JOURNAL OF BACTERIOLOGY, Aug. 1998, p. 3978-3982
0021-9193/98/$04.00+0

Vol. 180, No. 15

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

The Flagellar Switch Genes fliM and fliN of Rhodobacter sphaeroides
Are Contained in a Large Flagellar Gene Cluster
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In this work, the genes that encode the FliM and FliN proteins of Rhodobacter sphaeroides were characterized.
These genes are part of a large flagellar gene cluster in which six additional open reading frames encoding
products homologous to FliL, FliO, FliP, FliQ, FliR, and FlhB proteins from other bacteria were identified. The
inactivation of the fliM gene gave a nonflagellate phenotype (Fla™), suggesting that FliM is required for
flagellar assembly. Complementation analysis of this fliM mutant indicated that fliM and fliN transcription
starts beyond the 5’ end of fliK and terminates after fliN.

Flagellar rotation alternates between the clockwise (CW)
and counterclockwise (CCW) directions in some peritrichous
species, like Escherichia coli. When flagella rotate in the CCW
direction, the filaments coalesce in a bundle that acts as a
propeller to push the bacterial cell body in a linear trajectory
known as smooth swim. When the flagella reverse their direc-
tion of rotation, the bundle flies apart and the bacteria tumble;
tumbling occurs every 2 to 5 s. In the presence of an attractant,
the tumble frequency decreases and bacteria swim in the fa-
vorable direction. Ultimately, this behavior is controlled by the
chemotactic protein CheY, which, in its phosphorylated form,
binds to FliM, promoting the switch from CCW to CW rota-
tion (for recent reviews, see references 13 and 24). Although
the molecular details of switching are unknown, it is thought
that the interaction between CheY-P and FliM is the first step
in the control of this phenomenon (19, 30-32).

Interestingly, some bacteria rotate their flagellum in only
one direction; consequently, reorientation at the end of a run
is achieved by Brownian motion, which randomizes the direc-
tion of the next run. This kind of motility is observed in
Rhodobacter sphaeroides (1). In the presence of an attractant,
R. sphaeroides increases the duration of a run and, in contrast
to enteric bacteria, also increases its swimming velocity. This
phenomenon is known as chemokinesis (18).

Several chemotactic genes homologous to cheA, cheW, and
cheR from other bacteria have been identified in R. sphaeroides
(28, 29). Two cheY genes were found in the same operon. The
deduced amino acid sequences of these genes showed that
both putative CheY proteins carried residues D13, D57, and
K109, which are essential for CheY function (4, 5, 28). This
fact suggests that both putative CheY proteins may be func-
tional.

Although in R. sphaeroides some flagellar genes have been
characterized (2, 9, 21, 22), no information is available about
the target of CheY in the cell. Our aim was to identify the fliM
gene from this bacterium. We have previously reported the
presence of a flil homolog in R. sphaeroides. This gene is lo-
cated in a 5.3-kb EcoRI fragment and is flanked by two open
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reading frames (ORFs) that show homology to fliH and fliJ
from enteric bacteria (2). This gene arrangement encouraged
us to search for the fliM gene downstream of fliJ. The sequence
of the end of the 5.3-kb EcoRI fragment opposite to fliH
revealed the 5’ end of fliM. A 4.6-kb Sall fragment carrying
the complete fliM coding region was identified by Southern
blot analysis (data not shown). This fragment was cloned in
pTZ19R after digestion of WS8 chromosomal DNA with Sall.
A positive clone was identified by colony hybridization and
named pRS75. The sequence of this clone revealed the pres-
ence of fliM together with fliN, fliO, and part of fliP. To com-
plete the sequence of fliP, we then cloned an EcoRI fragment
of 4.4 kb in pTZ19R and performed colony hybridization with
a fliP fragment as a probe. The new clone, pRS205, was then
sequenced.

The analysis of pRS75 and pRS205 sequences was carried
out with the Genetics Computer Group software package in
conjunction with an R. sphaeroides codon usage table (7). Eight
ORFs were identified (Fig. 1) and were then subjected to a
BLAST search. As shown in Table 1, good homology between
the flagellar proteins FliL, FliM, FIiN, FliO, FliP, FliQ, FliR,
and FIhB of different bacterial species was found.

