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Previous studies with two-dimensional gel electrophoresis techniques revealed that the cold shock response
in Bacillus subtilis is characterized by rapid induction and accumulation of two classes of specific proteins,
which have been termed cold-induced proteins (CIPs) and cold acclimatization proteins (CAPs), respectively.
Only recently, the B. subtilis two-component system encoded by the desKR operon has been demonstrated to be
essential for the cold-induced expression of the lipid-modifying desaturase Des, which is required for efficient
cold adaptation of the membrane in the absence of isoleucine. At present, one of the most intriguing questions
in this research field is whether DesKR plays a global role in cold signal perception and transduction in B.
subtilis. In this report, we present the first genomewide transcriptional analysis of a cold-exposed bacterium
and demonstrate that the B. subtilis two-component system DesKR exclusively controls the desaturase gene des
and is not the cold-triggered regulatory system of global relevance. In addition to this, we identified a set of
genes that might participate as novel players in the cold shock adaptation of B. subtilis. Two cold-induced genes,
the elongation factor homolog ylaG and the o"-dependent transcriptional activator homolog ypIP, have been

examined by construction and analysis of deletion mutants.

Free-living prokaryotic organisms have the capacity to react
rapidly to fluctuations of growth temperature. These responses
are regulated at transcriptional and posttranscriptional levels
and have been extensively characterized for heat shock, but
only partially characterized for cold shock. In recent years,
Bacillus subtilis has become a model organism for studies of the
bacterial cold shock response representing the gram-positive
branch of mesophilic soil bacteria (14).

Many reports have dealt with the function of the cold shock
proteins (CSPs), a widespread protein family representing a
model for the nucleic acid binding cold-shock domain (CSD).
The CSD is highly conserved from bacteria to humans (15, 39,
40) and is involved in coupling transcription to translation (36).
Only recently the CSDBase database was established (http:
/[www.chemie.uni-marburg.de/~csdbase), which includes de-
tailed information about the CSD (37). This protein family has
been identified in almost all psychrotrophic, mesophilic, ther-
mophilic, and hyperthermophilic bacteria examined so far, and
their presence in Thermotoga and Aquifex indicates an ancient
origin (15). In B. subtilis, csp double-deletion strains show a
variety of phenotypes, such as altered protein synthesis, aber-
rant nucleoid structure, cell lysis upon entry into the stationary
growth phase, and impairment in sporulation (13, 39). The
latter two defects were shown to be cured by heterologous
expression of translation initiation factor IF1 from Escherichia
coli (36).

Other investigations have revealed how B. subtilis prevents
rigidification of the membrane at low temperatures. The flu-
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idity of the membrane is maintained by isoleucine-dependent
de novo synthesis of branched-chain fatty acids (20) as well as
desaturation of fatty acids (1, 38), which both result in reduced
attraction between adjacent fatty acid chains and hence a lower
melting point.

However, so far only a little information has been available
on how signal perception and transduction take place in B.
subtilis after cold shock. In Synechocystis sp., the transduction
of low-temperature signals was investigated by systematic dis-
ruption of histidine kinases (35). Two kinases, Hik19 and
Hik33, were found to regulate the cold-induced transcription
of the fatty acid desaturase genes desB and desD. In B. subtilis,
a two-component system has been recently reported to regu-
late the desaturase gene des in a temperature-dependent man-
ner (2). With decreasing temperature, the membrane-bound
sensor kinase DesK phosphorylates its corresponding response
regulator, DesR, which then binds to a specific recognition
sequence in the promoter region of the des gene to activate its
transcription. The activity of the membrane-located fatty acid
desaturase Des finally maintains the fluidity of the membrane
in the cold. This kind of signal transduction system is one
example of how the bacterial cell adapts to a changing envi-
ronment. Nevertheless, a general mechanism for signal trans-
duction has not been identified so far. Therefore, it was inter-
esting to examine whether the cold-dependent regulation by
the two-component system DesK/DesR might play a global
regulatory role during cold adaptation of B. subtilis rather than
being restricted to regulation of the desaturase alone.

