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The alternative sigma factor, o, activates the expression of genes required for chemotaxis and motility in
Bacillus subtilis, including those encoding flagellin, hook-associated proteins, and the motor proteins. The oP?
protein is encoded in a large operon which also encodes the structural proteins for the basal body and
homologs of the enteric CheW, CheY, CheA, and CheB chemotaxis proteins. We report the identification and
molecular characterization of a novel chemotaxis gene, cheV. The predicted CheV gene product contains an
amino-terminal CheW homologous domain linked to a response regulator domain of the CheY family,
suggesting that either or both of these functions are duplicated. Transcription of cheV initiates from a
oP-dependent promoter element both in vivo and in vitro, and expression of a cheV-lacZ fusion is completely
dependent on sigD. Expression is repressed by nonpolar mutations in structural genes for the basal body, fliM
or fliP, indicating that cheV belongs to class III in the B. subtilis flagellar hierarchy. The chel locus is
monocistronic and is located at 123° on the B. subtilis genetic map near the previously defined cheX locus. A
cheV mutant strain is motile but impaired in chemotaxis on swarm plates. Surprisingly, an insertion in the
CheW homologous domain leads to a more severe defect than an insertion in the CheY homologous domain.
The presence of dual pathways for chemotactic signal transduction is consistent with the residual signaling
observed in previous studies of cheW mutants (D. W. Hanlon, L. Marques-Magaiia, P. B. Carpenter, M. J.

Chamberlin, and G. W. Ordal, J. Biol. Chem. 267:12055-12060, 1992).

The Bacillus subtilis alternative sigma factor, o, activates
the expression of a dozen or more operons required for
chemotaxis and motility (for reviews, see references 14 and
31). The o regulon is activated in late logarithmic growth
during the transition to stationary phase (12, 26). This so-
called transition state is a time of complex decision making
(41). The cell senses the nature of available nutrients and
responds by the activation of numerous secondary metabolic
processes, including genetic competence, degradative enzyme
synthesis, antibiotic synthesis, and motility. Under appropriate
conditions, a dormant endospore can be produced.

Homologs of the B. subtilis ® protein (generically known as
o8 factors) have been described for a variety of gram-positive
and gram-negative bacteria, including Escherichia coli, Salmo-
nella typhimurium, Pseudomonas aeruginosa, Vibrio parahaemo-
Wyticus, and Streptomyces coelicolor (7, 14, 24, 39). With the
interesting exception of S. coelicolor (7), these ¢ proteins all
control expression of one or more flagellin genes. Sequence
comparisons reveal that these o factors form a closely related
family of proteins known as the flagellar cluster (20). In
addition, a great many other bacteria contain flagellin genes
with promoter elements (P,g) which predict the presence of a
corresponding o?%-like regulatory factor (14). Thus, the o®
family of regulatory proteins appears to be broadly distributed.

The extensive genetic characterization of the enterobacterial
flagellar regulon provides us with our most complete picture of
gene regulation by a member of the ¢*® family of proteins (21).
The genes required for flagellar synthesis are transcriptionally
activated in a complex hierarchy. The flhDC master regulators
are expressed under the influence of the cyclic AMP receptor
protein and are essential for the transcription of the class II
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genes. One of the class II genes, flid, encodes a o factor (¢¥)
homologous to B. subtilis o® (29). The oF protein, in turn,
activates transcription of the class III flagellar and chemotaxis
genes. The activity of o* is controlled by one of the class I11
genes, fleM, which encodes an anti-o factor that prevents o
activity unless the products of all the class II genes are
expressed and functional (11).

The flagellar regulon in B. subtilis is not as well characterized
as that in the enterobacteria, but it appears to differ in several
respects (5). Remarkably, most of the identified flagellar
structural genes are in the large flad operon, which spans at
least 25 kb. These genes include those for the basal body
structure, the o protein, and homologs of the E. coli CheA,
CheB, CheY, and CheW proteins (31). Peak expression of the
sigD gene occurs at the end of logarithmic phase growth (19).
The o® protein activates transcription of the flagellin gene
(hag) (26), the motAB operon (27), an operon that encodes
FlgM and FIgK homologs (31), genes for the methyl-accepting
chemotaxis proteins (MCPs) (22, 31), the major autolysin (19),
and an operon which encodes a hook-associated protein (fliD)
(7a). Expression of the hag (flagellin) and the fliD genes is
eliminated in strains containing disruptions in either the fliM
or fliP gene (7a, 50), suggesting that B. subtilis flagellar genes
can also be divided into classes II and III. It is not yet known,
however, whether there is a master regulator for the B. subtilis
flagellar regulon. In fact, a number of pleiotropic regulatory
genes affect flagellar expression (1, 31, 34, 41), indicating that
motility and chemotaxis are coregulated with many other
transition state functions, including competence, induction of
degradative enzymes and antibiotics, and perhaps sporulation.

In this report, we describe the cloning and characterization
of a new chemotaxis gene, cheV, under control of the o® form
of RNA polymerase. Transcriptional analyses suggest that this
gene is in class I1I of the flagellar hierarchy. The CheV protein
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TABLE 1. B. subtilis strains TABLE 2. Plasmids
. Relevant Source or . .

Strain Genotype characteristic(s) reference Plasmid Description f:f‘;i:g;
CU1065 W168 trpC2 attSP B Zahler pGW7 pBR322-based expression plasmid 38
OI1085  rpF7(Am) hisB(Am) met Che* Ordal pJH28-1 pGW?7 containing 4.1-kb EcoRI This work
OI2737  OI1085 cheW::cat CheW~ 13 insert from phage Agt11#1
OIB055 OI1085 cheY::cat CheY ™ 4 pIM114 Contains Kan" cassette 33
CB100  #pC2 sigD::pLMS SigD~ 22 pDEBS Plasmid for integrating genes at 6
OI2537 fliM::cat FliM~ Ordal amy (Cm")

