
with a cell density up to 0.3 to 0.5 optical density (at 600 nm)
unit and then shifted either to 10°C for an additional 2 h (cold
shock) or to 48°C for an additional 30 min (heat shock).

Total cellular RNA was prepared by the procedure of
Penn et al. (30) as modified by Igo and Losick (14); 100-ml
cell cultures were collected before and after the temperature
shift. RNA pellets were suspended in 100 ,ul of diethylpyro-
carbonate-treated water. The RNAs were subjected to elec-
trophoresis in a formaldehyde-agarose gel, transferred to a
nitrocellulose membrane, and hybridized with a radiolabeled
SalI-PstI cspB fragment. The transfer of RNA from the
formamide gel to a nitrocellulose membrane was performed
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by the method of Igo and Losick (14). The induction rate of
cspB transcript was calculated by laser densitometric mea-
surement of the cspB mRNA signals visualized by hybrid-
ization and subsequent autoradiography of corresponding
Northern blots.
Mapping of the 5' terminus of cspB mRNA. Primer exten-

sion was carried out with the synthetic 17-mer oligonucleo-
tide pexl, in which the sequence is complementary to that
located between nucleotides 308 and 324. RNA prepared
from cold-shocked cells and cells grown at the temperature
optimum (37°C) was hybridized with an excess of the single-
stranded DNA primer reverse transcriptase; nucleotides
dATP, dGTP, dTTP, and radiolabeled [a-32P]dCT7P were
used with the cDNA Synthesis Kit Plus (Amersham) to
extend this primer. The resulting cDNA was subjected to the
electrophoresis in a 6% polyacrylamide-7 M urea gel along-
side nucleotide sequencing ladders generated with the same
primer.

Strain construction to interrupt the chromosomal copy of
the cspB gene. Plasmid pCSPB3 containing the cspB gene
under control of the bacteriophage T7 promoter was con-
structed by cloning the 454-bp HincII fragment from plasmid
pCSPB2 into the HincII site of phagemid pBluescriptll SK-.
Subsequent digestion with ClaI and EcoRV and then ligation
led to the deletion of the HindIII recognition site within the
polylinker. Oligonucleotide-directed mutagenesis was per-
formed with the oligonucleotide-directed in vitro mutagene-
sis system, version 2 (Amersham) as recommended by the
supplier. Oligonucleotide mutl was used to produce a 1-bp
substitution in nucleotide position 386 (see Fig. 3) to create
a HindIII recognition site within the cspB gene. The result-
ing plasmid pCSPB3H was linearized with HindIII. The cat
gene localized on a 1.3-kb EcoRI fragment of pZA327 (42)
was isolated. To ligate blund-ended fragments, dATP,
dCTP, dGTP, and dTTP were filled into the HindIII sites,
and dATP and dTTP' were filled into the EcoRI sites. After
ligation, the cspB::cat plasmid (pCSPBHcat) was amplified
in competent E. coli JM105 cells (28). About 2 ,ug of
ScaI-linearized pCSPBHcat was used to transform compe-
tent cells of B. subtilis JH642 (12). Transformants were
selected on 2xYT plates containing 5 pg of chloramphenicol
per ml.

Analysis of thermotolerance. Cells were grown in 2xYT
medium at 37°C to a cell density up to 0.3 to 0.5 optical
density (at 600 nm) unit. Cultures were divided into two
portions; one portion was immediately frozen to -80°C, and
a second portion was preincubated for additional 2 h at 10°C
before it was frozen to -80°C. Samples of cells were thawed
after storage at -80°C for 24 h, serial dilutions were made in
2xYT medium, and aliquots were plated immediately on
2xYT plates. Viability was scored after incubation at 37°C
for 24 h. The number of viable cells in the same cultures was
determined as the total number of CFU (before freezing to
-80°C) on 2xYT plates after incubation at 37°C for 24 h.