So far, most cold-induced proteins have been identified by
two-dimensional gel electrophoresis (12). We used the DNA
macroarray technique to examine whether or not the DesK/
DesR system is of general importance for signal perception
and transduction after cold shock, by determining the tran-
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TABLE 1. Bacterial strains used in this study

Strain Genotype Source or reference
B. subtilis
JH642 pheAl sfp° trpC2 Hoch and Mathews
(16a)
CB10 JH642 desK::kan This work
CB15 JHO642 yplP::kan This work
CB16 JH642 ylaG::kan This work
E. coli XL1-Blue  recAl endAl gyrA96 thi-1 ~ Stratagene
hsdR17 supE44 relA1
lac [F' proAB
lacI"ZAM15
Tnl0(Tet")]

scriptional profiles of genes in a B. subtilis desK deletion mu-
tant in comparison to its parental strain, B. subtilis JH642.
Moreover, this method allowed the identification of a set of
significantly cold-induced genes, whose protein products might
participate as novel players in the cold shock response of B.
subtilis. Two of these genes were deleted, and the resulting
mutants were subsequently analyzed under cold shock condi-
tions, thereby revealing a cold-adaptive function of yp/P that is
similar to those of o"-dependent transcriptional activators of
B. subtilis.

Construction and growth analysis of a B. subtilis desK dele-
tion strain. Deletion of the desaturase gene des in B. subtilis
JH642 has been shown to cause a severe growth defect and to
cell lysis after cold shock in the absence of isoleucine (36).
Moreover, Aguilar and coworkers demonstrated that the des
gene is positively controlled by the two-component system
DesK/DesR in a temperature-dependent manner (2). In order
to identify all genes that are transcriptionally controlled by the
B. subtilis two-component system DesK/DesR, we constructed
a desK deletion mutant designated B. subtilis CB10, in which a
kanamycin cassette replaces an internal fragment of the desK
gene (Table 1). A kanamycin cassette was amplified by PCR
from plasmid pDG783 (16) with primers 5'kan783 (Ncol) and
3'kan783 (Mlul) (Table 2). The purified PCR fragment was
inserted into the desK gene of the Mlul- and Ncol-digested
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plasmid pMW_Ades (38), which contains the desK and desR
genes of B. subtilis. The resulting plasmid, pCBAdesK, was
transformed into strain JH642 to give the AdesK kanamycin-
resistant strain CB10. We analyzed the growth (optical density
at 600 nm [ODg,]) of CB10 at 37°C and after cold shock to
15°C (Fig. 1). In the absence of isoleucine, the desK deletion
strain CB10 exhibits the same growth defect after cold shock as
demonstrated for the des deletion strain (38).

Northern blot analysis of the des gene of B. subtilis. Prior to
macroarray analysis, we performed Northern blot experiments
(32) with total mRNA isolated as described before (27). For
strain JH642 grown in SMM™PPPelle (36) 3 maximum of des
transcription was detected 70 min after cold shock by Northern
blot analysis (data not shown). Assuming significant transcrip-
tional induction of DesK/DesR-regulated genes in general un-
der these conditions, all further experiments were carried out
with samples taken 70 min after cold shock. As expected, the
Northern blot showed no transcription of des in the desK de-
letion strain CB10 under any conditions (data not shown). As
a control, the transcription of the groEL gene was monitored.
The groEL gene encodes the class I heat shock protein GroEL,
which is involved in the folding of proteins after heat shock
(29). The transcription of groEL in JH642 was strongly re-
pressed 70 min after cold shock (Fig. 2), which is in agreement
with previous results (19). These total mRNA samples were
used for all further experiments in this study.

Transcriptional profiling of B. subtilis JH642 and its desK
deletion derivative, CB10. It was demonstrated that transcrip-
tion of the B. subtilis des gene is specifically cold induced by
DesK/DesR (2). This finding represented a molecular ther-
mosensor in B. subtilis and gave rise to the question of whether
des is the only gene or whether this two-component system
might participate as the key regulatory system for the B. subtilis
cold shock response. Since regulation by DesK/DesR takes
place at the transcriptional level, the use of DNA macroarrays
appeared to be the appropriate method for investigation. Ex-
periments were performed as described by Petersohn et al.
(30). For cDNA synthesis, 2 pg of total RNA was mixed with
4 pl of a commercially available primer mix, which consisted of

TABLE 2. PCR primers used in this study

Primer

Sequence

5'kan783 (NCOL) ..o TATCCATGGAGGTGATAGGTAAGATTATA

3'kan783 (Mlul)..
5'kan783 (Clal)...
3'kan783 (Clal).......
yplP —455 (EcoRI)....
yplP + 1475 (EcoRI).....

