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In this work we characterize the function of the flagellar protein FliL in Rhodobacter sphaeroides. Our results
show that FliL is essential for motility in this bacterium and that in its absence flagellar rotation is highly
impaired. A green fluorescent protein (GFP)-FliL fusion forms polar and lateral fluorescent foci that show
different spatial dynamics. The presence of these foci is dependent on the expression of the flagellar genes
controlled by the master regulator FleQ, suggesting that additional components of the flagellar regulon are
required for the proper localization of GFP-FliL. Eight independent pseudorevertants were isolated from the
fliL mutant strain. In each of these strains a single nucleotide change in motB was identified. The eight
mutations affected only three residues located on the periplasmic side of MotB. Swimming of the suppressor
mutants was not affected by the presence of the wild-type fliL allele. Pulldown and yeast two-hybrid assays
showed that that the periplasmic domain of FliL is able to interact with itself but not with the periplasmic
domain of MotB. From these results we propose that FliL could participate in the coupling of MotB with the
flagellar rotor in an indirect fashion.

Bacterial flagellar motility is dependent on a complex motor
that is embedded in the inner membrane (IM) (for reviews, see
references 9, 37, 43, and 66). This motor can be divided into
two functionally distinctive units: the rotor and the stator. The
stator is a proton channel formed by MotA4-MotB2 that uses
the proton motive force to provide the energy for flagellar
rotation (12, 57, 64). The flagellar MotB protein has a short
cytoplasmic N terminus, a single transmembrane (TM) helix,
and a large periplasmic domain (16). It has been proposed that
the single TM domain of MotB together with TM3 and TM4 of
MotA forms a functional proton channel (13, 14). The invari-
ant residue Asp32 in MotB is essential for rotation, and it has
been shown that this residue is involved in proton conductance
(15, 30, 73). In addition, mutations in this residue alter the
conformation of MotA (36). From these results, it has been
proposed that rounds of protonation and deprotonation of
Asp32 produce conformational changes in the stator, which
drives flagellar rotation (36, 68, 73). A maximum of 11 subunits
of the MotA4-MotB2 complex are arranged around the flagel-
lar rotor (11, 12, 54).

The rotor can be divided into three different regions: the
basal body, the hook, and the filament (for a review, see ref-
erence 42). In Escherichia coli and Salmonella, the filament is
formed by subunits of a single protein, FliC, which is assem-
bled as a helical structure that drives cell movement when it
rotates (3, 35, 45, 55, 60). The hook connects the filament with

the rod that expands from the outer membrane through the
peptidoglycan layer to the periplasmic space (18, 19, 39). The
rod is assembled on the periplasmic-side surface of the MS ring
(44) that is formed by 26 subunits of the FliF protein (32). FliF
has two TM regions (22, 32, 63, 69), and it has been shown that
the C terminus is located in the cytoplasm. This region of FliF
interacts with FliG, which together with FliM and FliN forms
the C ring that is involved in the control of flagellar rotation
(20, 22, 34, 65) and in the stabilization of the export apparatus
required for the formation of the extracytoplasmic structures
of the flagellum (27, 38).

FliG is also involved in generating rotation of the flagellum
through its interaction with the MotA subunits of the stator
(25, 26, 65). Specifically, it has been shown that well-conserved
charged residues located in the C-terminal domain of FliG (41)
interact with charged residues of MotA that are located in the
cytoplasmic loop between TM helices 2 and 3 (71). In E. coli,
Sinorhizobium meliloti, and Vibrio alginolyticus, it has been
demonstrated that electrostatic interactions between these res-
idues promote and control flagellar rotation (4, 41, 70, 72).

Rhodobacter sphaeroides has a single subpolar flagellum that
promotes swimming at velocities of up to 100 �m/s. In E. coli
flagella rotate in a counterclockwise (CCW) direction when
the cell is swimming and clockwise (CW) when the cell is
reorienting (9). In contrast, the R. sphaeroides flagellum rotates
only in the CW direction and reorientation occurs when the
flagellum stops or reduces its speed and the filament helix
relaxes into a short-wavelength, high-amplitude coil (1). It has
been proposed that reorientation is achieved by Brownian
motion and slow rotation of the coiled filament (1, 2). Under
regular laboratory conditions, this is the only flagellum
present. However, under particular conditions R. spha-
eroides assembles a second functional flagellum (47). The
above-mentioned features, and others reviewed elsewhere
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(1), make of this bacterium an interesting model to study the
flagellar system.

