
JOURNAL OF BACTERIOLOGY,
0021-9193/01/$04.0010 DOI: 10.1128/JB.183.10.3142–3148.2001

May 2001, p. 3142–3148 Vol. 183, No. 10

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

The N Terminus of FliM Is Essential To Promote Flagellar
Rotation in Rhodobacter sphaeroides

SEBASTIAN POGGIO,1 AURORA OSORIO,1 GABRIEL CORKIDI,2

GEORGES DREYFUS,3 AND LAURA CAMARENA1*

Departamento de Biologı́a Molecular, Instituto de Investigaciones Biomédicas,1 and Departamento de Genética
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FliM is part of the flagellar switch complex. Interaction of this protein with phospho-CheY (CheY-P) through
its N terminus constitutes the main information relay point between the chemotactic system and the flagellum.
In this work, we evaluated the role of the N terminus of FliM in the swimming behavior of Rhodobacter
sphaeroides. Strains expressing the FliM protein with substitutions in residues previously reported in Esche-
richia coli as being important for interaction with CheY showed an increased stop frequency compared with
wild-type cells. In accordance, we observed that R. sphaeroides cells expressing FliM lacking either the first 13
or 20 amino acids from the N terminus showed a stopped phenotype. We show evidence that FliMD13 and
FliMD20 are stable proteins and that cells expressing them allow flagellin export at levels indistinguishable
from those detected for the wild-type strain. These results suggest that the N-terminal region of FliM is
required to promote swimming in this bacterium. The role of CheY in controlling flagellar rotation in this
organism is discussed.

The flagellar switch complex is composed of multiple sub-
units of three different proteins, FliG, FliN, and FliM (8, 9,
15–17, 21, 44, 45). These proteins interact with each other and
are required for flagellar assembly and normal swimming (13,
23–25, 36, 38, 43). FliG is thought to be directly involved in
torque generation (20). FliM receives the output of the che-
motactic system through its binding to the phosphorylated
form of the response regulator CheY (CheY-P) (7, 25, 37, 38,
41). In the peritrichous bacteria Escherichia coli and Salmo-
nella enterica serovar Typhimurium, binding of CheY-P to
FliM induces a change in the direction of flagellar rotation
from counterclockwise (CCW) to clockwise (CW) (5, 27, 42).
When most of the flagella of a cell rotate in the CCW direc-
tion, they coalesce in a bundle that pushes the cell body in a
linear trajectory called a run. When flagella switch from CCW
to CW rotation, the bundle loses stability, and the uncoordi-
nated motion of the filaments produces a tumble that reorients
the cell. The direction of the next run is randomly determined
(40). The frequency of tumble determines the overall swim-
ming direction of the cell (for a review, see reference 22).

It has been shown that the main CheY-binding domain of
FliM corresponds to the first 16 amino acids of the N terminus.
This domain is sufficient to bind CheY-P in vitro (7). Strains
expressing FliM lacking this N-terminal region show a smooth-
swimming phenotype (25, 38). In addition, specific single-ami-
no-acid substitutions in this region have been reported to
weaken FliM-CheY-P interaction in vitro; accordingly, cells
expressing any of these FliM mutations also show smooth
swimming (7, 33). These results support the idea that the N

terminus of FliM is the main CheY-P-binding target that con-
trols flagellar switching.

The flagellum of the monoflagellated bacterium Rhodobac-
ter sphaeroides rotates only in the CW direction, alternating
with brief stop periods in which the cell reorients. During the
stop periods, the filament loses its typical helicoidal morphol-
ogy and retracts into a coiled form (2). It has been suggested
that the slow motion of the filament in this conformation helps
to reorient the cell (3). Chemotaxis towards some compounds
has been reported. An increase in attractant concentration
results in a decrease in the stopping frequency, and vice versa
(12). Besides this response, R. sphaeroides also shows chemo-
kinetic behavior, which consists of an increase of the rate of
flagellar rotation in response to a positive stimulus (26).

Several copies of most of the chemotactic genes have been
found in R. sphaeroides, including five copies of cheY and two
each of cheA and cheR, whereas the cheZ gene has not been
identified. It has been suggested that this reiteration and the
absence of the CheY-specific phosphatase CheZ may contrib-
ute to the complexity of the chemotactic system in this bacte-
rium (for a review, see reference 1). It has been shown that
some of these CheY proteins alter the chemotactic response
when they are expressed in Escherichia coli (29). However, the
role of these proteins in R. sphaeroides has only just begun to
be characterized. Recently, it was proposed that CheY4 and
CheY5 are the motor-binding response regulators, whereas
CheY3 would be a phosphate sink (30).