.TTAACGCGTCTAGAGTCGATACAAATTC
ATAATCGATAGGTGATAGGTAAGATTATAC
.ATAATCGATTAAAACATCAGAGTATGGACA
CATAGAATTCTTTCATTTTATGATAAGCCCC
.TATGAATTCTCAGTGAAGCATATAAAGGTT

YiaG_Pl.........uee. AACAGCGGAGAAAAATTGTTCAAGTGCAA
ylaG_P2.....

ylaG_P3..... .

ylaG_P4..... .ATCCGGTAAGAGGTATACTGGATGAATTA
5'des_Sonde......... .TGATTCAGCTTTTAAACACGT

3'des_Sonde + T

.TAATACGACTCACTATAGGGAGAATCTTCAAAGGTATGCT

S'ylaG _Sonde.............
3'ylaG_Sonde + T7...

.CAATGGACTCTAATGATCTTG
.TAATACGACTCACTATAGGGCGTCAAGCTTCATAAGAGAAA

SYPIP SONAC .o AGCTTCCTGTCTTAATAACAG
3YpIP_Sonde + T7 covvooeoeeeeeeeeeeseeeeeeeese TAATACGACTCACTATAGGGTTGCTGTGTTCAGAAATGATC

¢ Cutting sites are in boldface. T7 polymerase promoters are underlined.
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FIG. 1. Growth of desK deletion strain B. subtilis CB10 in the presence (@) and absence (O) of isoleucine (50 wg/ml). Cells were grown in
SMM PP minimal medium (36) supplemented with 0.5% (wt/vol) glucose, trace elements, 50 pg of tryptophan per ml, and 50 wg of
phenylalanine per ml at 37°C to an ODy, of 0.45 and then subjected to cold shock (15°C).

4,107 specific oligonucleotide primers complementary to the 3’
ends of all B. subtilis mRNAs (Sigma-Genosys, Ltd.). This
study was performed with Panorama B. subtilis gene arrays
from Sigma-Genosys, Ltd., which carry duplicate spots of PCR
products representing the 4,107 known B. subtilis genes. Hy-
bridization signals were detected by PhosphorImager and
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FIG. 2. Northern blot analysis of des and groEL genes of B. subtilis
JH642. Experiments were performed with primer pairs 5'des_Sonde
and 3'des_Sonde+T7, and 5'groEL_Sonde and 3'groEL_Sonde+T7 to
generate a des-specific probe and a groEL-specific probe. Cells were
grown in SMMT™PPhelle minimal medium at 37°C to an ODy, of 0.45
and then subjected to cold shock (15°C). Samples were taken at 37°C
immediately prior to cold shock and 70 min after shock at 15°C. Total
mRNA was isolated from cells and analyzed to determine the amounts
of des and groEL transcript. Lanes: M, marker; 1, des, 37°C; 2, des,
15°C; 3, groEL, 37°C; 4, groEL, 15°C. Transcription of des is induced at
low temperatures, and transcription of groEL is repressed at low tem-
peratures.

quantified with ArrayVision software (version 6.0; Imaging
Research, Inc.). Further analysis was carried out with Gene-
Spring (version 4.2; Silicon Genetics). Genes that are exclu-
sively controlled by DesK/DesR are not induced in desK dele-
tion strain CB10. Filter hybridizations of three independent
sample preparations clearly showed that desK, desR, and des
were the only genes that are not transcribed in CB10 after cold
shock from 37°C to 15°C compared to the parental strain,
JH642. The lack of transcriptional signal for desK and desR in
CBI10 after cold shock is due to the nature of the mutation
introduced into the desKR operon. The absence of a signal for
the des gene in CB10 after cold shock shows that it is the only
gene exclusively controlled by the DesKR system after cold
shock. Hence, DesK/DesR does not represent the general tem-
perature perception system for induction of the cold shock
response in B. subtilis. In a recent study by Kobayashi et al.,
DesK and DesR were examined along with 23 other two-
component systems in B. subtilis (21). Under the conditions
tested, 28 genes were regulated by the DesK/DesR system,
including des and the desKR operon. This discrepancy might be
explained by the different experimental conditions used. We
applied the physiological stimuli for the DesK/DesR system
(temperature shift and membrane fluidity), whereas Kobayashi
et al. overproduced the response regulator DesR in the ab-
sence of the sensor kinase DesK at 37°C (21).