The highest degree of identity was obtained when these
ORFs were compared to those obtained from Salmonella ty-
phimurium, with the exception of FliN and FliO, which showed
a higher identity to their homologs from Borrelia burgdorferi
and Caulobacter crescentus, respectively.

Figure 1 and Table 1 show that the frequency of codon usage
for all these ORFs is in good agreement with that observed for
R. sphaeroides genes with the exception of fliN and fliO; in the
fliO ORF, 11.7% of the codons are unusual ones like ATT,
TTT, CTT, and ACA.

The start codons for the fliL, fliM, and fliN ORFs are located
only a few bases downstream of, or overlapping, the stop codon
of the preceding ORF, suggesting that these genes belong to
the same transcriptional unit. We also found that the putative
ribosome binding site for fliL. overlaps the stop codon of the
recently reported fliK gene (9); this result suggests that fliK is
part of this putative operon.

Also shown in Fig. 1 is the arrangement of fliO, fliP, fliQ,
fliR, and flhB. These genes seem to form a single operon, given
that the start codon overlaps the preceding stop codon in an
ATGA or TGATG arrangement, which are the first and the
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FIG. 1. Organization of the R. sphaeroides flagellar cluster. At the top is shown the general gene arrangement for this region (2, 9). The flagellar genes reported
in this work are shown below; each OREF is represented as a shaded box. The arrows indicate the direction of transcription. A black square in the middle of fliN and
fliO indicates a noncoding region containing a putative o>* promoter sequence. Vertical bars below the schematic ORFs indicate the presence of rare codons. This
analysis was done with CODONPREFERENCE from the Genetics Computer Group Wisconsin software package with a R. sphaeroides codon usage table (7).

second most frequent stop-start overlaps in E. coli (3). The
initiation codons that could be used to translate the fliO
mRNA are TTG or GTG, which predict a protein of 85 or 60
amino acids, respectively. Alignment of the NH, end of FliO
sequences from E. coli, S. typhimurium, C. crescentus, and R.
sphaeroides shows a number of conserved residues in all these
species (Fig. 2); however, if the R. sphaeroides FliO started at
the GTG codon, some of these conserved residues would be
missing. This fact allows us to conclude that the TTG codon is
the most probable initiation site. Furthermore, a good ribo-
some binding site is located 7 bp upstream of this codon. The
use of TTG as start codon, together with the high content of
unusual codons in fliO, suggests a particular translational con-
trol of fliO that could maintain its product at a low molar
concentration compared to the other genes of the operon.

Detailed sequence analysis did not reveal a good match with
the consensus promoter sequence known for sigma 70 (7).
However, a putative o”* promoter sequence was located 83 bp
downstream of the stop codon for fliN. This sequence (GGC
ACN,TTGC) matches 9 of 10 bp of the ¢>* consensus pro-
moter sequence (10). No inverted repeated sequences were
found 100 bp upstream of this putative o>* promoter. Although
this may argue against its functionality, it is known that tran-
scriptional activation of Eo™* still occurs if the activator bind-
ing sites are moved 2,000 bp upstream or downstream the ¢>*
promoter (16). Therefore, the possibility that remote activa-
tion sites exist to promote initiation of this putative promoter
still remains.

Construction and characterization of an R. sphaeroides mu-
tant with a fliM mutation. To test the functionality of these
genes, we decided to isolate a fliM mutant strain. For this pur-
pose, a Spc’ cassette, 'uidA-aad (uidA encodes B-glucuronidase,
and aad encodes the aminoglycoside-3:adenyltransferase and
confers Spc’) (15), was cloned in the middle of fliM in plasmid
pRS75. The resulting fragment, carrying fliM::uidA-aad, was
subcloned into the Sall site of pJQ200mp18 (Gm") (20), which
is unable to replicate in R. sphaeroides. This new plasmid was
then transferred to R. sphaeroides by mating (8), and Spc’ Gm®
transconjugants were selected. One colony was purified and
named NG1.