OI2826 OI1085 fliP::cat FliP~ Ordal pTKlac Integrational lacZ fusion plasmid 17
HB4001 CU1065::pKF10 CheV* This work (Cm")
HB4003 OI1085::pKF22 cheV-lacZ fusion  This work pAC7 Plasmid for integrating genes at T. Msadek
HB4004 OI1085 cheV::kan CheV~™ This work amy (Kan")
HB4006 OI1085 cheV::kan CheV (truncated) This work pGEM-at Integration vector for use in B. 49
HB4009 OI2537::pKF22 FliM ™, cheV-lacZ This work subtilis (Cm")
fusion pKF1 pGEM-cat containing EcoRI-PstI This work
HB4010 OI2826::pKF22 FliP~, cheV-lacZ  This work fragment from pJH28-1
fusion pKF2 pBKSII* containing 752-bp HindIII This work
HB4011 CB100::pKF22 SigD ™, cheV-lacZ This work fragment from pKF1
fusion pKF3 pBKSII* containing 615-bp EcoRI- This work
HB4019 HB4004::pKF11 CheV* This work HindIII fragment from pKF1
pKF10 pKF1 with deletion of Bcll (position This work
330 in cheV) to Pstl
pKF11 pDEBS containing 1.5-kb EcoRI- This work
contains domains homologous to the CheW and CheY pro- Bglll fragment of pJH28-1
teins encoded by the large flad operon, suggesting that B.  PKF13 pBKSII™ containing EcoRI-Pst This work
subtilis may have two partially overlapping chemotaxis-signal- fragment from pKF1 )
ing pathways. This hypothesis is explored further in the  PKF21 PTg(;‘)c f‘r’g“mta;;:;‘l‘/g EcoRT-Bcll (at This work
accompanying manuscript (36). pKF22 pKF21 containing Kan" from This work
pIM114 (as EcoRI-Kpnl
MATERIALS AND METHODS fragment)
pKF24 pKF2 containing Kan® from pAC7 This work
Bacterial strains and plasmids. All bacterial strains and in Bcll site (at 820) )
plasmids used in this study are listed in Tables 1 and 2. The ~ PKF25 PK,E:"BC?I“;?::'(';% ;(3?(;1), from pAC7 This work
in Bcll si
cheV gene was subcloned from phage A (see below) to a pKF37 pET16x containing carboxyl- This work

pBR322-based plasmid, pGW7, to generate pJH28-1. The
region of pJH28-1 containing the chel” locus was subcloned
into pGEM-cat as a 1.5-kb EcoRI-to-PstI fragment to generate
pKF1. The 615-bp EcoRI-to-HindIIl region containing the
Py _chev promoter and 5’ end of chel was cloned into pBKSIT*
to generate pKF3. The adjacent 752-bp HindIIl fragment
containing the 3’ end of cheV was cloned into pBKSII* to
generate pKF2.

To create a cheV-lacZ fusion, the EcoRI-to-Bcll (293-bp)
fragment of chel was cloned from pKF1 into the integrational
vector, pTKlac (17), to generate plasmid pKF21. To allow
selection of integrants by kanamycin resistance, a cassette from
plasmid pJM114 (33) was removed as an EcoRI-to-Kpnl
fragment and cloned into pKF21 to generate pKF22. In this
transcriptional fusion vector, lacZ expression initiates from the
spoVG ribosome-binding site under control of the Py v
promoter.

To create gene disruptions in the amino-terminal and car-
boxyl-terminal domains of CheV, a kanamycin resistance cas-
sette was inserted into either of the two Bcll sites. For the
amino-terminal insertion, the kanamycin resistance gene was
removed from plasmid pAC7 as a Bglll-to-BamHI fragment
and cloned into the unique Bcll site of plasmid pKF3 to
generate pKF25 (Kan" in the opposite orientation from that of
cheV). For the carboxyl-terminal insertion, the same Kan" gene
was cloned into the unique BclI site of plasmid pKF2 (Table 2)
to generate pKF24 (Kan' in the same orientation as that of
cheV).

For complementation studies, the entire chel” gene was
removed from pJH28-1 as a 1.5-kb EcoRI-to-BglII fragment
and cloned into plasmid pDEBS (6) to generate pKF11. In this
plasmid, the chelV gene is flanked by sequences from the

terminal 270 codons of chelV’

amylase locus to allow for double crossover gene replacement
into amyE. Recombinants were screened for an inability to
degrade starch on plates.

For expression of a truncated chel gene in E. coli, a 1.3-kb
BspHI-to-BamHI fragment from pKF13 was subcloned into
the overexpression plasmid pET16x (Novagen, Madison, Wis.)
after digestion with Ncol and BamHI to generate plasmid
pKF37. This plasmid allows expression of a 270-amino-acid
carboxyl-terminal fragment of CheV.

Isolation of the chel gene. The DNA segment containing the
cheV gene was originally cloned from a Agtll library (43)
during screens aimed at the isolation of the sigD gene (15, 16).
Approximately 8 X 10* Agtll phage plaques were screened
with mouse anti-¢” antibodies, and five clones expressing
cross-reactive proteins were identified. All five phage con-
tained overlapping genomic segments varying in size from 2.3
to 4.1 kb. The region common to all five inserts begins in the
carboxyl-terminal region of the chel gene and extends about 2
kb downstream. The reason for the original isolation of these
five phage with anti-o® antisera is unknown.

The largest phage insert (Agt11#1) contained adjacent 0.75-
and 2.8-kb HindIlII fragments. Southern hybridization analysis
performed on isolated B. subtilis W168 chromosomal DNA
verified that this region was isolated without gross alteration
(data not shown). Approximately 3 kb of DNA sequence from
this region of Agt11#1 was determined. To confirm that this
sequence was not altered by propagation in phage A, we have
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recloned the chel region from B. subtilis CU1065 DNA by
vector rescue and sequenced the recovered chromosomal
DNA by using modified T7 DNA polymerase (Sequenase) and
the Sequenase kit (U.S. Biochemical). First, plasmid pKF1 was
digested by Bcll and Pstl, treated with the Klenow fragment of
DNA polymerase I, and ligated to generate a deletion deriva-
tive, pKF10, which retains 297 bp of B. subtilis DNA between
an EcoRI site and the modified Bcll site in cheV. Purified
chromosomal DNA from strain HB4001(CU1065::pKF10) was
treated with either Ncol or Sphl and recircularized to allow
recovery of upstream or downstream linked DNA, respec-
tively.

Primer extension mapping. RNA was isolated from CU1065
and CB100 at time T_,, T,, and T, by a method previously
described (12), except that the cells were extracted three times
with hot phenol immediately after sonication and RQ1 DNase
I (ProMega Biotech) was substituted for proteinase K-treated
DNase I. Time T, is defined by the intercept of the linear
portion of a logarithmic growth plot with the line representing
stationary phase and occurs about 20 min after deviation from
log phase growth. Time 7' _, and T, are 60 min before and after
T,, respectively. Primer extension analysis of in vivo RNA
samples was performed as described by Kuroda and Sekiguchi
(19). The 17-mer oligonucleotide primer 1 (5'-GCATTTTCA
CCCACGCC-3') was labeled with [y->P]JATP and poly-
nucleotide kinase (37). Labeled primer 1 (2 pmol) was added
to RNA (80 to 100 pg) and precipitated with ethanol. The
pellet was resuspended in 20 pl of hybridization buffer (60 mM
NaCl, 50 mM Tris-HCI [pH 8.0], 10 mM dithiothreitol), heated
to 90°C for 3 min, and cooled slowly to 40°C. Thirty microliters
of an extension solution (60 mM NaCl, 50 mM Tris-HCI [pH
8.0], 13 mM dithiothreitol, 10 mM MgCl,, 7.5 mM de-
oxynucleoside triphosphates, 10 U of avian myeloblastosis
virus reverse transcriptase) was added, and the reaction mix-
ture was incubated at 37°C for 60 min. Nucleic acids were then
extracted with phenol-CHCI,, precipitated with ethanol, resus-
pended in 10 pl of 0.1 M NaOH, and heated at 95°C for 3 min.
Samples were separated by electrophoresis on a 7 M urea—6%
polyacrylamide denaturing gel. Double-stranded pKF1 was
sequenced by using the identical primer, and the reaction
products were electrophoresed adjacent to the primer exten-
sion products.