Of the approximately 40 flagellar genes present in most
flagellated bacteria, the functions of only a few still remain
unknown (reviewed in reference 46); this is the case for the fliL
gene. FliL is an integral membrane protein that was copurified
with the flagellar basal body of Salmonella, and from this result
it was proposed that FliL might be localized around the basal
body close to the MotA-MotB complexes (58). In contrast to
other flagellar genes, different phenotypes have been reported
for fliL mutants in different bacteria. Although in E. coli and
Salmonella enterica serovar Typhimurium a fliL mutant is not
affected in its swimming ability (52), it was recently shown that
in these species FliL is essential for swarming, and a role in
strengthening the rod was proposed (5). In Proteus mirabilis
FliL was involved in swarming differentiation in response to
the density of the growth medium (8). The absence of fliL in
Silicibacter TM1040 (7) and Caulobacter crescentus (31) elicits
a Mot� phenotype (the mutant has a flagellum, but it does not
rotate). In C. crescentus FliL was also implicated in the regu-
lation of the stability of FliF (31), whereas in Pseudomonas
putida the absence of fliL was associated with a Fla� pheno-
type (absence of flagella) (52). Even though these reports
suggest a role for FliL in flagellar rotation and/or biogenesis,
the molecular mechanisms that allow FliL to accomplish any of
its functions have not been characterized.

In order to get a better insight into the molecular role of
FliL in flagellar formation and/or functioning, in this work we
studied the role of this protein in R. sphaeroides. We observed
that FliL is essential for flagellar rotation in this bacterium but
that its absence can be compensated for by secondary muta-
tions in motB. We found that this protein is located not only at
the base of the flagellum but also as a minor population of
laterally located foci that show dynamic movement. The impli-
cations of these results are discussed.

MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions. Plasmids and bacterial
strains used in this work are listed in Table 1. R. sphaeroides WS8 (62) was grown
at 30°C in Sistrom’s minimal medium (61) under heterotrophic conditions. Swim-
ming assays were carried out with bacteria grown in liquid medium or on swim-
ming plates prepared with Sistrom’s medium and 0.25% agar. When required,
antibiotics were added at the following concentrations: 25 �g/ml kanamycin, 50
�g/ml spectinomycin, and 1 �g/ml tetracycline. E. coli was grown in LB at 37°C.
Antibiotics for E. coli cultures were used at the following concentrations: 100
�g/ml ampicillin, 50 �g/ml kanamycin, 10 �g/ml tetracycline, 30 �g/ml gentami-
cin, and 50 �g/ml spectinomycin. Saccharomyces cerevisiae was grown at 30°C in
YPDA culture medium (1% yeast extract, 2% peptone, 2% dextrose, and 0.003%
adenine) or in synthetic defined (SD) minimal medium (Clontech) comple-
mented with the appropriate supplements (dropout supplements from Clon-
tech).

Oligonucleotides. The oligonucleotides used in this work are shown in Table
S1 in the supplemental material.

Isolation of mutant strains. The FS3 mutant strain was obtained by a double
recombination event between the WS8 wild-type strain and the allele
�fliL3::aadA cloned in the suicide vector pJQ200mp18 (51). The �fliL3::aadA
allele was generated by cloning together two independent PCR products, the first
one containing 770 bp upstream from the stop codon of fliK and 72 bp down-
stream from the start codon of fliL and the second one containing 193 bp
upstream from the stop codon of fliL and 839 bp downstream from the start
codon of fliM (oligonucleotides upfliL1 and upfliL3 for the first PCR and fliL950
and downfliL3 for the second one). These products were triple ligated in
pTZ19R by taking advantage of the restriction sites that were included in the
oligonucleotides. The resultant plasmid was named pTZ�fliL3. The aadA gene

encoding aminoglycoside 3�-adenyltransferase was obtained by PCR as an inter-
nal portion of the omega-Spcr cassette, which removed the known transcriptional
termination signals. The PCR product containing the aadA gene was cloned into
the EcoRV restriction site of pTZ�fliL3. The fragment carrying the �fliL3::aadA
allele was subcloned into pJQ200mp18 and introduced into WS8 by conjugation
with the S17-1 strain (50). The double recombination events were selected as
described previously (49).

The FS4 mutant strain carrying the allele �motB1::Kan was isolated by fol-
lowing the general procedure described above. In this case, the first PCR product
contained 745 bp upstream from the stop codon of motA and 5 bp downstream
from the start codon of motB and the second PCR product contained 15 bp
upstream from the stop codon of motB and 929 bp downstream (oligonucleotides
motBFup1 and motBRup2 and oligonucleotides motBFdown1 and motBRdown2,
respectively). The resultant plasmid was named pTZ�motB1. A Kanr cassette
obtained from pUC4K was cloned into the EcoRV site of pTZ�motB1. The
resulting �motB1::Kan allele was subcloned into pJQ200mp18 and introduced
into WS8. The mutant strain was selected as described previously (49).

Motility assays. A 5-�l sample of a culture in stationary phase was placed on
the surface of plates containing Sistrom’s minimal medium with 0.25% agar.
Swimming was evaluated after 30 h of incubation at 30°C.

Analysis of the primary sequence of FliL and MotB. The sequences of FliL and
MotB were analyzed using the TOPCONS web server (http://topcons.cbr.su.se/)
(10). The predicted topology for MotB was the inverse of what the experimental
results suggest.