Since in other bacteria the main control of the chemotactic
response relies on the binding of CheY-P to FliM (6, 22), we
decided to investigate the effect of altering the putative CheY-
binding domain on the FliM protein of R. sphaeroides (FliMRs).
In our first approach, three different amino acid substitutions
were made that are known to be relevant for CheY-P interac-
tion with FliM in E. coli and S. enterica. Analysis of the free-
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swimming behavior of strains carrying these mutations showed
an increase in the stopping frequency compared with that ob-
served for wild-type cells. In agreement with this result, strains
expressing FliM lacking the N-terminal region showed a
stopped phenotype. These results allow us to propose that, in
contrast to the situation found in E. coli and S. enterica, in R.
sphaeroides the N-terminal region of FliM is involved in pro-
moting flagellar rotation, probably depending on CheY bind-
ing.

MATERIALS AND METHODS

Plasmids and strains. The bacterial strains and plasmids used in this work are
described in Table 1.

Media and growth conditions. R. sphaeroides cell cultures were grown in liquid
or solid Sistrom’s medium (32) at 30°C. Aerobic growth conditions were achieved
in the dark with strong shaking (300 rpm). Photoheterotrophic cultures were
grown under constant illumination in completely filled screw-cap tubes. Motility
plates were prepared using 0.3% Bacto-Agar. Strains of E. coli were grown in
Luria-Bertani (LB) medium (4). When needed, antibiotics were added at the
following concentrations: spectinomycin 10 mg/ml; gentamicin, 30 mg/ml; and
tetracycline, 1 mg/ml. For E. coli, the antibiotics used were ampicillin (100 mg/
ml), tetracycline (15 mg/ml), and spectinomycin (100 mg/ml).

Isolation of strains carrying fliMD1 or fliM::aadA. Two chromosomal fliM
mutations were isolated for use as recipients of plasmids carrying the different
fliM alleles studied in this work. To isolate the fliM::aadA strain, a 4.6-kb SalI
fragment carrying a DNA fragment from fliK up to fliP was cloned into a pTZ19R
derivative in which the EcoRI site was previously mutated (pTZ19Rmut1). This
plasmid was named pRS75 (10). An internal portion of the omega-Spcr cassette,
obtained by PCR, containing no known transcriptional termination signals, was
then inserted into the unique EcoRI site of pRS75, which is located in the middle
of fliM. The 6.6-kb SalI fragment carrying fliM::aadA was then subcloned into
pJQ200 (28). The resulting plasmid was introduced by transformation into E. coli
S-17 and subsequently transferred to R. sphaeroides by conjugation. Since pJQ200
cannot replicate in R. sphaeroides, the double recombination event was selected
on LB plates in the presence of spectinomycin and 5% sucrose. The fliMD1 allele
was constructed by removing a 431-bp NcoI-EcoRI fragment from plasmid
pRS75. The resultant 4.2-kb SalI fragment carrying fliMD1 was subcloned into
pJQ200. To obtain the chromosomal replacement with this allele, the cells were
grown on LB plates in the presence of 5% sucrose. Individual single colonies
were subsequently tested for motility. For both strains, the presence of the
correct replacement was confirmed by Southern blotting.

Deletion of 5* end of fliM. The fliMD13 and fliMD20 alleles were constructed
by PCR using plasmid pRS100(wt) as the substrate for amplification. This plas-
mid carries the complete fliM gene in a 1.3-kb chromosomal SacII fragment
cloned into pTZ19Rmut1 within the SmaI site. In this construction, the KpnI site
from the polylinker is located near the 39 end of fliM. The forward oligonucle-

otides were designed to prime immediately downstream of the last amino acid to
be deleted. The sequence corresponding to amino acids 13 and 20 was modified
in the corresponding oligonucleotide to encode methionine; this residue repre-
sents the fliM start codon in the final constructions. In both cases, this methionine
codon was designed as part of an NcoI recognition site. The reverse oligonucle-
otide was complementary to the sequence located at the junction between fliM
and fliN, carrying the fliM stop codon. A KpnI recognition site was included at the
59 end. Each PCR product was cloned into pRS100(wt), replacing the wild-type
NcoI-KpnI fragment. These plasmids were subsequently sequenced to corrobo-
rate the presence of the correct allele and also to discard any possible errors that
might have occurred during the amplification reaction.