To map the in vitro transcription start site, supercoiled pKF1
was used as a template for in vitro transcription by reconsti-
tuted o holoenzyme as described previously (16). Purified
core RNA polymerase (0.5 pg) was added to 2.5 pg of
template with and without 0.5 pg of purified o protein in
transcription buffer (40 mM Tris [pH 8.0], 10 mM MgCl,, 10
mM 2-mercaptoethanol, 400 pM deoxynucleoside triphos-
phates). Reaction mixtures were incubated at 37°C for 15 min,
and the nucleic acids were precipitated with ethanol. Two
picomoles of labeled primer 1 was added, and the primer
extension reactions were carried out and analyzed as described
above.

Chemotaxis assays. Chemotactic proficiency was judged by
the rate of swarm formation on soft agar plates (0.3% agar).
Tryptone and minimal medium swarm plates containing man-
nitol as an attractant were prepared as described previously
(32). Cells were spotted with a toothpick, and swarm formation
was allowed to proceed for 8 to 24 h at 37°C.

Genetic techniques. Transformation of B. subtilis was per-
formed by using an improved, one-step method developed by
F. Kunst and coworkers (18). Briefly, this procedure involves
the growth of cells in modified competence medium (MC
medium) (a glucose minimal medium supplemented with 0.1%
casein hydrolysate and 0.2% potassium glutamate) until 60 to
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90 min after T,. DNA is added, and incubation at 37°C is
continued for 60 min prior to selection of transformants.

The cheV gene was mapped by hybridization of labeled
oligonucleotide probe 1 to a nitrocellulose filter containing an
ordered collection of B. subtilis chromosomal DNA cloned into
yeast artificial chromosomes (2). Strong hybridization was
found to clone F3-containing DNA from the ptsI locus (118°)
to near ctaD at 127° on the genetic map. Since hybridization
was not detected to the two overlapping clones (15-115 and
15-112), we conclude that cheV is located between pts and ctaD
near 123°. This position is consistent with the results of phage
PBS1-mediated transduction with a collection of mapped
Tn917 (MLS")-containing strains as recipients (44). The Cm"
marker in strain HB4001 was found to be linked by transduc-
tion with the MLS" markers of strain CU4152 (map position
126°) and strain CU4151 (map position 121°).

B-Galactosidase assays. Cells were grown in 2X YT (37),
and 1-ml samples were removed at the indicated time points.
Assays for B-galactosidase were performed as described pre-
viously (8).

Nucleotide sequence accession numbers. The sequence of
this region together with 1.5 kb of downstream flanking DNA
has been submitted to the EMBL and GenBank data bases
under accession no. Z29584 and U05345, respectively.

RESULTS

Sequence of the chel gene. In experiments aimed at the
cloning of the structural gene for the o® polypeptide, five
independent Agtll phage that expressed proteins reactive with
polyclonal anti-o” antibodies were identified (see Materials
and Methods). However, DNA sequence analysis failed to
reveal any plausible candidates for the sigD gene, which was
subsequently isolated by using a degenerate oligonucleotide
probe (15). Comparison of the predicted polypeptides encoded
by the cloned B. subtilis DNA with computer data base
sequences revealed the presence of a putative gene, cheV,
homologous to both of the enterobacterial chemotaxis pro-
teins, CheW and CheY. The major B. subtilis flagellar operon,
flaA, also encodes homologs of CheW and CheY (4, 13, 15,
31), suggesting that either or both of these functions may be
duplicated in B. subtilis. A schematic of the chel region of the
chromosome is shown in Fig. 1.

The sequence of 1,681 bp of B. subtilis DNA is presented in
Fig. 2. Immediately upstream of the chel’ gene is a candidate
promoter element for recognition by the ¢” form of RNA
polymerase (see below). The predicted chel gene initiates with
a UUG start codon, which is relatively common in B. subtilis
(45). The putative ribosome-binding site (UAGCGAGGGA)
matches the 3’ end of the B. subtilis 16S rRNA at the indicated
seven positions and is predicted to lead to efficient translation
(45).

Following the termination codon of the chel gene is a
factor-independent terminator. This sequence could function
to terminate transcription from either direction as, in both
cases, a string of U residues is encoded following a hairpin
structure. Indeed, this bidirectional terminator has been pre-
viously characterized during in vitro studies of factor-indepen-
dent termination by E. coli RNA polymerase and is equally
efficient in either orientation (35). It is likely that this inverted
repeat element functions as a bidirectional terminator in vivo
since a convergent gene (orfB) terminates very close to the
downstream boundary of the repeat (Fig. 1). The predicted
OrfB gene product is a 142-amino-acid polypeptide with no
significant similarity to other proteins in the GenBank data
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FIG 1. Schematic of chel region. The convergent chel and orfB genes are illustrated, together with restriction sites mentioned in the text. The
hairpin structure represents the bidirectional terminator between the two open reading frames, and the arrows upstream of orfB indicate an

inverted repeat element.

base. The orfB gene may be transcribed from the putative
o”-dependent promoter element indicated in Fig. 2.

Sequence of the CheV protein. The amino-terminal region of
the predicted CheV protein is 27% identical to the E. coli
CheW protein. This degree of similarity is somewhat greater
than that between CheV and the other sequenced B. subtilis
CheW homolog (25%) or the related FrzA protein of Myxo-
coccus xanthus (21%) (13, 23). A sequence comparison of the
E. coli and B. subtilis CheW proteins with the amino-terminal
domain of CheV is presented in Fig. 3A. Apart from known
CheW homologs, no significant similarity was detected be-
tween the amino-terminal portion of CheV and other proteins
in the GenBank data base.

The carboxyl-terminal domain of the CheV protein is 26%
identical to the E. coli CheY protein (Fig. 3B). As was
observed for the CheW homologous region, this is somewhat
greater than the identity between CheV and the B. subtilis
CheY protein (24%) or the related PilG protein from P.
aeruginosa (25%) (4, 9). Interestingly, this domain of CheV is
most closely related to the M. xanthus FrzE protein (35%
identity), which is also a two-domain chemotaxis protein
containing, in this case, CheA and CheY homologous portions
(25).