Construction ofB. subtilis cspB-lacZ fusion strains. Plasmid
pCSPB4 containing the cspB gene with 504 bp of its up-
stream region was constructed by cloning a 733-bp PstI
fragment from plasmid pCSPB1 into the PstI site of phage-
mid pBluescriptII SK-. Oligonucleotide mut2 was used to
produce a 1-bp substitution in nucleotide position 242 (see
Fig. 3) to create a HindIII recognition site 30 nucleotides
preceding the cspB gene. The resulting plasmid, pCSPB4H,
was digested with EcoRI and HindIll; a 474-bp cspB pro-
moter fragment was isolated and then ligated to EcoRI-
HindIII-digested plasmid pTKlac (18). The resulting cspB
promoter-lacZ fusion plasmid, pTKlac-PcSPB, was amplified

in competent E. coli JM105 cells. The cspB promoter was
sequenced again at this step to ensure that the proper
construction was made. About 2 ,ug of this plasmid was
linearized with ScaI and used to transform competent B.
subtilis ZB493 cells (23) to chloramphenicol resistance. The
SP,3 cspB-lacZ phage, generated by heat induction as de-
scribed previously (43), was then used to lysogenize B.
subtilis JH642. Transductants were selected on 2xYT plates
containing 5 ,ug of chloramphenicol per ml and 80 ,ug of
5-bromo-4-chloro-3-indolyl-IB-D-galactopyranoside (X-Gal)
per ml. To integrate the cspB-lacZ fusion in the chromo-
somal cspB promoter region, 0.5 ,ug of pTKlac-Pcs Bwas
used to transform competent cells of B. subtilisAH642.
Transformants were selected on 2xYT plates containing 5 p,g
of chloramphenicol per ml and 80 ,ug of X-Gal per ml.

P-Galactosidase synthesis in B. subtilits cspB-lacZ fusion
strains. Cells containing the integrated cspB-lacZ fusion
were grown at 37°C in 2xYT medium containing 5 ,g of
chloramphenicol per ml up to 0.3 to 0.5 optical density (at
600 nm) unit and then divided into three portions: one
portion was transferred to 10°C (cold shock), another portion
was transferred to 48°C (heat shock), and the remaining
portion was kept at 37°C. Samples (1 ml each) of the
cspB-lacZ-bearing cells to be analyzed for 3-galactosidase
activity were collected by centrifugation at the times indi-
cated below and washed with 0.05 M Tris hydrochloride (pH
8.0), and the cell pellets were stored at -20°C until the time
of assay. The assays were performed with toluenized cells
by the method of Miller (26). Activity is expressed as units (1
U is equal to 1 nmol of o-nitrophenyl hydrolyzed per min)
per milligram of protein. Protein determinations were made
with the Bio-Rad Laboratories protein assay. The values
reported were averaged from three different experiments.
Computer analysis of sequence data. For sequence data

manipulation, the programs of Conrad and Mount (3a) and
MULTALIN (4) were used. On GUNIUSnet in the DKFZ-
Heidelberg, the programs FASTA (22) and TREE (10) of the
HUSAR package were used. The HUSAR package is an
extended UNIX version of the UWGCG program package
(7).

Nucleotide sequence accession number. The sequence data
in this work have been assigned EMBL GenBank data base
accession number X59715.

RESULTS

Design of oligonucleotides and their hybridization to chro-
mosomal DNA of B. subtilis. To synthesize a DNA probe
complementary to the gene encoding CspB, a partial amino-
terminal sequence of the purified cold shock protein was
obtained. A polypeptide with the amino acid sequence
(one-letter code) M-L-E-G-K-V-K-W-F-N-S-E-K-G-F-G-F-
I-E-V-E-G-Q-D was detected. The codon usage table for B.
subtilis (31) was used to make two mixed degenerate oligo-
nucleotide probes to match the N-terminal sequence:

E G K V K W F N
oligol: 5'-GAAGGMAAAGTTAAATGGTTYAA-3'

E K G F G F I E V E G Q D
oligo2: 5'-GAAAAAGMTYGGMTTYATTGAAGTTGA AG ARGA-3'

where M is A or C, Y is T or C, and R is A or G.
To verify the specifities of the constructed oligonucleo-

tides, the end-labeled probes were hybridized to a chromo-
somal DNA blot and washed under increasingly stringent
conditions by varying the washing temperature between
42°C and 65°C as indicated in Materials and Methods.