Site-directed mutagenesis of fliM. Site-directed mutagenesis was carried out
on uracil-containing single-stranded DNA from pRS100(wt), using Kunkel’s
method (19). The presence of the desired mutation in the resultant plasmid was
confirmed by sequencing. The DNA fragment carrying the fliM gene was then
transferred to pRK415 and introduced into R. sphaeroides by conjugation.

Motility assays. A 5-ml sample of a stationary-phase culture was placed on the
surface of swarm plates and incubated aerobically in the dark. Swarming ability
was recorded as the ability of bacteria to move away from the inoculation point
after 36 to 72 h. Free-swimming motility was evaluated in an aliquot from an
aerobic or photosynthetic culture at the mid-logarithmic growth phase. Swim-
ming behavior was recorded, and segments of the video were analyzed by com-
puterized image analysis as described below.

Behavioral assays. The samples were observed with a Nikon E-600 dark-field
microscope, mounted with a charge-coupled device (CCD) video camera (Ike-
gami ICD-42A). Swimming cells were recorded for several minutes in an S-VHS
video tape recorder. For each sample, segments of 2 s at 30 frames per second
were analyzed. These segments were digitized and converted to a digital movie
file (avi format) using a Pinnacle Miro (DC30 Pro) video capture card and the
Adobe Premier 5.1 software. Further analysis of the swimming behavior was
done automatically using the ImagePro-Plus analyzer (version 4.0, running in a
Pentium III personal computer under Windows 98) in conjunction with a specific
bacterium-tracking macro file designed for this work. The 60 images of the 2-s
movie .avi file were saved as single images to be processed individually. The
images were converted to 8-bit monochrome, followed by background flattening
and high gauss filter application. After this global process, object labeling by
automatic white object thresholding was done once in the first image. Objects
with a mean surface value of a bacterial cell body 6 3 standard deviations were
considered artifacts and eliminated from the labeled list. The bacterium-tracking
process begins here for each labeled object among the full sequence of 60 images.
The trajectory of each bacterium was automatically followed in the sequence of
processed images and marked with points (x and y coordinates) corresponding to
the center of mass of the bacterium in each new position. For further processing,
these coordinates were stored in an Excel workbook. Only bacteria not leaving
the field of view during the complete length of the movie were considered.
Overlapping trajectories as well as those produced by bacteria leaving the field
were automatically discarded. The stored x and y coordinates of the trajectories
were then used to calculate the mean stop frequency, the mean stop time, the

TABLE 1. Bacterial strains and plasmids used in this work

Strain or plasmid Relevant characteristics Source or reference

E. coli
JM103 hsdR4 D(lac-pro) F9 traD36 proAB lacIqZDM15 4
S17-1 recA endA thi hsdR RP4-2-Tc::Mu::Tn7 Tpr Smr 31

R. sphaeroides
WS8 Wild type; spontaneous Nalr 34
SP4 WS8 fliM::aadA, Spcr Nalr This work
SP5 WS8 fliMD1 This work

Plasmids
pJQ200mpl8 Suicide vector used for gene replacement in gram-negative

bacteria
28

pRK415 pRK404 derivative used for expression in R. sphaeroides 14
pRS100(wt) pTZ19R carrying fliM1 as a 1.3-kb SacII fragment This work
pRS75 4.4-kb SalI fragment expanding from fliK to fliP cloned in

pTZ19R9(mut1)
10

pFliM-wt pRK415 carrying wild-type fliM under control of vector promoters This work
pFliM-wt(His) pRK415 carrying wild-type fliM encoding His tag at the C

terminus of FliM
This work

pFliM8LI, pFliM9SY, and pFliM12EG pRK415 carrying fliM encoding the indicated FliM mutant protein This work
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mean velocity, and the run length distribution. The results obtained with this
program were verified using a subsample of data for which the above parameters
were calculated manually using a semiautomatic program (F. Caviedes, technical
report MME0005, Centro de Instrumentos, Universidad Nacional Autónoma de
México).