CheY homologous domains are found in a large number of
regulatory proteins, and significant similarity was observed
between CheV and many of these response regulator proteins.
The CheV protein contains all of the most highly conserved
residues of response regulators, including the two acidic resi-
dues which form a Mg(II)-binding pocket (CheV residues
E-181 and D-182), the aspartate which is phosphorylated
(CheV D-235), and the conserved active site lysine (CheV
K-287) (46). When aligned with the E. coli CheY protein (28),
the carboxyl-terminal region of CheV contains a 9-amino-acid
insertion in the region between a-helix 2 and B-strand 3. This
region of CheY appears to be conformationally flexible as
judged from a comparison of the E. coli CheY and S. typhi-
murium CheY crystal structures (47).

To verify that the cheW and cheY homologous portions of
the cheV gene could be cotranslated in vivo, we cloned the
carboxyl-terminal 270 codons of the chel” open reading frame
into a T7 RNA polymerase-driven overexpression plasmid,
pET16x (42) (see Methods and Materials). This allowed
expression from an internal methionine codon and was de-
signed to overcome possible problems with trying to express
protein to a high level in E. coli from a UUG start codon.
Protein gel analysis of strain BL21/DE3 (pKF37) reveals the
accumulation of an approximately 30-kDa product upon IPTG
(isopropyl-B-p-thiogalactopyranoside) induction, consistent
with the predicted 31.0-kDa size of the truncated CheV
product (data not shown). This demonstrates that this gene is
translated in vivo to yield a protein containing both the CheW
and CheY homologous portions.

Expression of chelV by the o” form of RNA polymerase. To
determine if the proposed o”-dependent promoter element
(Pp.chev) Was used in vivo, RNA was isolated during late
logarithmic phase and transition phase from wild-type and sigD
mutant cells and analyzed by primer extension analysis (Fig. 4).
A single major transcript, which initiated at the site indicated
in Fig. 2, was detected. This mRNA is most abundant in cells
entering the transition phase, as has been reported for other
oP-dependent transcripts (12, 26), and is not present in cells
containing a disruption of the sigD gene (data not shown).

To determine if o™ RNA polymerase was sufficient to direct
transcription from Pp,_,..v, purified o® protein was added to B.
subtilis core RNA polymerase and used to transcribe a super-
coiled plasmid template containing the chel” gene. The recon-
stituted o RNA polymerase initiated transcription at the
identical start site as detected in vivo, and production of this
RNA product required both core enzyme and the o® protein
(Fig. 4 and data not shown).

The primer extension mapping data suggest that Pp_ .\ is
responsible for transcription of the chelV gene but do not rule
out contributions from other promoter elements. To deter-
mine if chel/ expression is dependent on ¢ in vivo, we
engineered a transcriptional fusion between chel” and the E.
coli lacZ gene (plasmid pKF22). The level of B-galactosidase
synthesis was then determined as a function of the growth state
in several genetic backgrounds. Expression of chel-lacZ is
completely dependent on sigD, as judged by the lack of
B-galactosidase production in strain HB4011. In addition,
nonpolar insertion mutations in either fliM or fliP reduced
cheV-lacZ expression by 3- or 50-fold, respectively. Mutations
in these basal body structural genes are known to inhibit
transcription of the flagellin gene by 100-fold and prevent
expression of other o-dependent functions (50). These results
are consistent with the hypothesis that B. subtilis, like E. coli,
contains an anti-o factor which acts to repress class III genes,
such as cheV, unless the hook-basal body structure is intact and
functional.

Genetic mapping of the chel gene. The map position of chel’
was determined by a combination of phage-mediated transduc-
tion and hybridization of a radiolabeled probe to a nitrocellu-
lose filter containing a genomic yeast artificial chromosome
library of B. subtilis DNA (2) (see Materials and Methods).
These data indicate that cheV is located near 123° on the B.
subtilis genetic map (yeast artificial chromosome clone F3)
between the ptsI and ctaD loci.

These data place the chel locus close to the o°-dependent
motAB operon (27) and the cheX chemotaxis locus (51). The
cheX locus was defined by a Tn917lacZ insertion as a locus
required for chemotaxis to sugars. Unlike cheV, however, cheX
does not depend on sigD for expression (51). To determine if
cheV is allelic to cheX, we tested for linkage by genetic
transformation. These two loci are not linked, suggesting that
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ECORI
GGCCAGTGAATTGTAATCGACTCACTATAGGGCGAATTCGATTTTGAAGAGCTGCCATTCACTTTTTACAAATTACGCCG
-35 -10

[

(cheV)
81 ATATATACAGTACAATACTGAATGCGAATAGCGAGGGATTGAA TTG TCG TTA CAA CAA TAC GAA ATT TTA
1 +1 R.B.S. M s L Q Q Y E I L

151 TTG GAT TCT GGT ACA AAT GAA TTA GAA ATT GTG AAG TTT GGC GTG GGT GAA AAT GCT TTC

10 L D S G T N E L E I v K F G v G E N A F
BspHI

211 GGA ATT AAC GIC ATG AAG GTA AGA GAA ATT ATT CAG CCT GTC GAG GTG ACA TCA GTG CCT
306 I N V M K V R E I I Q P V E V T s§ V P

BelI

271 CAC TCC CAT CAG CAT GTA GAA GGA ATG ATT AAA CTC AGA GGA GAA ATC CTC CCT GIG ATC

50 H s H Q v E G M I K L R G E I L P v I

AAA

K

331 AGT CTC TTC TCA TTT GGA GTA GAG CCT GAA GGA TCA

H

TTT GAT GAG AAA TAT ATC GTG
70 s L F s F F G v E P E G S K

AAA

Y I v
391 ACT GAA TTT AAT CGG AAA ATT GTT TTT CAT GTC GGC TCT GTT TCT CAA ATT CAC AGA

90 T E F N R K I v F H v G S v S Q I H R

K
451 GTA TCC TGG GAA GCG ATT GAA AAG CCG ACA TCG TTA AAT CAA GGA ATG GAG CGG CAC CTT
110 v S W E A I E K P T S L N Q G M E R H L

511 ACC GGT ATT ATT AAG CTC GAA GAC CTG ATG ATC TTT TTG CCT GAC TAT GAA AAA ATT ATT
130 T G I I K L E D L M I F L P D Y E K I I