Identification of novel players during cold adaptation in B.
subtilis. Comparison of mRNA levels of strain JH642 grown in
SMMTPPhelle hefore and 70 min after cold shock by DNA
macroarrays established a global overview about all cold-reg-
ulated genes in B. subtilis. Among the 80 genes induced (more
than twofold) by cold shock, we identified 40 genes of unknown
function, which might represent novel players during the cold
shock response in B. subtilis. We tried to find new conserved
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TABLE 3. Transcriptional profiling of B. subtilis JH642 after cold shock from 37°C to 15°C*

Gene (15°C/37°C ratio)®

Gene product (function)

B L (77 T

ylaG (3.3)....
yplP (8.1)..
des (10.7) ....
desK (11.9)..
desR (18.5)..
cspB (2.3)....
cspC (9.1) ...
espD (1.9) e

ydbR (2.6), ygfR (2.3)..

) OO

............................ Unknown

Putative GTP binding elongation factor
.Putative o"-dependent transcriptional regulator
Fatty acid desaturase

.Two-component sensor kinase (activation of des)
.Two-component regulator (activation of des)
.Major CSP

.CSP

.CSP

Putative DEAD box helicases

.Ribosomal binding factor

plE (2.3), iplF (2.7), rpIN (2.1), IR (3.2), plX (2.3), pmD (2.2), rpmJ (2.0),..cccovvveeuenee Ribosomal proteins

rpsE (2.5), rpsH (3.0), rpsM (2.7), rpsN (2.1)

IMFA (2.3), 5B (2.1) et eoeeeeeeeeoeeoeeeeseseeeee e seeeeeee oo

ytrA (4.8), yrB (2.2), ytrC (5.2), yrD (4.5), ytrE (5.8), ytrF (7.5) ..
VA (2.1), 8B (2.2) oo
topA (0.5) e
AICA (0.3) s

gpE (0.2), dnaK (0.2), dnaJ (0.3), ygeT (0.4), yqeU (0.5)
groEL (0.2), groES (0.1) coccueiiiiiiiciiiicnieicceeeicenens

161/77 N (U T

ahpC (0.4), AIPF (0.4) oot

............................ Initiation factors IF1 and IF2

.ABC transporter (acetoin utilization)

.DNA gyrase (negative supercoil)

.DNA topoisomerase 1 (relaxes negative supercoil)
.Transcriptional regulator (CIRCE regulator)
.Chaperones (class I heat shock genes)

.Chaperones (class I heat shock genes)

.Clp protease subunit (class III heat shock gene)

.Alkyl hyperoxide reductase (class IV heat shock genes)

argB (0.3), argC (0.8), argD (0.4), argG (0.5), argH (0.4), argl (0.2), aroA (0.1), .coevecurunee Amino acid biosynthesis
aroB (0.5), aroF (0.3), aroH (0.4), asd (0.3), aspB (0.3), carA (0.4), dapB (0.5),
dapG (0.4), ginA (0.3), gltA (0.3), gltB (0.3), glyA (0.4), hom (0.5), ilvD (0.5),

metE (0.3), proB (0.4), proH (0.4), serA (0.1), serC (0.2), thrC (0.5)

asp$ (0.4), hisS (0.2), metS (0.4), thrS (0.5).cccevneenecerineceereecreereeaens

.tRNA synthetases

purF (0.5), purN (0.5), purQ (0.3), purL (0.3), purM (0.6), purK (0.2), purkE....................... Purine biosynthesis

(0.2), purC (0.3), purB (0.2), guaB (0.2), ndK (0.4)

pyrA (0.5), pyrB (0.7), pyrC (0.4) covececviiiciiiiciciicciiiceiecesesceneneseaens

nifS (0.4), nadA (0.3), nadB (0.5), nadC (0.4).
UPP (0.4) o
IS (0.3) e
pgi (0.4), pgk (0.5), tpi (0.4) oo,
pdhA (0.2), pdhB (0.3), pdhC (0.5), pdhD (0.5).
sucC (0.4), sdhC (0.4), citG (0.5) c.covvurureiriririinieicisisieieieieeens

atpA (0.3), alpB (0.1), atpE (0.2), atpF (0.2), atpH (0.3), atpl (0.4)..........