J. BAcTERiOL.
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FIG. 1. Identification of the cspB gene of B. subtilis. (A) Restric-
tion analysis of genomic DNA isolated from B. subtilis JH642.
Chromosomal DNA was digested with PstI (lane 1), HindIII (lane
2), and EcoRI (lane 3). The cleaved products were separated and
visualized on a 0.8% agarose gel. (B) Southern blot analysis revealed
one major band after digestion with PstI (lane 1), HindIII (lane 2),
and EcoRI (lane 3) and hybridization with the mixed degenerated
oligonucleotide oligo2 as described in Materials and Methods. The
oligonucleotide recognized one fragmnent at about 0.73 kb in the PstI
digest, one fragment at about 7.5 kb in the HindIlI digest, and one
fragment at about 2.4 kb in the EcoRI digest.

Chromosomal DNA cleaved with the restriction enzymes
PstI, HindIII, and EcoRI revealed in the corresponding
Southern blot the presence of one major band in each digest
when hybridized with oligo2 and washed twice for 5 min
each in 6x SSC at 65°C (Fig. 1). The oligonucleotide
recognized one band of about 0.73 kb in the PstI digest, one
band of about 7.5 kb in the HindIII digest, and one fragment
of about 2.4 kb in the EcoRI digest. Since oligo2 showed
more specifity for cspB than did oligol, only oligo2 was used
in the following hybridization experiments.

Cloning and sequencing of the cspB gene. After the B.
subtilis JH642 Lambda Zap II library was amplified in E. coli

XL-1 Blue cells, plaques were transferred to nylon mem-
branes and hybridized with oligo2. Two positive plaques
were identified and purified by reinfection of fresh E. coli
cells. The purified phage clones were subjected to in vivo
excision, and the resulting colonies were grown on 2xYT
plates containing 50 ,ug of ampicillin per ml and then tested
by colony hybridization with oligo2. Two plasmids contain-
ing 5- and 6-kb DNA inserts (pCSPB1 and pCSPB2, respec-
tively) were identified. In plasmid pCSPB1, the cspB gene
was assigned to a 730-bp PstI fragment (Fig. 2).
The sequence of cspB and its vicinity were determined by

using synthetic oligonucleotides oligol, oligo2, pexl, mutl,
and mut2. The following subclones were constructed to
allow sequencing of both strands with the T7 sequencing
primer and the reverse M13 primer. Plasmid pCSPB3 was
constructed by isolating a 454-bp HincII DNA fragment
derived from plasmid pCSPB2 and subsequent cloning into
the HincII site of plasmid pBluescriptII SK-. pCSPB3
contains the cspB gene under control of the bacteriophage
T7 promoter and was used for overexpression of the CspB
protein as described elsewhere (29). A 733-bp PstI DNA
fragment derived from plasmid pCSPB1 was subcloned into
the PstI site of plasmid pBluescriptII SK-, resulting in
plasmid pCSPB4 (data not shown). The DNA sequence
revealed that the cspB gene is 201 bp in length and encodes
a protein of 67 amino acid residues with a molecular mass of
7,365 Da and a calculated pI of 4.31 (Fig. 3). A strong
potential ribosome binding site (AGGAGGA) is located 6
nucleotides upstream of the initiation codon AUG. The cspB
open reading frame ends with two stop codons followed by
two hairpin loop structures similar to rho-independent ter-
minators. The deduced amino-terminal sequence of the cspB
gene was found to be identical to the amino-terminal se-
quence of purified CspB protein. Sequence comparisons
with EMBL data base with the programs FASTA and TREE
of the HUSAR package revealed 61% identity to the major
cold shock protein of E. coli and 43% identity to conserved
regions of eukaryotic DNA binding transcription factors.
Furthermore, 46% identity with a glycine-rich protein from
Arabidopsis thaliana (atGRP-2) was found (Fig. 4).

Transcriptional mapping of the cspB gene. To examine the
level and size of the cspB transcript under various temper-
ature shift conditions, Northern blot analysis and primer
extension experiments were carried out. Northern blot anal-
ysis of total cellular RNA prepared from cells grown at 37°C
until the culture reached a cell density up to 0.3 to 0.5 optical
density (at 600 nm) unit and from cells shifted at this timc to

pCSPB1
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FIG. 2. Restriction maps of DNA in the vicinity of the cspB gene: the 5.0-kb DNA insert of plasmid pCSPB1 and the 6.0-kb DNA insert
of plasmid pCSPB2, which carries more DNA to the 3' end of cspB and exhibits no cspB promoter sequences, since one cloning site (Sau3AI)
is located 9 nucleotides upstream of the ribosome binding site (SD). The location (box) and orientation (arrow) of the cspB coding sequence
are indicated.
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1 GAATACTAAGGCAAACGTATGATCACATATCGAGAAAACAGATGAATTTCCGTAAATAAA 60