Immunoblotting. Cellular levels of the FliM protein were examined on immu-
noblots. For this, a His tag was introduced by PCR at the 39 end of the open
reading frame of wild-type fliM and fliMD13 alleles. The PCR products were
cloned into plasmid pTZ19R to confirm the correct sequence. Subsequently,
fliM-wt(His) and fliMD13(His) alleles were transferred to pRK415. R. sphaer-
oides cells carrying these plasmids were grown to the mid-logarithmic phase,
harvested, and resuspended in protein sample buffer. Proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes as described elsewhere (4). The mem-
branes were then probed with an anti-His polyclonal antibody (Pierce). Detec-
tion was carried out by enhanced chemiluminescence using an ECL immuno-
blotting detection kit (Amersham International).

RESULTS

Isolation of R. sphaeroides strains carrying the chromosomal
alleles fliM::aadA and fliMD1. To study the effect of different
fliM alleles on the swimming behavior of R. sphaeroides, we
isolated two different mutant strains. The strain carrying the
chromosomal allele fliM::aadA was isolated by a double recom-
bination event as described in Materials and Methods. This
strain was named SP4 and showed a Fla2 phenotype. Full
motility was recovered when a plasmid expressing only fliM1

(pFliM-wt) was introduced into these cells. However, when
different mutant plasmid-borne fliM alleles were introduced
into this strain, recombinant cells showing the wild-type phe-
notype always appeared early in the culture (data not shown).
To avoid this problem, we isolated a strain carrying the chro-
mosomal mutation fliMD1, which we named SP5. This muta-
tion is a deletion, expanding from the ATG initiation codon of
the fliM open reading frame to codon 143. As expected, strain
SP5 (fliMD1) showed a Fla2 phenotype, and the introduction
of pFliM-wt restored flagellation and motility. The analysis of
the fliM alleles studied in this work was carried out using this
strain.

Isolation and motility behavior of strains expressing mutant
proteins FliM8LI, FliM9SY, and FliM12EG. A detailed study
of Salmonella mutants isolated as cheZ suppressors allowed
the identification of several residues on FliM involved in pro-
moting CCW rotation (33). In a later study, it was shown that
FliM6LI, FliM7SY, and FliM10EG mutant proteins bind
CheY-P to a lesser extent than the wild-type protein. These
residues are conserved in the amino acid sequence of FliMRs

(10). Thus, to obtain some insight into the possible role of the
N terminus of FliMRs as the possible target of the chemotactic
system, we investigated whether the same amino acid substi-
tutions could affect the free-swimming behavior of R. sphaer-
oides cells.

Site-directed mutagenesis of the fliMRs gene was carried out
to obtain fliM alleles encoding FliM8LI, FliM9SY, and
FliM12EG. DNA fragments carrying the wild-type and mutant
alleles were cloned into pRK415 under control of the plasmid
promoters and transferred into strain SP5 by conjugation.

Cells expressing FliM-wt, FliM8LI, and FliM12EG were
able to swarm, and the size of the ring was very similar to that
observed for the wild-type strain WS8. The mean swarm di-
ameters after 72 h of incubation were 1.65, 1.70, 1.60, and 1.60
cm, respectively (Fig. 1). However, the strain expressing

FliM9SY formed a denser ring, with a reduction in diameter of
approximately 20% compared with those formed by the WS8
and SP5/pFliM-wt strains. By observation under the micro-
scope, we detected that only cells expressing FliM9SY had a
clearly recognizable phenotype. Surprisingly, instead of the
smooth-swimming phenotype that this mutation provokes in
Salmonella cells, a clear increase in the stop frequency and also
in the length of the stopping period was observed.

To analyze in detail the free-swimming behavior of these
strains, data from at least 30 cells were collected for each
culture, and three independent cultures of each strain were
used. As shown in Table 2, strains WS8, SP5/pFliM-wt, and
SP5/pFliM8LI showed similar values for both stop frequency
and stop length. Although we observed a slight increase in the
average stop frequency for SP5/pFliM8LI compared with SP5/
pFliM-wt and WS8 cells, this did not seem to be significant. In
contrast, strains SP5/pFliM12EG and SP5/pFliM9SY showed a
significant increase in average stopping frequency, this trait
being more pronounced for SP5/pFliM9SY cells. Moreover,
this strain also showed a clear increase in the length of the stop
periods. The effect of these changes on the swimming behavior

FIG. 1. Swarming of SP5 cells expressing different FliM proteins
with single amino acid substitutions. WS8 cells were included as a
positive control. SP5 cells expressing FliM-wt, FliM12EG, FliM9SY, or
FliM8LI are labeled WT, 12EG, 9SY, and 8IL, respectively. An SP5
strain without a plasmid was also included (SP5).