............................ Pyrimidine biosynthesis

.NAD biosynthesis

.Uracil phosphoribosyltransferase (pyrimidine salvage)
.Phosphoribosyl pyrophosphate synthetase

.Glycolysis

.Pyruvate dehydrogenase

.Citric acid cycle

............................ ATP synthase

“The genes listed in the table are described in the text. A complete list containing the transcriptional patterns of all genes is available on the internet at

http://www.chemie.uni-marburg.de/~csdbase (42).

b Hybridization signals from three filter hybridizations of independently grown cultures were detected by PhosphorImager and quantified with ArrayVision software
(version 6.0; Imaging Research, Inc.). Further analysis was carried out with GeneSpring (version 4.2; Silicon Genetics). The average correlation factor of the three

respective parallel experiments was 0.99146.

upstream regulatory regions by bioinformatic studies, but the
results were not significant (data not shown). A larger number
of genes, 280, were repressed upon cold shock (more than
twofold). Table 3 shows a selection of the most significant
results obtained in this study. The complete data have been
stored in a searchable form on the internet and can be accessed
through CSDBase at http://www.chemie.uni-marburg.de
/~csdbase (37).

CSPs. CSPs represent the highly induced proteins after an
abrupt downshift in growth temperature. In B. subtilis, there
exist three homologs of the widespread and highly conserved
CSP family, CspB, CspC, and CspD, of which at least one copy
is essential for survival even under optimal growth conditions
(13). It was shown previously that CSPs bind to single-stranded
DNA and RNA (11, 31) and colocalize with ribosomes in vivo
(28, 39). Recently, the growth phenotype as well as a sporula-
tion defect in a cspB cspC double-deletion strain could be
cured by expression of translation initiation factor IF1 from E.
coli, indicating an overlapping function of both protein classes
(36). CSP induction after cold shock mainly occurs at the

posttranscriptional level, whereas transcriptional activation of
csp genes is only modest (19). Our macroarray analyses showed
the strongest induction for the cspC gene (9.1-fold), a moder-
ate induction of ¢spB (2.3-fold), and low induction for cspD
(1.9-fold) (Table 3).

Heat shock genes. Our results demonstrate repression of a
wide range of heat shock genes, indicating that cold and heat
shock genes are often regulated antagonistically. Both operons
of class I heat shock genes (hrcA, grpE, dnak, dnal, ygeT, and
yqeU, as well as groEL and groES) were repressed three- to
sevenfold (Table 3). Class I heat shock genes are usually in-
duced by the HrcA-CIRCE regulation mechanism after occur-
rence of heat-denaturated proteins (29). Heat shock genes of
classes III (clpP) and IV (ahpC and ahpF) were also repressed
(threefold) at the transcriptional level. Proteomic approaches
show that heat shock proteins GroES and ClpP are repressed
upon cold shock, as reported in studies using two-dimensional
gel electrophoresis (12). It seems reasonable that B. subtilis has
no need for heat shock proteins at low temperatures and can
save valuable resources by repressing the corresponding genes.
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Translation machinery. A set of genes encoding ribosomal
proteins (names given in parentheses) were two- to threefold
cold induced (Table 3), such as rplE (LS), rplF (L6), rpIN (L14),
pIR (L18), mplX (L24), rpomD (L30), rpmJ (L36), rpsE (S5),
rpsH (S8), rpsM (S13), and 7psN (S14). Our studies show that
not all ribosomal components are synthesized de novo upon
cold shock. Rather, it appears that a selected subset of ribo-
somal components is required, whose individual functions
might have special importance after cold shock. Furthermore,
infA and infB, encoding initiation factor homologs, were two-
fold induced. Another effect on translation initiation might be
the twofold induction of the rbf4 gene of B. subtilis upon cold
shock, since RbfA of E. coli was shown to bind to the 30S
subunit of the ribosome and might effect translation initiation
at low temperatures (7). Eventually translation elongation
might be adapted at low temperatures as well, since the yet
uncharacterized ylaG gene, which possibly encodes a GTP
binding elongation factor homolog, was threefold induced (Ta-
ble 3).