That a successful double recombination event had occurred
to yield NG1 was confirmed by a Southern blot experiment
(data not shown). To test if the fliM::uidA-aad allele affected
cell motility, NG1 cells were plated on tryptone motility plates
and incubated at 30°C in a humid chamber. After 48 h, these
cells were unable to swarm, in contrast to the wild-type cells
(Fig. 3). It should be noted that these strains showed similar
growth rates; therefore, the difference in swarming behavior
cannot be explained by growth differences. To rule out the
possibility that this mutant could still swim in liquid medium,
an aliquot from a NG1 culture grown under aerobic and an-
aerobic conditions was observed directly under the micro-
scope; swimming was not detected after growth under either
condition. To determine if the inability to swim or swarm could
be ascribed to a Fla™ or paralyzed (Mot ™) phenotype, an ali-
quot of NGI cells was negatively stained and observed under

TABLE 1. Comparison of encoded proteins of R. sphaeroides flagellar genes with those of other bacterial species

Size of product

% of unusual

% Homology (identity/similarity) to the gene from:

Gene Function . Ca
(amino acids) codons S. typhimurium B. subtilis C. crescentus B. burgdorferi

fliL Unknown 190 1.5 28/48 23/61 18/43 16/45
fiM Motor switch 323 34 26/48 21/45 21/44 23/48
fliN Motor switch/export 152 9.0 38/64 — 31/61 44/72
flio Unknown 85 11.7 21/51 — 34/58 —
fliP Unknown® 301 53 53/74 48/71 46/68 38/66
flio Unknown* 88 5.6 44/70 33/57 31/56 32/66
fliR Unknown® 269 2.6 29/55 29/58 23/52 23/56
flnB Unknown* >376 — 43/64 30/56 — 28/58

“ Number of amino acids deduced from the conceptual translation.
> _ not determined.

¢ Suspected to be involved in flagellum assembly; the product shows homology to virulence proteins (13).
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FIG. 2. Alignment of the NH,-end sequences of FliO from E. coli (GenBank accession no. 122182 and 1.21994) (FliOg,) S. typhimurium (L49021) (FliOg,), and
C. crescentus (U20387) (FliO(..) with the deduced sequence of FliO from R. sphaeroides (FliOg,) starting from the TTG codon. The second possible start codon encodes
V25. Identical and similar residues present in all the species are shaded. The difference in length between E. coli and S. typhimurium corresponds to the controversy
between the actual translation start codon for FliO (for details, see references 14 and 17).

the electron microscope. Since no flagellar structure was visible
in more than 90% of cells in the sample, Fla~ was the pheno-
type assigned to NG1. A few cells showed a small filament-like
structure clearly different from the wild-type filament. These
cells may represent secondary suppressors of the fliM::uidA-
aad allele.

Full motility was recovered when pRK415 (11) carrying the
4.6-kb Sall fragment was introduced into the mutant strain
NGI1. Both swimming and swarming were indistinguishable
from wild-type behavior (Fig. 4). However, when this DNA
fragment was cloned in the opposite orientation, complemen-
tation of NG1 cells was not observed (Fig. 4). In this last
construction, the fragment containing fliILMNOP’ was in the
opposite orientation to the direction of transcription from the
lac and tet promoters (lacp and fetp) of pRK415. The fact that
this Sall fragment was able to complement NG1 in just one
orientation suggests that fliM does not have a promoter in this
fragment and that its transcription depends on the lac and tet
promoters of pRK415. This result strongly suggests that fliM
expression is dependent on a promoter located upstream of
fliK.

It has been previously shown that the uid4-aad fragment is
highly polar in E. coli as well as in other bacteria (15). There-
fore, we decided to determine if the uidA-aad cassette inserted
in fliM exerted a polar effect on the transcription of down-
stream genes. For this, a 1.3-kb Sacll fragment and a PCR
product, both containing fliM, were each cloned in pRK415 in
the proper orientation to allow its expression from lacp and
tetp. The resulting plasmids, pRS14 and pRS10, respectively,
did not complement NG1 cells, indicating that the Fla™ phe-
notype observed in the NG1 strain was caused by inactivation
of the fliM gene, which in turn caused lack of transcription of
downstream genes.

FIG. 3. Motility plates showing the phenotype of NG1 cells. WS8 was in-
cluded as a control (top). The negative control (bottom) corresponds to strain
PG2 (fliK::TnphoA) (9). NG1 cells were spotted twice (middle row).

Since the polar effect of the uidA4-aad cassette will affect only
genes that belong to the same transcriptional unit, we intro-
duced into NG1 cells a 2.3-kb BamHI fragment in pRK415.
This fragment includes the fliLMN genes under control of the
pRK415 promoters. We observed that this construction re-
stored the swimming and swarming abilities of NG1 cells. This
result suggests that fliN must be the last gene of a single
transcriptional unit. In consequence, fliOPQOR and flhB may
form an independent operon. Alternatively, it is possible that
flIOPOR and flhB are not functional genes; however, we con-
sider this explanation less probable given that we have isolated
a mutant with an fliR mutation that showed the nonmotile
phenotype (6).