-35
61 TATCAAATTGAAAAATAAATATGGTAT1'TTCCGGAAAAAAATTTCAATAAGCAGTTGT

-10 +1
121 TTTCTGAAGATTACTGGTGGAGTAAGGThPATTATTTTTGTTCGAACTATCTTTAAGAAG
181 AAAGTTTTGTAAGAGTTTTCGTCTTGAAAGTTTGTTAAGAGCAAGAATAGTGAATTTAAG

s.CspB
241 CGTTATGATCGCTTTAGAGGAAATTTCATGTTAGAAGGTAAAGTAAAATGGTTCAACTC

SD N L E G K V K W F N S

301

361

421

TGAAAAAGGTTTCGGATTCATCGAAGTAGAAGGTCAAGACGATGTATTCGTTCATTTCTC
E K G F G F I E V E G Q D D V F V H F S

TGCTATTCAAGGCGAAGGCTTCAAAACTTTAGAAGAAGGCCAAGCTGTTTCTTTTGAAAT
A I Q G E G F K T L E E G Q A V S F E I

CGTTGAAGGAAACCGCGGACCACAAGCTGCTAACGTTACTAAAGAAGCGTAACGATAAAT
V E G N R G P Q A A N V T K E A * *

120

180

240

300

360

420

480

481 TGATATGAAAAACTGCAGGTGCAAACCTGC&GTTffTATTTTGA 540

541 £ATAAaCAAAACAGCTTT$TTTATTAGTTTGCAATATCCCGCTTCATGAAGATTCCGAAA 600

601 GCAAGCAACAGGAAGATGATAAAGTACATCGCCAGCATGACGACAGAAACGTCATAGTCA 660

FIG. 3. DNA sequence of the cspB gene and the deduced amino acid sequence. The cspB gene is 201 bp in length and encodes an acidic
protein of 67 amino acid residues (pI 4.31). The -10 and -35 regions, the putative ribosome binding site (SD), and the sequences of two
potential transcription terminators are underlined. The arrow indicates the 5' end (+1) mapped by primer extension.

10°C for additional 2 h indicated the presence of one tran-
script with an approximate length of about 0.38 kb (Fig. 5).
The cspB transcript, also present at 37°C, was induced about
20-fold when cells were subjected to cold shock (Fig. 5), but
no transcript could be detected after heat shock (data not
shown). We want to point out that B. subtilis does not enter
a 4-h lag phase after a temperature shift to 10°C like E. coli
does, but growth is slowed to a generation time of more than
24 h. As an internal control for the specific induction of the
cspB transcript under cold shock conditions, the same
nitrocellulose filter was washed with 0.1x SSC-0.5% SDS
for 3 h at 85°C to remove all radiolabeled cspB DNA and
rehybridized with radiolabeled DNA from hbs, a gene that
codes for the essential HBsu protein of B. subtilis. In this
case no difference in the intensity of the corresponding
mRNA signals was observed (data not shown).

Figure 6 shows the result of primer extension experiments

designed to map the 5' terminus of the cspB mRNA. The
same 5' terminus was detected in RNA from cells grown at
37°C (data not shown) and in RNA from cold-shocked cells.
The transcription initiation site was located 119 bp upstream
of the initiation codon of the cspB open reading frame.
Sequences centered about 10 and 33 bases preceding the 5'
terminus weakly resemble the corresponding sequences in
the known -10 and -35 regions of RNA polymerase EoA-
controlled promoters with three mismatches in each region.
This finding may explain the weak transcription of cspB
during vegetative growth and suggests that other transcrip-
tion factors play a role in induction of cspB mRNA after cold
shock. On the other hand, weak transcription of cspB during
vegetative growth could simply refer to growth at 37°C; low
levels of a novel transcription factor may account for this.