571 TAT GAC ATT GAA TCA GAT TCA GGT GTT GAC ACG TAT AAT ATG CAT ACC GAG GGC TTC GAT

150 Y D I E S D S G vV D T Y N M H T E G F D
HindIII

631 GAA AGA AGA ACT GAT AAA AAG CTT ATC ATT GTA GAG GAC TCA CCG CTT TTG ATG CGC CTC

170 E R R T D K K L I I v E D S P L L M R L

691 TTG CAG GAT GAA TTA AAA GAA GCA GGG TAC AAC AAT ATC GCT TCG TTT GAA AAT GGA AAA
190 L Q D E L K E A G Y N N I A S F E N G K

751 GAG GCA TAT GAA TAC ATT ATG AAC CTT GCT GAA AAC GAA ACT GAT TTA TCA AAA CAG ATT

210 E A Y E Y I M N L A E N E T D L S K Q I
BelI

811 GAT AIG ATC ATC ACT GAT ATT GAA ATG CCA AAA ATG GAC GGA CAC AGG CTC ACA AAG CTG

230 D M I I T D I E M P K M D G H R L T K L

871 CTG AAG GAA AAT CCG AAA AGC TCA GAT GTG CCG GTT ATG ATT TTC TCA TCG TTA ATT ACG
250 L K E N P K S S D \' P vV M I F s S L I T

931 GAT GAT CTG CGT CAC CGC GGC GAA GTT GTA GGC GCA GAT GAG CAA ATC AGC AAG CCT GAG
270 D D L R H R G E v v G A D E Q I S K P E

991 ATC AGT GAT TTG ATT AAA AAA GTG GAT ACG TAT GTT ATT GAA TAA ATAAAAACAGCCGTTGCCAG
2901 S D L I K K V D T Y V I E ee commmmmceee oo >
bidirectional

1056 AAAGAGGCACGGCTGTTTTTATTTTAAAAGTAACTCTCGCCAAGTTTTTTAAAGACCGGT TTA TGG TAA GCT GGC
R e e e * P L S A
terminator (end orfB)

1131 TGC TGG CGA TTT TGG CAC TAG CGG CTT TTC TTT CAT GCC GAC ATA TTC TTG CAA TAG GTG
A P S K P v L P K E K M G v Y E Q L L H

1191 TTT CGC TTT TGT TAA AGA CAT TTG AGC TTT AGG ATT TCG ATA CGA TTG ATT AAG TGT ACC
K A K T L S M Q A K P N R Y S Q N L T G

1251 TAA ATG CGG AAG ATG TTC GAA GTC TTC TTT AGT TGG AGG CAT GTG AAA ATA GTA GTC TCC
L H P L H E F D E K T P P M H F Y Y D G

1311 GAT TGA GAT AAG CAC GTC CGA TTG CTG TTG GCT GAA CCT TGG ATT TTT TGA AAA ATG AAG

I S I L v D S Q Q Q S F R P N K S F ' H L
HindIII

1371 CCC TAT TTT CTT TCC TTT ACC TTC TTT GAC AAG CTT TTG CAA AGC CCG TTT TTT CAG CAG

G I K K G K G E K v L K Q L A R K K L L

1431 ATA TAG GTA TTT AGG GTT GGG GGC GGT TTT TGC ATG GCG GTT CAC AGT GTA AAC TGC TTT
Y L Y K P N P A T K A H R N v T Y v A K

PstI BglII
1491 TGA AAG ATT TTC TAC GGT TGG CTG CAG ATC TTT CGT ATA TGC ATG GTC GTC CAT TATTTCT
S L N E v T P Q L D K T Y A H D D M

1552 CTCCTTTGCTCTTATCAATTTCTATATGTTTAGATTATACTTTTTTAAAGTTGAAATGCAAATATTGAATGTAAAAATG
-10 B 2
INVERTED REPEAT BglII
1631 CGCTTTTTTCTAAGAAAAAAAGCGCATTTTTAACCTGCATTATACAGATCT

FIG. 2. DNA sequence including cheV and orfB. The o°-dependent promoter for chel is underlined, and the +1 transcription start site is
indicated. The putative promoter for orfB and the adjacent inverted repeat element are indicated. The numbers on the left indicate the position
in the nucleotide sequence (top) and CheV amino acid sequence (bottom).
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Eco MTGMTNVTKLASEPSGQE L T LG
Chew . . . . . . .. MTAEIKTGEK I M| VIN
Chev MSLQQYEILLDSGTNETLEIV]|KF|G|V|G
Eco NTPAFI G V|T N|JL R G VeI v RIK
CheW G VEFP I G V|I NJLRG|V|V|[T|P V I RKR
CheVv H S HQHV|E|GMIKLRG IjIUP VI .FS
Eco GI V|D G V §|D V|L TAE RPAPEFA
CheW G W I|VID E A NJD V|I HES ESAPEGYV
ChevV V F V|G S V SjQ I|H SWE EKPTSLN
Eco EK .|L S EMALLDSAASEVA
CheW NA |V SSQSAVPDQA
CheVv EK I|I I SDSGVDTYNmhte
B. X
Eco . . . . ... MADKEL|K|IFIL V VD D|F § TIM|R
CheY . . . . . . . . .. MAH I|L I VDDJA A F|M|R
Chev mhteGFDERRTDK LI I VED|S P L|L|M
*
Eco LN KLQAGG . . . . . . . .. YGF|V|I S|D|W
CheY |[VEJ K YKEHS . . . . . . . .. PDLIV|IT M|D|I
CheV |[YEJ]YIMNLAENETDLSKQIDMI|I TIDJI
Eco VLMVITIAEAKKENTITIAIAIAQA|GA|IS G Y]V
CheY |I I M|C AMGQQSMVID IQAIGAK D F|I
Chev |V M I|F SLITDDLRHR|G|IEVV|GAPEQQII

J. BACTERIOL.

DEEJYGI I|lL viQ RGYDOQ T Ija 49
G K E|]Y A IiS|V|T VIK §| EKWQKP|T vip 41
ENAIFGI ViM VIR IQPVE T|S|V|P 49
FSQ YN N|[T VV|IVILNLGQR v] 98
L NLP IT E|]TRI|IIJIAYRDTIEV 90
FFG P G S DIEK YJI VITEF NKRKTI| 97
VTLSTE L|T LIGA L G R{M LI I} L N|I 147
QKDTUVD S|I|E I|lVKQ R|L L I| I} D|A 139
QGMERH .JL|T IIT KL L|{M I|F|L|P|D]JY 145
167
156
166
R|I VIR|IN|L|L|K E L|G F|N N|V|E E AJE D G]V|D A| 42
MIM I|K|D|I|L|V K N|G F|E VI{VIA E AlE N G}{A|Q A| 39
R|L L|QIDJE|L}jK E A|G Y|N NJIJA S FfE N G]K|E A|211
N[MPINIMDG|LE L L|K|[TJI RIADGAMS A LP 82
TIMPJEf[MD G|I T A L|K|IEJI KIQIDAQA . . R 77
E/M P|KI[M D GJH R L T|K|LIL KJE NP K S S D V P 260
L
VIKPI[F TAAT|LIEEKLNKTIF KLGM 129
VIKPIFQADR|VILEAINKTL 120
SJKPIEI SDLIIIKKVDTYVI 303