Efficient translation requires adequate mRNA templates,
whose ribosomal binding sites are not masked due to forma-
tion of secondary structures, which are more stable at low
temperatures. CSPs are thought to couple transcription and
translation by low-affinity occupation of nascent transcripts in
order to prevent the formation of mRNA secondary structure
(13). Furthermore, RNA helicases might play an active role in
reverting such structures, as has been shown for E. coli CsdA
(18). Cold-induced RNA helicases were reported for the gram-
negative bacterium E. coli (csdA) (18), the cyanobacterium
Anabaena sp. (chrC) (6), and the Antarctic archaecon Methano-
coccoides burtonii (deaD) (25). They are involved in unwinding
double-stranded RNA due to helix-destabilizing activity (18)
and thereby possibly facilitate initiation of translation. Indeed,
we identified two cold-induced genes, ydbR (2.6-fold) and yqfR
(2.3-fold), that appear to encode B. subtilis RNA helicases
homologous to E. coli CsdA. The products encoded by ydbR
and yqfR might represent novel players during cold adaptation
of B. subtilis. It is worth noting that ribosomal binding factor
ROfA (pI 9.3) and the two helicases mentioned above (both pl
9.9) were not identified during the two-dimensional gel elec-
trophoresis studies reported earlier (12) because of the pH
range employed (pH 4 to 7).

Nucleoid structure. Topology of DNA is generally important
for transcription. The DNA gyrase introduces a negative su-
percoil, which has been demonstrated to have a regulatory
function for gene expression in the cold, since addition of
gyrase inhibitor novobiocin abolishes cold induction of the
fatty acid desaturase gene des (10). In the case of B. subtilis,
more detailed investigations addressing the role of topoisom-
erase proteins during cold adaptation have not been carried
out so far. However, our present results show that the gyr4 and
grB genes encoding DNA gyrase were twofold induced,
whereas the topA gene encoding DNA topoisomerase I was
twofold repressed. This antagonistic regulation likely results in
the previously observed negative supercoil of DNA after cold
shock (22).

ABC transporter. The Ytr ABC transporter has been pro-
posed to play a role in acetoine utilization (42). B. subtilis
produces acetoin as an external carbon storage compound
during glucose excess and reutilizes it later during the station-
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ary phase and sporulation (26). The complete operon (ytrA,
ytrB, ytorC, ytrD, ytrE, and ytrF) was four- to sevenfold induced
after cold shock (Table 3). The first gene encodes a repressor,
and the five genes that follow encode the ABC transporter.
Acetoine (3-hydroxy 2-butanone) is of potential interest for
cold adaptation, because it is easily converted to 2,3-butane-
diol, and polyols, along with other polar molecules such as
polyamines and sugars, have been described as cryoprotectants
(23, 41). Thus, acetoin or derivatives might have a possible role
as cryoprotectants for B. subtilis.

Amino acid biosynthesis. One of the obvious changes after
cold shock was the negative regulation of many amino acid
biosynthetic pathways. The transcriptional level of 31 genes
required for the biosynthesis of nonpolar (Gly, Val, Met, and
Ile), polar (Ser, Thr, Pro, and Gln), charged (Arg, His, and
Asp), and aromatic (Phe, Tyr, and Trp) amino acids was re-
duced (Table 3). In addition, four genes encoding tRNA syn-
thetases (aspS, hisS, metS, and thrS) were two- to fourfold
repressed as well. The slower growth results in a generally
reduced protein synthesis after cold shock (12), which might
result in an oversupply of amino acids that leads to a feedback
inhibition of genes associated with amino acid biosynthesis.