TABLE 2. Swimming behavior of strains expressing different
FliM mutants

Strain
Mean

stop frequencya

(stops s21) 6 SD

Mean
stop timeb

(s) 6 SD

Mean
velocityc

(mm s21) 6 SD

WS8 0.7 6 0.12 0.31 6 0.22 28.9 6 8.6
SP5/pFliM-wt 0.6 6 0.11 0.38 6 0.26 32.1 6 9.1
SP5/pFliM8LI 0.8 6 0.10 0.35 6 0.27 26.1 6 8.9
SP5/pFliM12EG 0.9 6 0.05 0.41 6 0.25 33 6 11.4
SP5/FliM9SY 1.3 6 0.03 0.45 6 0.36 23 6 6.4

a Mean stop frequency calculated for 100 cells. Data for approximately 30 cells
from three independent cultures were used. Free-swimming cells were analyzed,
as described in Materials and Methods, for 2 s. The samples were taken from
aerobically grown cells and diluted on fresh culture medium.

b Mean time per stop. Data were collected and analyzed as described for stop
frequency.

c Mean velocity during running events.
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is reflected in the run length distributions shown in Fig. 2. It
can be observed that cells expressing FliM9SY have a high
frequency of short running periods. To a lesser extent, the
same can be observed for cells expressing FliM12EG. How-
ever, cells expressing FliM8LI were similar to the wild-type
cells. In addition, a reduction in the number of cells swimming
for the complete time analyzed was also noticed for all these
mutants (Fig. 2). The mean velocity observed was similar
among these strains, suggesting that the amino acid substitu-
tions tested in this experiment had no effect on the rotation
speed of the flagellum (Table 2). Assuming that these muta-
tions could affect the binding of CheY to FliM in a similar way
as in E. coli and S. enterica, these results would suggest that, in
R. sphaeroides, the binding of CheY to FliM promotes swim-
ming, and the absence of this interaction promotes a stop.
Alternatively, the increased stopping frequency could also be
explained if these mutations, instead of reducing binding be-
tween FliM and CheY, would favor it.

Isolation and characterization of fliMD13 and fliMD20 al-
leles. If, in R. sphaeroides, the N-terminal region of FliM acts
as the target for the CheY proteins to promote a run, it would
be expected that deletion of this region would deviate the
flagellar rotational bias to the stop mode. However, if the

contrary is true, a smooth-swimming phenotype should be ob-
served. To study these possibilities, we decided to generate
deletions of the first 13 and 20 amino acids to completely
disrupt the N terminus of FliMRs.

Deletion mutants were constructed by PCR as described in
Materials and Methods. The alleles fliMD13 and fliMD20 were
cloned into pRK415 under control of the plasmid promoters
and introduced into strain SP5 by conjugation.

SP5 cells (fliMD1) expressing either FliMD13 or FliMD20
from photoheterotrophic or aerobic cultures were observed
under the microscope. When the culture was sufficiently di-
luted to allow an appropriate view of bacteria in the field, all
the cells were nonmotile. However, if a large number of cells
were placed on the slide (for instance, an aliquot from an
undiluted mid-log-phase culture), a few swimming cells could
be observed. We estimate that motile cells do not represent
more than 0.0002% of the entire population, and this ratio
does not change even after several subcultures or purification
steps. These cells consistently showed a running time several
seconds longer than that of the wild-type cells. Nonetheless,
when individual cells were followed, stop periods could be
detected. These usually lasted for several seconds, although
some shorter events were also noticed. As expected from these