Finally, to determine the phenotype of a strain carrying a
lesion in fliM, we introduced into NG1 cells a 980-bp PstI-
BamHI fragment cloned in pRK415. This fragment contains
the 3’ end of fliM and the complete fliN gene. The phenotype
of NG1 carrying this plasmid should correspond to a fliM
mutant, avoiding any polar effect on fliN. Phenotypic charac-
terization of NG1 cells carrying this construction shows that
they have the Fla~ phenotype (data not shown). This result
suggests that FliM plays some role in the export of flagellar
components. It was recently shown that FliM and FIiN proteins
require each other for their integration into the switch struc-
ture (12). In this regard, Vogler et al. (27) showed that a
temperature-sensitive fliN mutant cannot export flagellar pro-
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FIG. 4. Complementation analysis of NG1 cells with the 4.6-kb Sall fragment
and subclones. Some of the relevant restriction sites are indicated: S, Sall; B,
BamHI; P, PstI; Sc, Sacll. Restoration of swimming behavior is recorded by +;
no complementation is indicated by —. The arrows indicate the direction of
transcription starting from the lac and tet promoters located in the pRK415
vector.
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FIG. 5. Alignment of the first 39 amino acids of FliM from R. sphaeroides with FliM sequences of other bacterial species. Identical and similar residues conserved
in all the sequences are shaded. (The GenBank accession numbers are as follows: U46011 and U00096, FliM,. [E. coli]; M24465, FliMy,, [S. typhimurium]; 175945,
FliMp,, [B. burgdorferi]; U28219, FliMy,, [T. pallidum]; M37691, FliMp, [B. subtilis]; AE000611 FliMy,, [H. pylori]; M85232, FliMc. [C. crescentus]).

teins at the restrictive temperature. These data suggest that the
switch complex may contribute to the stability of the export
apparatus. Nevertheless, the role of the switch complex in the
export process has yet to be solved.

Is a single copy of fliM present in R. sphaeroides? The pres-
ence of two cheY genes in the chromosome of R. sphaeroides,
as well as the high degree of conservation of some residues
involved in CheY functionality such as D13, D57, and K109
(28) in both cheY products, raises the question whether more
than one copy of the fliM gene would be necessary to form a
switch complex carrying two different species of FliM protein.
Using the complete fliM gene as a probe, we carried out a
Southern blot experiment under low hybridization stringency
and gentle washing conditions. We did not find evidence for a
second fliM gene in the chromosomal DNA of R. sphaeroides,
suggesting that CheY-mediated chemotaxis control may be
achieved by competition between the two different CheY pro-
teins for FliM or for CheA binding, as has been suggested for
Rhizobium meliloti (23). Alternatively, it is possible that a gene
encoding a protein carrying just the Che'Y-P binding site could
not be detected by Southern blotting.

On the other hand, it has been shown that CheY binds to the
first 40 to 50 amino acids of FliM (25, 26). Alignment of our
deduced FliM sequence with seven other FliM sequences shows
some highly conserved residues among the first 50 amino acids,
i.e., a tyrosine approximately 40 residues from the N terminus,
and the presence of an LN;(E/D)N,L(L/V) motif, which pre-
dicts an a-helix (Fig. 5). The importance of these conserved
amino acids in the function of FliM is currently under inves-
tigation in our laboratory.

It will be interesting to understand the interactions between
FliM and both CheY proteins as well as FliG in order to
understand how chemokinesis and the stop-start processes are
controlled in this organism.

Nucleotide sequence accession numbers. The DNA se-
quences of the R. sphaeroides fliL, fliM, fliN, fliO, fliP, fliQ, fliR,
and flhB genes have been deposited in the GenBank data base
under accession no. AF044254 and AF044580.

ADDENDUM

In the course of this work, the sequences of the R. sphaer-
oides fliM and fliN genes appeared in the GenBank database
(9a). A comparison of these sequences with ours showed an
inversion of GC to CG in the fliM sequence, producing a
change of a cysteine (C152) for a valine (V152) in our se-
quence.
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