FIG. 3. Protein alignments of selected CheW and CheY proteins. (A) The CheW homologous region of CheV is aligned to the E. coli CheW
protein (Eco) and B. subtilis CheW. For this analysis, conservative substitutions were defined as those within the groups: A and G; D, E, N, and
Q;KandR;Sand T; I, L, M, and V; and F, Y, and W. (B) The CheY homologous region of CheV was aligned with E. coli CheY and B. subtilis
CheY and regions of similarity indicated in panel A. Active site residues are indicated by ® and the site of phosphorylation is indicated by *.
Positions at which all three proteins are identical or conservatively substituted are enclosed in boxes. The last four residues of the amino-terminal
portion of CheV are underlined to indicate the region of overlap with the carboxyl-terminal segment in panel B.

they are separated by at least several kilobases (data not
shown).

Genetic analysis of cheV. To determine if the predicted
CheV protein was important for chemotaxis, gene disruptions
(plasmids pKF24 and pKF25) were transferred to the chromo-
some, and the resulting strains were analyzed for their ability
to swarm on semisolid agar plates (Fig. 5). Insertion of the
kanamycin gene into the 5'-proximal BclI site of the chel gene
reduced the swarm diameter by 50% on both minimal medium
and tryptone swarm plates. This defect could be comple-
mented by insertion of the chel” gene into the amylase locus.
Surprisingly, an insertion in the second Bcll site had only a
slight effect on swarm size (data not shown, but see the
accompanying paper [36]). These results suggest that the
CheW and CheY homologous regions of the CheV polypep-
tide function independently and that the truncated polypeptide
produced by disruption of the CheY homologous domain is
still at least partially functional. A more detailed analysis of the
chemotaxis defect in the chel mutant strain and studies of the
epistasis between cheV, cheW, and cheY are presented in the
accompanying paper (36).

DISCUSSION

The B. subtilis ¢® protein is an alternative o factor which
directs expression of class III flagellar and chemotaxis genes
(14, 15, 22, 26, 27, 31, 51). Preliminary indications suggest that
the flagellar hierarchy in B. subtilis is analogous to that in the
enteric bacteria. In both systems, a functionally complete basal

in vivo in vitro
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FIG. 4. Primer extension analysis of Py_g.v promoter. In vivo and
in vitro RNA samples were prepared as described in Materials and
Methods and analyzed by in vitro primer extension. The sequence at
the left is the noncoding (top) strand and is complementary to that in
the DNA sequencing ladders. The underlined A residue is the primary
in vivo and in vitro start site for transcription. Lanes: 1, 2, and 3,
reaction products with RNA isolated from B. subtilis at T_,, T,, and
T,,, respectively; 4, primer extension products from a reaction with
RNA from an in vitro transcription reaction mixture containing
reconstituted o holoenzyme.
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FIG. 5. Swarm plate analysis. Wild type (OI1085 [upper left]), a
cheV’ mutant (HB4004 [bottom]), and a complemented chel mutant
(HB4019 [upper right]) were spotted on minimal medium-mannitol
soft agar plates and allowed to swarm for 8 h.

body and hook structure, encoded by class II genes, is neces-
sary for high level transcription of class III (late) genes from
o““-dependent promoter elements (31). In enterobacteria, this
coupling involves a specific anti-o>® factor encoded by the flgM
gene (30). The observation that B. subtilis also contains an flgM
gene suggests that the mechanism of morphological coupling
in the two systems has been conserved (31).

In this study, we have cloned and sequenced a new chemo-
taxis gene, cheV, from B. subtilis. The chel gene is expressed
from a o®-dependent promoter element both in vitro and in
vivo. The chel’ gene appears to be monocistronic, as it is
followed by a factor-independent terminator which is pre-
dicted to terminate the chel transcript and a convergent
transcript from a downstream gene. Most of the other known
che genes in B. subtilis are under o control. These include
cheW, cheY, cheB, and cheA homologs cotranscribed with sigD
as part of the 25-kb fla4 locus (5, 31).

In addition to CheV, the o® protein is known to be essential
for transcription of flagellin (15, 26), the MotA and MotB
motor proteins (27), hook-associated proteins (7a), the FlgM
protein (31), and the MCPs (22). In addition, ¢® contributes to
the expression of the major autolysin (19). ,

The predicted chel’ gene product represents a novel type of
chemotaxis protein which contains domains homologous to
both CheW and CheY. CheW functions to physically bridge
the CheA-autophosphorylating protein kinase to the MCP
(10). In the presence of appropriate chemical signals, the
CheA protein donates a phosphoryl group from a conserved
histidine residue to an acceptor aspartate of the CheY protein
(40). The phospho-CheY protein then interacts with the switch
proteins at the base of the flagellum to determine the direction
of rotation (48). Although the basic pathway of information
flow appears to be similar in both E. coli and B. subtilis, there
are also significant differences. For example, phospho-CheY
acts as a tumble generator in E. coli but stimulates smooth
swimming in B. subtilis (5, 31).

Previous studies of B. subtilis chemotaxis genes had indi-
cated that cheW null mutants were still capable of chemotactic
signaling, although with reduced sensitivity (13). This led to the
suggestion that CheW in B. subtilis was not essential for
coupling chemosensory information to the output signal alter-
ation in the direction of flagellar rotation. The observation that
B. subtilis has a second protein containing a CheW homologous
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domain suggests that a CheW function may in fact be essential
for chemotaxis, as observed for the E. coli system. The studies
described in the accompanying paper demonstrate that this is
in fact the case; B. subtilis strains lacking both CheV and CheW
fail to chemotax (36). For reasons not yet understood, both
CheV and CheW are required for optimal chemotaxis. These
two homologs may interact with different subsets of MCPs or
be active at different times. Our transcriptional analyses indi-
cate that CheV is expressed as a late gene with peak expression
in early stationary phase. The other che genes are cotrans-
cribed as part of the flad locus, which is maximally expressed
near the end of logarithmic phase growth (19).

The presence of a CheY homologous domain in the CheV
polypeptide is intriguing. If CheV functions as a coupling
factor to link MCPs to CheA, it seems unlikely that the CheY
domain can also interact with switch proteins. Indeed, an
insertion mutation in the CheY homologous domain of CheV
displays only a modest defect in chemotaxis, whereas null
mutants in cheY lack chemotactic signaling and tumble inces-
santly (4). In addition, cheY mutants altered in the phosphoac-
ceptor site are signaling deficient, suggesting that the phospho-
transfer mechanism observed in E. coli is also present in B.
subtilis (3). The CheY homologous domain of CheV could play
a regulatory role in the chemotaxis system by (i) helping to
recruit CheA kinase to the MCPs, (ii) serving as a competitive
inhibitor of CheY phosphorylation, or (iii) serving as a sub-
strate for another protein kinase. Since response regulator
domains of the CheY type are found in a large number of
two-component systems, there is no a priori reason to assume
that the CheY domain of CheV interacts with CheA rather
than with another cellular protein kinase.