Inactivation of CspB and analysis of acquired thermotoler-
ance. Transformation of competent B. subtilis JH642 cells

Protein Species Residues Amino Acid Sequence % Identity

CspB Bacillus subtilis 1- 67 MLEGKVKWFNSEKGFGFIEV:EGQDDVFVHFSAIQG:::: EGFKTLEEGQAVSFEI:VEGNRGPQAANVTKEA 100

CS7.4 Escherichia coli 1- 70 MSGKMT-I---I-AD------TPDD-SK----------N:::::D-Y-S-D---K---T-:ES-AK--A-G---SL 61

DbpA Homo sapiens 87-161 LATKVL-T-----VRN-Y---NRNDTKE-----QT--KK:NNPRKYLRSVGD-ET-E-DV:---EK-AE-----GPD 43

DbpB Homo sapiens 55-129 IATKVL-T-----VRN-Y---NRNDTKE-----QT--KK:NNPRKYLRSVGD-ET-E-DV:---EK-AE-----GPG 43

EFIA Rattus norvegicus 55-129 IATKVL-T-----VRN-Y---NRNDTKE-----QT--KK:NNPRKYLRSVGD-ET-E-DV:---EK-AE-----GPG 43

YB-1 Homo sapiens 55-129 IATKVL-T-----VRN-Y---NRNDTKE-----QT--KK:NNPRKYLRSVGD-ET-E-DV:---EK-EE-----GPG 43

FRGY-1 Xenopus laevis 33-107 IATKVL-T-----VRN-Y---NRNDTKE-----QT--KK:NNPRKYLRSVGD-ET-E-DV:--- EK-AE----GPE 43

FRGY-2 Xenopus laevis 38-112 LATQVQ-T-----VRN-Y---NRNDTKE-----QT--KK:NNPRKFLRSVGD-ET-E-DV:---EK-AE-----GPG 43

YB3 Xenopus laevis 33-107 IATKVL-T-----VRN-Y---NRNDTKA-----QT--KK:NNPRKYLRSVGD-ET-E-DV:---EK-AE-----GPG 43

atGRP-2 Arabidopsis thaliana 7- 78 GGERRK-S-----DTQ------TPDD-G--L---Q-S-RS::::: ---RS-AAEE----EVEIDN-NR-X-ID-SGPD 46

FIG. 4. Alignment of deduced amino acid sequences of the cold shock proteins obtained from B. subtilis (CspB, this paper) and E. coli
(CS7.4 [11]), conserved regions of the following eukaryotic DNA binding proteins: human DbpA, DbpB (32), and Y-box binding protein YB-1
(8); rat CCAAT-binding transcription factor I subunit A EFIA (28); Xenopus laevis Y-box transcription factors FRG Y1 and FRG Y2 (37) and
B-box binding protein YB3 (3); and the glycine-rich protein 2 atGRP-2 fromArabidopsis thaliana (6). Only amino acid residues different from
those in B. subtilis cold shock protein CspB are shown for the other proteins. Gaps are indicated by colons, and the percent identity was
determined by two-by-two comparisons of the aligned regions.
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FIG. 5. Northern blot analysis of cspB mRNA. Total cellular
RNA was purified from cells that had been incubated at 37°C until
the midlog phase (lane 1) and from cells that had been induced for
additional 2 h at 10°C (lane 2). The locations of the rRNAs are
indicated to the right.

with linearized plasmid pCSPB3Hcat resulted in the inter-
ruption of the chromosomal copy of the cspB gene by a
double-crossover recombination event (Fig. 7A). In this
case, competent B. subtilis transformed poorly (below 5%
recombination), maybe as a result of the very little homology
that was available for this double crossover. The integration
of the cat gene by homologous recombination was confirmed
by Southern hybridization. In a PstI digest of wild-type
DNA, cspB is located on a 730-bp fragment (Fig. 7B). In
strain GW1, this fragment was enlarged to a fragment of
about 2.0 kb containing the cat gene within the cspB gene.
Although no change in cell morphology and growth was
visible, loss of CspB by interruption of its structural gene
affects cell viability at low temperatures (Table 2). Analysis
of thermotolerance revealed that the mutant strain was more
sensitive to freezing (about 2% of cells surviving) that was
the parental strain (about 27% of cells surviving). However,
after 2 h at 10°C, the sensitivities of the mutant and parental
strains to freezing were decreased (about 44 and 96% of cells
surviving, respectively). The viability of mutant cells prein-
cubated at 10°C before transfer to -80°C gives evidence for
the existence of other proteins that may compensate for the
absence of the CspB protein as their survival rate rises up to
about 50% of that of wild-type cells.
Cold shock-dependent induction of cspB-directed P-galac-