Purine and/or pyrimidine biosynthesis. Many operons in-
volved in the purine/pyrimidine biosynthetic pathways were
downregulated after cold shock. Genes encoding proteins in-
volved in the biosynthesis of inosine 5'monophosphate and,
thereafter, GTP and ATP were repressed (purF, purN, purQ,
purL, purM, purK, purE, purC, purB, guaB, and ndk). The same
pattern was obtained for the biosynthesis of the pyrimidines
UTP and CTP (pyrd, pyrB, pyrC, smbA, and ndk). Slower
growth after cold shock would also mean slower DNA repli-
cation and therefore a reduced need for nucleotides. Not only
were the genes for nucleotides repressed but also those for the
biosynthesis of the cofactor NAD (nifS, nadB, nadA, and
nadC), a gene for pyrimidine salvage (upp), and the prs gene of
B. subtilis, encoding the PRPP synthetase, which is the starting
point for purine/pyrimidine synthesis (4).

Glycolysis, citric acid cycle, and ATP synthesis. After cold
shock, some genes involved in glycolysis (pgi, pgk, and pi),
pyruvate dehydrogenase (pdhA, pdhB, pdhC, and pdhD), and
the citric acid cycle (sucC, sdhC, and citG) were repressed. In
addition, transcription of the ATP synthase operon (atpA,
atpB, atpE, atpF, atpH, and atpl) was downregulated. Like the
reduced amino acid and purine/pyrimidine biosynthesis, the
repression of these genes encoding for enzymes with central
metabolic functions points at the overall reduced metabolic
activity of B. subtilis after cold shock.

Construction and analysis of deletion strains of cold-in-
duced genes ylaG and yplP. To investigate a possible function
of uncharacterized cold-induced genes (Table 3), we con-
structed and analyzed deletion mutants of ylaG (3.3-fold in-
duced) and yplP (8.1-fold induced). First the data obtained
from the macroarray analysis were confirmed by Northern blot
analysis. A significant cold induction was detected for both
ylaG and ypIlP mRNA (Fig. 3). The B. subtilis ylaG deletion
strain CB16 was constructed basically by the method described
by Kuwayama et al. (24). Two sets of primers, ylaG_P1 and
ylaG P2 andylaG_P3 and ylaG_P4, were used to amplify the 5’
and 3’ flanking regions of the ylaG gene, respectively. Primers
ylaG_P2 and ylaG_P3 contained sequences that are identical to
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FIG. 3. Northern blot analysis of ylaG and yplP genes of B. subtilis
JH642. Cells were grown in SMMT™PPPelle minimal medium at 37°C to
an ODy, of 0.45 and then subjected to cold shock (15°C). Experiments
were performed with  primer pairs 5'ylaG_Sonde and
3'ylaG_Sonde+T7 and 5'yp/P_Sonde and 3'yp/P_Sonde+T7 to gener-
ate a ylaG-specific probe and a yplP-specific probe. Samples were taken
immediately prior to cold shock at 37°C and 70 min after shock at 15°C.
Total mRNA was isolated from cells and analyzed for the amounts of
ylaG and yplP transcript. Lanes: M, marker; 1, ylaG, 37°C; 2, ylaG,
15°C; 3, yplP, 37°C; 4, yplP, 15°C. Both genes show an increased
amount of transcript at low temperatures.

the ends of the kanamycin cassette of plasmid pDG783. In a
second PCR, the previously amplified 5’ and 3’ flanking re-
gions, which contain the terminal kanamycin regions, were
used as primers to incorporate the kanamycin cassette between
the two ylaG flanking regions. The resulting product was
boosted by PCR with the primers ylaG_P1 and ylaG_P4 to give
a ready-to-use deletion fragment of 3.6 kbp carrying the resis-
tance cassette between the flanking regions, which was trans-
formed into B. subtilis strain JH642 without further purifica-
tion.

For the construction of yplP deletion strain CB15, the yplP
gene including flanking regions was amplified by PCR from
chromosomal DNA of B. subtilis JH642 with primers
ypIP—455(EcoR]I) and yplP+1475(EcoRI). The PCR fragment
was cloned into the EcoRI site of plasmid pQE70 (34), result-
ing in plasmid pQEyp/P. A kanamycin cassette was amplified
by PCR from plasmid pDG783 with primers 5'kan783 (Clal)
and 3'kan783 (Clal), and the fragment obtained was inserted
into the Clal site of pQEyp/P to give the deletion plasmid
pCBAyplP. The linearized pCBAypl/P was used to transform B.
subtilis JH642 to give CB15.