ACKNOWLEDGMENTS

We thank Mike Chamberlin, in whose lab these genes were origi-
nally isolated, Chet Price for providing the Agt11 genomic library, and
G. Ordal and S. Zahler for providing strains and advice. We thank P.
Serror for generously providing the YAC nitrocellulose filter and
directions for its use, J. Grandoni for providing pTKlac, T. Msadek
for providing pAC7, and M. Strauch for providing antibiotic resistance
cassettes. We acknowledge Ya-Fen Chen and Francisco Lopez de
Saro for providing purified o® and core RNA polymerase, respective-
ly.

This work was supported by a grant from the National Institutes of
Health (GM47446) and an NIH biotechnology training grant
(GMO08384).

REFERENCES

1. Ayusawa, D., Y. Komeda, K. Yamane, and B. Maruo. 1975.
Pleiotropic phenomena in autolytic enzyme(s) content, flagella-
tion, and simultaneous hyperproduction of extracellular a-amylase
and protease in a Bacillus subtilis mutant. J. Bacteriol. 124:459—
469.

2. Azevedo, V., E. Alvarez, E. Zumstein, G. Damiani, V. Sgaramella,
S. D. Ehrlich, and P. Serror. 1993. An ordered collection of
Bacillus subtilis DNA segments cloned in yeast artificial chromo-
somes. Proc. Natl. Acad. Sci. USA 90:6047-6051.

3. Bischoff, D. S., R. B. Bourret, M. L. Kirsch, and G. W. Ordal. 1993,
Purification and characterization of Bacillus subtilis CheY. Bio-
chemistry 32:9256-9261.

4. Bischoff, D. S., and G. W. Ordal. 1991. Sequence and character-
ization of Bacillus subtilis CheB, a homolog of Escherichia coli
CheY, and its role in a different mechanism of chemotaxis. J. Biol.
Chem. 266:12301-12305.

5. Bischoff, D. S., and G. W. Ordal. 1992. Bacillus subtilis chemotax-
is—a deviation from the Escherichia coli paradigm. Mol. Micro-
biol. 6:23-28.

6. Bohannon, D. E., and A. L. Sonenshein. 1989. Positive regulation



2734

FREDRICK AND HELMANN

of glutamate biosynthesis in Bacillus subtilis. J. Bacteriol. 171:
4718-4727.

. Chater, K. F., C. J. Bruton, K. A. Plaskitt, M. J. Buttner, C.

Mendez, and J. D. Helmann. 1989. The developmental fate of
Streptomyces coelicolor hyphae depends crucially on a gene prod-
uct homologous with the motility o factor of Bacillus subtilis. Cell
59:133-143.

7a.Chen, L., and J. D. Helmann. Unpublished results.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

26.

27.

Chen, L., L. P. James, and J. D. Helmann. 1993. Metalloregulation
in Bacillus subtilis: isolation and characterization of two genes
differentially regulated by metal ions. J. Bacteriol. 175:5428-5437.

. Darzins, A. 1993. The pilG gene product, required for Pseudomo-

nas aeruginosa pilus production and twitching motility, is homol-
ogous to the enteric, single-domain response regulator CheY. J.
Bacteriol. 175:5934-5944.

Gegner, J. A, D. R. Graham, A. F. Roth, and F. W. Dahlquist.
1992. Assembly of an MCP receptor, CheW, and kinase CheA
complex in the bacterial chemotaxis signal transduction pathway.
Cell 70:975-982.

Gillen, K. L., and K. T. Hughes. 1991. Negative regulatory loci
coupling flagellin synthesis to flagellar assembly in Salmonella
typhimurium. J. Bacteriol. 173:2301-2310.

Gilman, M. Z., and M. J. Chamberlin. 1983. Developmental and
genetic regulation of Bacillus subtilis genes transcribed by -
RNA polymerase. Cell 35:285-293.

Hanlon, D. W., L. Mirques-Magaiia, P. B. Carpenter, M. J.
Chamberlin, and G. W. Ordal. 1992. Sequence and characteri-
zation of the Bacillus subtilis CheW. J. Biol. Chem. 267:12055-
12060.

Helmann, J. D. 1991. Alternative sigma factors and the regulation
of flagellar gene expression. Mol. Microbiol. 5:2875-2882.
Helmann, J. D., L. M. Mérquez, and M. J. Chamberlin. 1988.
Cloning, sequencing, and disruption of the Bacillus subtilis ¢*®
gene. J. Bacteriol. 170:1568-1574.

Helmann, J. D., F. R. Masiarz, and M. J. Chamberlin. 1988.
Isolation and characterization of the Bacillus subtilis o factor. J.
Bacteriol. 170:1560-1567.

Kenney, T. J., and C. P. Moran. 1991. Genetic evidence for
interaction of o* with two promoters in Bacillus subtilis. J.
Bacteriol. 173:3282-3290.

Kunst, F., T. Msadek, and G. Rapoport. 1993. Signal transduction
network controlling degradative enzyme synthesis and competence
in Bacillus subtilis, p. 1-20. In P. J. Piggot, C. P. Moran, Jr., and P.
Youngman (ed.), Regulation of bacterial differentiation. Ameri-
can Society for Microbiology, Washington, D.C.

Kuroda, A., and J. Sekiguchi. 1993. High-level transcription of the
major Bacillus subtilis autolysin operon depends on expression of
the sigma D gene and is affected by a sin (flaD) mutation. J.
Bacteriol. 175:795-801.

Lonetto, M., M. Gribskov, and C. A. Gross. 1992. The ¢’° family:
sequence conservation and evolutionary relationships. J. Bacteriol.
174:3843-3849.

Macnab, R. M., and J. S. Parkinson. 1991. Genetic analysis of the
bacterial flagellum. Trends Genet. 7:196-200.

Mirquez, L. M., J. D. Helmann, E. Ferrari, H. M. Parker, G. W.
Ordal, and M. J. Chamberlin. 1990. Studies of ¢”-dependent
functions in Bacillus subtilis. J. Bacteriol. 172:3435-3443.
McBride, M., R. A. Weinberg, and D. R. Zusman. 1989. “Frizzy”
aggregation genes of the gliding bacterium Myxococcus xanthus
show sequence similarities to the chemotaxis genes of enteric
bacteria. Proc. Natl. Acad. Sci. USA 86:424-428.