tosidase synthesis. To examine the transcriptional regulation
of the cspB gene, a cspB promoter-lacZ fusion was con-
structed by inserting a 474-bp PstI fragment of B. subtilis
DNA containing the cspB promoter into the multiple cloning
site of plasmid pTKlac. The resulting plasmid, pTKlac-
PcspB, was used to construct two cspB-lacZ fusion strains.
First, linearized plasmid was used to transform B. subtilis
ZB493 to introduce the cspB-lacZ fusion into the thermoin-
ducible B. subtilis prophage SP,I c2 del2::Tn917::pSK10A6
by a double-crossover recombination event. Next, the SP,B-
borne fusion was transferred into B. subtilis JH642 by
specialized transduction. This procedure resulted in the
integration of the cspB-lacZ fusion into the B. subtilis SPp
prophage site (strain GW2), as confirmed by Southern hy-
bridization experiments (data not shown). Determination of
f-galactosidase synthesis in B. subtilis GW2 grown at 37°C
and shifted to 10 or 48°C revealed only very low f-galactosi-

A C G TALGT
_ -Ir"WLm vi

. i I/ -.

+1me "'Asui

is. la
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SD met

55

110

165

FIG. 6. Mapping of the 5' end of cspB mRNA by primer exten-
sion. Total RNAwas prepared from cold-shocked cells (incubated at
10°C for 2 h after shifting from 37°C) and hybridized with a 17-mer
oligonucleotide primer (pexl). The 3' end is located 40 bp down-
stream of the initiation codon. Reverse transcriptase, nonlabeled
nucleotides (dATP, dGTP, dTJFP), and radiolabeled dCTP were
used to extend the primer to produce the cDNA. The products were
subjected to electrophoresis in a 6% polyacrylamide-7 M urea gel
(left lane) alongside nucleotide sequencing ladders generated with
the same primer (lanes A, C, G, T). The arrows indicate the position
of the transcription initiation site (+1). The DNA sequence of the
cspB promoter region is shown at the bottom.

dase levels that were in the range of the values determined in
a wild-type strain carrying the promoterless lacZ gene. Our
failure to measure cspB-directed ,B-galactosidase synthesis in
strain GW2 suggests an essential role of other cis-acting
elements in the cspB upstream region that were removed by
constructing the 474-bp cspB-lacZ fusion in plasmid pTKlac-
PcCSDB To test this possibility, competent B. subtilis JH642
celFs were transformed with plasmid pTKlac-PcspB, resulting
in the integration of this plasmid in the cspB promoter region
by a Campbell-like single-crossover recombination event
(strain GW3) (Fig. 8A). In an EcoRI digest of wild-type
chromosomal DNA, cspB is located on a 2.4-bp fragment
(Fig. 8B). In strain GW3, the fragment was split into a
fragment of about 8.6 kb carrying the cspB-lacZ fusion and a
fragment of about 1.7 kb containing the replaced cspB gene.

Figure 9 shows the pattern of cspB-directed ,-galactosi-
dase synthesis in strain GW3 (carrying the entire cspB
upstream region preceding the lacZ gene) after cold shock
(10°C) and heat shock (48°C) as well as at the normal growth
temperature (37°C). Within the first 60 to 120 min after a
temperature downshift, cspB-lacZ induction is elevated by
approximately six- to eightfold over the level at 37°C. The
level of cspB-directed ,B-galactosidase reaches two peaks,
one about 60 min after the temperature shift and another,
even higher one 120 min after the temperature shift. After
about 120 min at 10°C the ,-galactosidase synthesis de-
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FIG. 7. Interruption of the chromosomal copy of the cspB gene by a double-crossover recombination event. (A) Integration of linearized
plasmid pCSPB3Hcat by homologous recombination. The plasmid is indicated by solid lines, and the chromosomal DNA is indicated by dotted
lines. The box indicates the cspB coding region, and the jagged ends of cspB' indicate the interrupted copy of the cspB gene. The hatched
box indicates the cat gene mediating chloramphenicol resistance. The locations of the PstI and ScaI restriction sites are shown. Tke figure
is not drawn to scale. (B) Characterization ofB. subtilis GW1 by Southern hybridization. Chromosomal DNAs of the B. subtilis wild type (lane
1) and GW1 (lane 2) were digested with PstI. The cleaved products were separated on a 0.8% agarose gel, transferred to a nitrocellulose filter,
and hybridized to a SalI-PstI cspB fragment. Arrowheads indicate the locations of the cspB gene in the wild type (0.73 kb) and in the GW1
strain containing the interrupted copy of the cspB gene (2.0 kb).