FIG. 2. Distribution of run lengths from cells expressing different FliM proteins. Free-swimming cells diluted in growth medium were analyzed
for 2 s. (A) WS8 (open bars) and SP5/pFliM-wt cells (solid bars). (B) SP5 cells expressing FliM8LI (C) SP5/pFliM12EG. (D) SP5/pFliM9SY. Run
length was determined using a computerized swimming behavior analyzer and is expressed in seconds.
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observations, when SP5/pFliMD13 and SP5/pFliMD20 were
tested in a swarm plate, both strains were unable to form a
swarm ring, even after several days of incubation (Fig. 3).
These results confirm that this fraction of swimming bacteria
does not behave like wild-type cells and suggest that these cells
do not represent a different population that may have emerged
by a recombination event. Therefore, we consider that the few
swimming cells of the SP5/pFliMD13 and SP5/pFliMD20 cul-
tures might represent spontaneous motor-switching events.
This phenomenon has been observed in E. coli cells in the
absence of CheY, but only at low temperatures (39). In con-
trast, we detected this event at room temperature. This may be
explained on the basis of structural differences between these
two motors, which could favor lower activation energies be-
tween the two possible states of the R. sphaeroides motor. In
addition, an intracellular metabolite such as fumarate could
also contribute to this effect, as has been observed for E. coli
(7).

Since most of the cells expressing FliM lacking the N termi-
nus were stopped, we propose that this region is essential to
promote swimming. It seems plausible that switching between
the two possible motor states (i.e., stop and CW) can be me-
diated by this domain, perhaps through CheY binding.

Analysis of amounts of FliM and flagellin expressed from
wild-type, fliMD13, and fliMD20 cells. It has been reported for
E. coli that a low level of expression of FliM produces nonmo-
tile cells because the C-ring is unable to assemble and a stable
export apparatus is probably not formed (18, 35). We know
from complementation of strain SP5 with pFliM-wt that the
expression level of the fliM gene from the vector promoters is
sufficient to restore full motility in these cells (Table 2). How-
ever, this result does not rule out the possibility that deletion of
the N terminus may alter FliM stability or its ability to form a
functional C-ring and therefore an efficient export apparatus.
To address the first question, we performed a Western blot
experiment to detect the amount of FliMD13 protein versus
FliM-wt present in SP5 cells. To do this, His-tagged versions
of the fliM1 and fliMD13 alleles were constructed and cloned
into pRK415. These plasmids were introduced into strain SP5,
and a cell extract was analyzed with anti-His antibodies. As
shown in Fig. 4A, extracts from SP5/pFliM-wt(His) and SP5/
pFliMD13(His) showed a band of approximately 42.3 and 40.2
kDa, respectively; no specific signal was apparent for the SP5

strain alone. Since similar amounts of FliM-wt and FliMD13
were detected and no visible degradation was present, we con-
cluded that FliMD13 must be approximately as stable as FliM-
wt. It should be noted that the phenotype of the SP5 strain
carrying either of these His-tagged versions of FliM is the same
as that previously described for untagged FliM proteins.

To obtain indirect evidence that FliMD13 and FliMD20 are
capable of forming a functional C-ring and thereby a functional
export apparatus, flagellin was purified by shearing from cul-
tures of SP5 cells expressing FliMD13, FliMD20, or FliM-wt; a
culture of WS8 cells was also included as a control. As shown
in Fig. 4B, the flagellin and hook protein yields from all these
strains were very similar. This result suggests that FliMD13 and
FliMD20 are both able to form a functional export apparatus.

DISCUSSION

At least in terms of the components described so far, the
flagellum of R. sphaeroides is similar to that of E. coli and S.
enterica. In contrast, the chemotactic system shows particular
characteristics, such as reiteration of several genes, which add
complexity to this system. In this work, we present evidence
suggesting that the N-terminal region of FliM is essential to
promote swimming in R. sphaeroides. This idea is supported by
the results from strains expressing either FliMD13 or FliMD20
protein. These strains consisted mainly of stopped cells and a
few swimming cells. We showed evidence that the stopped
phenotype is not due to low levels of FliMD13 in the cytoplasm.
In addition, we observed that the amount of flagellin obtained
from cultures of cells expressing FliMD13 or FliMD20 was
similar to that obtained from cultures of WS8 or SP5/pFliM-wt
cells. These results allow us to conclude that all the nonswim-
ming cells expressing FliMD13 and FliMD20 had flagella but
were unable to rotate them, indicating a role of the N terminus
of FliM in promoting CW rotation.

From studies carried out with FliM from E. coli (FliMEc), it
is known that deletion of the first 10 or 38 residues from the N
terminus produces flagellated but nonchemotactic cells. This
phenotype is due to loss of the main CheY-binding domain on
FliM; consequently, flagella rotate exclusively in the CCW

FIG. 3. Swarm plate showing phenotype of SP5 cells expressing
FliMD13 or FliMD20 protein. WS8 and SP5 cells were included as
controls. The plate was incubated for 72 h aerobically in the dark.