McCarter, L. L., and M. E. Wright. 1993. Identification of genes
encoding componerts of the swarmer cell flagellar motor and
propeller and a sigma factor controlling differentiation of Vibrio
parahaemolyticus. J. Bacteriol. 175:3361-3371.

. McCleary, W. R., and D. R. Zusman. 1990. FrzE of Myxococcus

xanthus is homologous to both CheA and CheY of Salmonella
typhimurium. Proc. Natl. Acad. Sci. USA 87:5898-5902.

Mirel, D. B., and M. J. Chamberlin. 1989. The Bacillus subtilis
flagellin gene (hag) is transcribed by the o form of RNA
polymerase. J. Bacteriol. 171:3095-3101.

Mirel, D. B., V. M. Lustre, and M. J. Chamberlin. 1992. An operon
of Bacillus subtilis motility genes transcribed by the o form of

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

45.

47.

48.

J. BACTERIOL.

RNA polymerase. J. Bacteriol. 174:4197-4204.

. Mutoh, N., and M. L. Simon: 1986. Nucleotide sequence corre-

sponding to five chemotaxis genes in Escherichia coli. J. Bacteriol.
165:161-166.

Ohnishi, K., K. Kutsukake, H. Suzuki, and T. Iino. 1990. Gene fli4
encodes an alternative sigma factor specific for flagellar operons in
Salmonella typhimurium. Mol. Gen. Genet. 221:139-147.
Ohnishi, K., K. Kutsukake, H. Suzuki, and T. Iino. 1992. A novel
transcriptional regulation mechanism in the flagellar regulon of
Salmonella typhimurium—an anti-sigma factor inhibits the activity
of the flagellum-specific sigma factor, sigmaF. Mol. Microbiol.
6:3149-3157.

Ordal, G. W., L. Méirquez-Magaiia, and M. J. Chamberlin. 1993.
Motility and chemotaxis, p. 765-784. In A. L. Sonenshein, J. Hoch,
and R. Losick (ed.), Bacillus subtilis and other gram-positive
bacteria: biochemistry, physiology, and molecular genetics. Amer-
ican Society for Microbiology, Washington, D.C.

Ordal, G. W, D. O. Nettleton, and J. A. Hoch. 1983. Genetics
of Bacillus subtilis chemotaxis: isolation and mapping of muta-
tions and cloning of chemotaxis genes. J. Bacteriol. 154:1088-
1097.

Perego, M. 1993. Integrational vectors for genetic manipulation in
Bacillus subtilis, p. 615-624. In A. L. Sonenshein, J. Hoch, and R.
Losick (ed.), Bacillus subtilis and other gram-positive bacteria:
biochemistry, physiology, and molecular genetics. American Soci-
ety for Microbiology, Washington, D.C.

Pooley, H. M., and D. Karamata. 1984. Genetic analysis of
autolysin-deficient and flagellaless mutants of Bacillus subtilis. J.
Bacteriol. 160:1123-1129.

Reynolds, R., R. Bermiidez-Cruz, and M. J. Chamberlin. 1992.
Parameters affecting transcription termination by Escherichia coli
RNA polymerase. I. Analysis of 13 rho-independent terminators.
J. Mol. Biol. 224:31-51.

Rosario, M. M. L., K. L. Fredrick, G. W. Ordal, and J. D.
Helmann. 1994. Chemotaxis in Bacillus subtilis requires either of
two functionally redundant CheW homologs. J. Bacteriol. 176:
2736-2739.

Sambrook, J., E. F. Fritsch, and T. Maniatis.. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor Press,
Cold Spring Harbor, N.Y. -

Schmidt, M. C., and M. J. Chamberlin. 1984. Amplification and
isolation of Escherichia coli nusA protein and studies of its effects
on in vitro RNA chain elongation. Biochemistry 23:197-203.
Starnbach, M. N,, and S. Lory. 1992. The fli4 (rpoF) gene of
Pseudomonas aeruginosa encodes an alternative sigma factor re-
quired for flagellin synthesis. Mol. Microbiol. 6:459—469.

Stock, J. B., M. G. Surette, W. R. McCleary, and A. M. Stock. 1992.
Signal transduction in bacterial chemotaxis. J. Biol. Chem. 267:
19753-19756.

Strauch, M. A., and J. A. Hoch. 1993. Transition-state regulators:
sentinels of Bacillus subtilis post-exponential gene expression. Mol.
Microbiol. 7:337-342. '

Studier, F. W., A. H. Rosenberg, J. J. Dunn, and J. W. Dubendorff.
1990. Use of T7 RNA polymerase to direct expression of cloned
genes. Methods Enzymol. 185:60-89.

Suh, J.-W.,, S. A. Boylan, and C. W. Price. 1986. Gene for the alpha
subunit of Bacillus subtilis RNA polymerase maps in the ribosomal
protein gene cluster. J. Bacteriol. 168:65-71.

. Vandeyar, M. A., and S. A. Zahler. 1986. Chromosomal insertions

of Tn917 in Bacillus subtilis. J. Bacteriol. 167:530-534.
Vellanoweth, R. L., and J. C. Rabinowitz. 1992. The influence of
ribosome-binding-site elements on translational efficiency in Ba-
cillus subtilis and Escherichia coli in vivo. Mol. Microbiol. 6:1105-
1114,

. Volz, K. 1993. Structural conservation in the CheY superfamily.

Biochemistry 32:11741-11753.

Volz, K., and P. Matsumura. 1991. Crystal structure of Escherichia
coli CheY refined at 1.7-A resolution. J. Biol. Chem. 266:15511—
15519.

Welch, M., K. Oosawa, S.-I. Aizawa, and M. Eisenbach. 1993.
Phosphorylation-dependent binding of a signal molecule to the
flagellar switch of bacteria. Proc. Natl. Acad. Sci. USA 90:8787-
8791.



Vou. 176, 1994 B. SUBTILIS cheV 2735

49. Youngman, P. 1990. Use of transposons and integrational vectors sequence and characterization of a Bacillus subtilis gene encoding
for mutagenesis and construction of gene fusions in Bacillus a flagellar switch protein. J. Bacteriol. 173:710-719.
species, p. 221-266. In C. R. Harwood and S. M. Cutting (ed.), 51. Zuberi, A. R., C. Ying, H. M. Parker, and G. W. Ordal. 1990.
Molecular biological methods for Bacillus. John Wiley and Sons, Transposon Tn917lacZ mutagenesis of Bacillus subtilis: identifica-

Ltd., Chichester, United Kingdom. tion of two new loci required for motility and chemotaxis. J.
50. Zuberi, A. R., D. S. Bischoff, and G. W. Ordal. 1991. Nucleotide Bacteriol. 172:6841-6848.