creases. On the other hand, a temperature upshift causes a

decrease of 13-galactosidase synthesis within the first 30 min
after the temperature shift.

DISCUSSION

We cloned, sequenced, and characterized the cold shock-
inducible cspB gene encoding the B. subtilis cold shock
protein CspB. CspB represents the first cold shock protein
within the Bacillus species. The gene encodes an acidic
protein of 67 amino acid residues with a molecular mass of
7,365 Da. According to secondary structure prediction by
the method of Chou and Fasman (2), a large portion of the
protein may be in an a-helical conformation. The deduced
amino acid sequence shows 61% identity (at least 70%
overall similarity) to the major cold shock protein of E. coli.
Furthermore, when the nucleotide sequence of cspB (B.
subtilis) was compared with that of cspA (E. coli), 60%
identity was observed. These results indicate a high level of
conservation at the DNA and the amino acid sequence
levels. An amino acid sequence alignment of the prokaryotic
cold shock proteins from B. subtilis and E. coli with a
conserved region of eukaxyotic DNA binding proteins re-
vealed over 40% identity. Since the highly conserved domain
among all eukaryotic proteins has been presumed to repre-
sent or contain a DNA binding domain for the CCAAT
motif, a connection between cold shock and DNA binding
has been suggested (39). Strong support for this idea came
from the recent discovery that the major cold shock protein
of E. coli is indeed a transcriptional activator. CS7.4 induces
the expression of the DNA binding protein H-NS at the level

of transcription (20). However, the exact mechanism by
which CS7.4 activates transcription remains unclear. Its
transcriptional enhancement was suggested by specific rec-
ognition of some feature of the 110-bp CCAAT-containing
promoter region of hns. Thus, homology between prokary-
otic and eukaryotic transcription factors may indicate a
novel structural motif faciliating DNA-protein interactions
resulting in gene regulation.
The data obtained from Southern hybridization and se-

quence analysis suggest the presence of a single copy of the
cspB gene in the B. subtilis chromosome. The CspB protein
is expressed weakly at optimal growth temperatures, as
determined by Northern blot analysis and cspB-lacZ expres-
sion. After a temperature shift from 37°C to 100C, the cspB
transcript is induced severalfold, whereas cell growth is
lowered. In contrast, a temperature upshift from 37°C to
48°C (heat shock) seems to repress the expression of cspB,
since no cspB mRNA was detectable in upshift experiments
(data not shown). Consistent with these results, the deter-
mination of cspB-directed P-galactosidase synthesis shows
about six- to eightfold induction with two peaks at 60 and 120
min after the temperature downshift to 10°C. A decrease in
P-galactosidase was observed when the cells were shifted to
48°C. This could indicate heat shock repression of cspB-
directed ,B-galactosidase synthesis, as also suggested by
Northern blot analysis, but could also be simply a result of
heat inactivation of ,B-galactosidase activity. The regulation
of the B. subtilis cold shock protein is still unclear. The fact
that cspB expression is weak during optimal growth condi-
tions might be a consequence of the low conservation of the
-10 and -35 regions of the cspB promoter, which show

A
B
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TABLE 2. Viability of B. subtilis cells at low temperatures'

Parental strain Mutant strain
Incubation ~~Subsequent ExptIncubation streatment no. Cell concn % of cells Cell concn % of cells

(107 cells/mi) surviving (107 cells/ml) survivinge
370C 1 3.2 100 5.9 100

2 6.3 100 8.5 100
3 2.1 100 (100) 2.4 100 (100)

24 h at -800C 1 0.8 25 0.2 3
2 1.4 22 0.09 1
3 0.7 33 (27) 0.07 3 (2)