FIG. 4. (A) Western blot of SP5 cells expressing FliM-wt(His) and
FliMD13(His) proteins. Total extracts were subjected to SDS-PAGE,
and proteins were transferred to nitrocellulose. The membrane was
then blotted with anti-His antibodies. The arrows and asterisks indi-
cate the bands corresponding to FliM-wt (WT) and FliMD13 (D13).
Lane 1, SP5/pFliM-wt; lane 2, SP5/pFliM-D13; lane 3, SP5. The posi-
tions of molecular mass markers are indicated (in kilodaltons). (B)
SDS-PAGE of sheared filaments. Lane 1, WS8 cells; lane 2, SP5/
pFliM-wt; lane 3, SP5/pFliMD13; lane 4, SP5/pFliMD20 cells. Arrows
show the band corresponding to flagellin (FliC) and the faint band
corresponding to the hook protein (FlgE). Positions of molecular mass
markers are indicated.
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direction, producing smooth-swimming cells (25, 37). On the
basis of the good similarity observed between FliMRs and
FliMEc (10), we expected that deletion of the N-terminal re-
gion of FliMRs would not effect the stability of the protein or its
ability to assemble the flagellum. Our results confirmed this;
however, the stopped phenotype was unexpected. To explain
why these deletions affected flagellar rotation, we hypothesized
that the N terminus of FliMRs might be the main target for
CheY binding, which would be required to promote CW rota-
tion and therefore swimming. In the simpler model, this motor
would have two functional states, i.e., stopped and CW rota-
tion, with the stopped state being favored in the absence of
CheY binding.

In this work, we also studied the swimming behavior of cells
expressing FliM proteins carrying a single-amino-acid substi-
tution in the N-terminal region. As mentioned in the previous
section, FliM8LI, FliM9SY, and FliM12EG were selected be-
cause each of the corresponding substitutions in E. coli binds
CheY to a lesser extent than does FliM-wt. Therefore, when
expressed in a fliM mutant strain, they promote smooth swim-
ming (7, 33). In contrast, when R. sphaeroides cells expressed
FliM9SY or FliM12EG, an increase in the stop frequency was
observed. These changes are less likely to affect the overall
secondary structure of FliMRs, therefore, the increase in the
stop frequency should be related to the decreased ability of
these FliM mutants to bind CheY. Surprisingly, the increased
stop frequency for each of these mutants correlated with the
relative ability reported for the FliMEc mutants to bind CheY
in vitro. Specifically, FliM6LI, FliM10EG, and FliM7SY bound
7-, 11-, and 35-fold less CheY than wild-type FliMEc (7). From
these results, we believe that some determinants involved in
CheY binding by this domain might be conserved between
these organisms. In fact, it can be observed that most of the
CheY residues that in S. enterica have been proposed to inter-
act with FliM are conserved in the deduced sequence of the
CheY proteins from R. sphaeroides (29).

In summary, from the results obtained with the different
FliM mutants isolated in this work, we propose that the N-
terminal region of FliMRs is required to promote CW rotation
and consequently swimming, perhaps through CheY binding.
In terms of the motor, this situation is similar to that found in
E. coli and S. enterica, in which binding of CheY-P to FliM
induces CW rotation. However, since the helical sense of the
flagellar filament in R. sphaeroides is opposite to that of the
above-mentioned enteric bacteria, the consequence of CW
rotation on the swimming behavior would also be opposite, i.e.,
running for R. sphaeroides and tumbling for E. coli and S.
enterica. Under this view, the default state of these motors
(stopped versus CCW) shows a more pronounced difference,
which remains to be investigated.

On the other hand, binding of CheY-P to the motor in order
to produce swimming has been observed in Bacillus subtilis. In
this case, CheA is activated in response to an attractant, so that
the final result is net movement of bacteria towards a positive
stimulus (6, 11). Whether this is the case for R. sphaeroides is
still unknown.

A recent study with R. sphaeroides strains carrying different
combinations of deleted cheY genes showed that a certain
combination (i.e., cheY1, cheY2, and cheY3) produced a stopped
phenotype. However, this phenotype reverted upon the dele-

tion of another cheY gene (cheY4) (30). It should be noted that,
given that the different CheY proteins could compete for the
interaction with CheA(s) and FliM, it is not possible at this
point to establish a direct correlation between our results and
those reported by Shah et al. (30).
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