ylaG was chosen, because a BLASTP search (3) revealed
three conserved domains that share significant similarity with
GTP-binding elongation factors. The N terminus of this pro-
tein family typically contains a GTP binding domain (P-loop
motif), whereas the C terminus contains two B-barrel struc-
tures, the first of which binds to amino-acid-charged tRNA.
The product encoded by the ylaG gene shares 37% identity
(52% similarity) with EF-G and 30% identity (45% similarity)
with EF-Tu from B. subtilis. Since many of the previously
reported cold-induced proteins (12), as well as a good fraction
of the cold-induced genes identified in this study, are involved
in ribosomal function, the similarity to elongation factors
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EF-G and EF-Tu encouraged us to further analyze whether
the ylaG gene product might have a function during the elon-
gation process at low temperatures. However, a growth anal-
ysis of CB16 under cold shock conditions revealed no signifi-
cant difference in growth rate compared to that of the parental
strain JH642 at 15°C. This shows that ylaG removal has no
impact on growth after cold shock and is not essential for B.
subtilis. To further examine a possible function of ylaG in cold
adaptation, detailed studies of CB16 by two-dimensional gel
electrophoresis have been initiated.

In the case of the second gene under investigation, yp/P, a
BLASTP search (3) revealed significant similarity to the E. coli
NtrC/NifA family of transcriptional regulators. In B. subtilis,
five homologs to this protein family are known, of which the
following four have been described. AcoR (31% identity, 48%
similarity) (17), BkdR (32% identity, 50% similarity) (8), LevR
(25% identity, 43% similarity) (9), and RocR (31% identity,
47% similarity) (5) interact with o (¢*) as transcriptional
enhancers of operons involved in carbohydrate metabolism
and amino acid catabolism. The sequence alignment of YpIP
shows the well-conserved o°* interaction domain as well as the
C-terminal DNA binding motif (data not shown). Interestingly,
the typical N-terminal domain that is responsible for signal
transduction in other o™/o”* activators (33) is not present in
YplP, indicating that this protein might be triggered by a dif-
ferent stimulus compared to its homologs. To test the in vivo
significance of the yp/P gene product as a possible transcrip-
tional regulator during cold shock adaptation, the ypIP deletion
strain CB15 was grown under cold shock conditions. The re-
sults presented in Fig. 4 revealed a late-growth phenotype for
the mutant compared to the parental strain after prolonged
incubation at low temperatures. This cold-specific late-growth
phenotype suggests that the ypIP gene product may have a role
during cold adaptation of B. subtilis. To characterize the role as
a thermosensing transcriptional activator, possibly by interac-
tion of YpIP with o", further investigations, including studies
to identify potential genes controlled by YplIP and their role in
cold shock adaption, are under way.

It is surprising that the o™-dependent transcriptional activa-
tor bkdR is not induced upon cold shock, like what we showed
for yplP, since BkdR activates a metabolic pathway for isoleu-
cine degradation (8). This pathway forms precursors for the
isoleucine-dependent de novo synthesis of anteiso branched-
chain fatty acids, which have been shown to be cold protective
(20). Anteiso branched-chain fatty acids lower the melting
point of the membrane like unsaturated fatty acids produced
by the desaturase des (38) to maintain membrane fluidity.
Further investigations are necessary to examine whether the
lack of bkdR induction upon cold shock is associated with the
known but yet uncharacterized defect in isoleucine metabolism
of strain B. subtilis JH642 (20).

In summary, low temperatures result in a stress response of
B. subtilis that is characterized by strong repression of major
cellular metabolic activities, whereas only a limited number of
processes essential for cold adaptation are induced. These
include proteins associated with the translation machinery and
membrane adaptation, for which activation through thermo-
sensing systems is necessary. Although the role of the thermo-
sensing two-component system DesKR has been characterized,
and the function of the potential o"-dependent transcriptional
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FIG. 4. Growth of yplP deletion strain B. subtilis CB15 (O) and parental strain B. subtilis JH642 (@) in Luria-Bertani medium. Cells were grown

37°C to an ODyy, of 0.45 and then subjected to cold shock (15°C).

activator YplP has yet to be defined, a global cold sensor in B.
subtilis is still missing.
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