37C + 2 h at 10°C 1 4.0 100 6.7 100
2 7.2 100 9.0 100
3 3.5 100 (100) 2.7 100 (100)

24 h at -80°C 1 3.6 90 3.0 45
2 7.0 97 3.8 42
3 3.5 100 (96) 1.2 44 (44)

The parental strain is JH642, and the mutant strain is GW1.
b Cell counts of cultures not subjected to freezing temperatures were set at 100%. The numbers within parentheses show the averages of experiments 1 to 3.

three mismatches each when compared with the known
consensus sequences recognized by the housekeeping RNA
polymerase E0A. On the other hand, stimulated expression
of cspB at low temperatures gives evidence for the existence
of yet-unknown activating transcription factors that may be
newly synthesized or activated at low temperatures. The
474-bp cspB promoter fragment that does not promote
,3-galactosidase synthesis in strain GW2 also suggests the
need of regulatory cis-acting elements that may facilitate
cold shock induction. Recent studies on the E. coli cspA
promoter region gave evidence for a cold shock-specific

factor(s) that binds to the promoter region of the structural
gene (38).
To understand the in vivo physiological role of the CspB

protein during low temperatures, we constructed in vitro a
cspB::cat mutation and replaced the cspB chromosomal
copy with this construct. B. subtilis wild-type and GW1
strains (the latter containing the disrupted cspB gene) were
subjected to freezing temperatures (-80°C) to examine the
effect of CspB on cell viability at low temperatures. The
results obtained strongly support a role for CspB protein in
the acquired cold tolerance of B. subtilis. These results

B
kb

pTK I ac-PcspB
PI s lacZ

EcoRlI

pJsLE cspB
_.1~ ~ 7., -rs]_

EcoRI
1-
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PcsOB I a c Z
I V//////7//l
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FIG. 8. Construction of the B. subtilis cspB-lacZ fusion strain GW3. (A) Integration of plasmid pTKlac-P,,PB by homologous
recombination. The plasmid is indicated by solid lines, and the chromosomal DNA is indicated by dotted lines. The boxes indicate the cspB
promoter (PcsB) or the coding region (cspB). The hatched box indicates the E. coli lacZ gene, and the black box indicates the spoVG ribosome
binding site. The locations of the EcoRI restriction sites are shown. The figure is not drawn to scale. (B) Characterization of B. subtilis GW3
by Southern hybridization. Chromosomal DNAs of the B. subtilis wild type (lane 1) and GW3 (lane 2) were digested with EcoRI. The cleaved
products were separated on a 0.8% agarose gel, transferred to a nitrocellulose filter, and hybridized to a 733-bp PstI cspB fragment.
Arrowheads indicate the locations of the cspB gene in the wild type (2.4 kb) and in the GW3 strain containing the cspB-lacZ fusion (8.6 kb)
and the replaced cspB gene (1.7 kb).
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FIG. 9. Pattern of cspB-lacZ expression after temperature shift.
B. subtilis GW3 cells were grown at 37'C in 2xYT medium contain-
ing S ,ug of chloramphenicol per ml to a cell density of about 0.3
optical density (at 600 nm) unit and then divided into three portions:
one was transferred to 10'C (cold shock) (0, *), another was
transferred to 48°C (heat shock) (A, A), and the third was kept at
37'C (El, *). Optical densities (0, A, El) and specific ,-galactosidase
activities (0, A, *) were determined at the indicated time intervals.

would be consistent with the attractive hypothesis that these
cold shock proteins serve as antifreeze proteins (11, 19).

Antifreeze proteins are low-molecular-weight proteins
commonly found at high concentrations in the serum of polar
marine fishes (13) and in the hemolymph of insects that
winter in subfreezing climates (9). On the basis of a crystal-
lographic analysis of one representative of the so-called
alanine-rich antifreeze proteins from winter flounder, a
mechanism of inactivation of ice crystal growth has been
proposed (29, 41). The 36-residue polypeptide appears to
consist of a single a-helix with a significant dipole moment to
its helical axis. This conformation seems to facilitate inter-
action with water molecules in the bound ice nucleolus,
resulting in retardation of crystal growth. Although B. sub-
tilis and E. coli cold shock proteins share no sequence
similarity with these antifreeze proteins, both proteins ex-
hibit large a-helical regions indicating possible homology at
the level of function and secondary structure.
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