Plasmid constructs used in this work. Plasmids that were used for comple-
mentation tests and topology analysis are described in this paragraph; other
plasmids are described in the proper section. In all cases, the pRK415 plasmid
was used as an expression vector for R. sphaeroides; this plasmid allows the
expression of the cloned genes from the plac and/or ptet promoter (33). pRK-fliL
was obtained by subcloning a 1.3-kb BamHI-EcoRI fragment from the pRS401
plasmid (24) into pRK415. pRK-fliL�15 was generated by cloning the PCR
product obtained using the oligonucleotides fliL�fw and GSTfliLdel1rv into
pRK415.

pRK-motB was generated by cloning into pRK415 a 1.7-kb fragment obtained
as a PCR product by using the oligonucleotides motBfwXba and motB.

pRK_FliL-GFP (green fluorescent protein) was generated by cloning a 924-bp
DNA fragment obtained by PCR with the oligonucleotides fliLfw and fliLgfp2 as
forward and reverse primers, respectively. The PCR product was cloned into
pEGFP (Clontech). The resultant plasmid was purified and digested with
HindIII and EcoRI, and the DNA fragment carrying fliL-gfp was subcloned
into pRK415.

pRK_GFP-FliL was obtained by cloning the coding region of fliL without the
initiation codon, in frame with the coding region of gfp. For this, fliL was
amplified by PCR using the oligonucleotides FliLNHgfp and FliLGST2. The
resultant product was cloned in pTZ19R as an XbaI-EcoRI fragment, and the
coding region of gfp was cloned upstream of fliL as a HindIII-XbaI fragment. gfp
was obtained by PCR using the oligonucleotides GFP-67(SD-GFP) and GFP-
67rvs(stop)Xba. The first oligonucleotide includes the Shine-Dalgarno consensus
sequence and the recognition site for HindIII, whereas the second oligonucleo-
tide carries the recognition site for XbaI. The DNA fragment carrying this fusion
was subcloned into pRK415.

Microscopy. An aliquot of an exponentially growing culture was placed on a
slide with an agarose pad containing Sistrom medium. Epifluorescence images
were taken using a Nikon Eclipse 600 equipped with a Hamamatsu Orca-ER
cooled charge-coupled device (CCD) camera, and images were acquired for 5 s.
For time-lapse observations, an image was acquired each minute.

Protease assay. Five milliliters of exponentially growing R. sphaeroides cultures
was harvested at 12,000 � g for 5 min. Cells were washed twice with Tris-HCl (10
mM, pH 7) and resuspended in 500 �l of 10 mM Tris-20% sucrose. At this point,
a sample was taken as control. Spheroplasts were obtained by the addition of
EDTA and lysozyme (final concentrations of 50 �M and 0.5 mg/ml, respectively).
After 15 min of incubation at 37°C, the suspension was divided into two, and
buffer or 1 mg/ml of proteinase K was added. These reaction mixtures were
incubated at 37°C for 15 min. To stop the reaction, phenylmethylsulfonyl fluoride
(PMSF; 2 �M) was added and the samples were further incubated for 5 min
before being boiled in 1� Laemmli sample buffer. The samples were analyzed by
immunoblotting with polyclonal antibodies against the His6-FliLp protein ob-
tained as described below. Monoclonal anti-GFP antibody was purchased from
Clontech.

Protein overexpression and purification. The DNA region encoding the
periplasmic domain of FliL (FliLp) (residues 49 to 190) was obtained by PCR
using the oligonucleotides His-fliLfw and His-fliLrv. The product of this reaction
was cloned into pBAD/HisB. E. coli LMG174/pPIRL (6) was transformed with
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pBAD-His/fliLp. An overnight culture of this strain was diluted 1:100 in fresh
medium and incubated at 37°C until it reached an optical density at 600 nm
(OD600) of 0.5. At this point, 2% arabinose was added, and incubation was
allowed to proceed for 2 h. Cells were harvested and resuspended in phosphate-
buffered saline (PBS) with 20% glycerol, pH 7.4 (1/100 volume). Lysozyme was
added (1-mg/ml final concentration), and the mixture was incubated for 15 min
on ice. The cell suspension was sonicated on ice by using three cycles of 10-s
bursts/min. Cell debris was removed by at least three steps of centrifugation
(14,000 rpm for 5 min). The supernatant was mixed with nickel nitrilotriacetic
acid (Ni2�) agarose beads and incubated for 1 h on ice, with the tube being

inverted sporadically. The mixture was used to load a polypropylene column and
washed with 10 volumes of buffer (PBS-20 mM imidazole). The protein was
eluted using PBS-200 mM imidazole-20% glycerol, pH 7.4.

To obtain GST (glutathione S-transferase)-FliLp, a PCR product (oligonucleo-
tides fliLGST3 and fliLGST2) containing the coding region of FliLp correspond-
ing to residues 49 to 190 (without the TM domain) was cloned into pGEX-4T-2.
To obtain GST-FliLp�15, the PCR product obtained using the oligonucleotides
fliLGST3 and GSTfliLdel1RV was cloned in pGEX-4T-2. The resultant plasmids
were transformed into the Rosetta strain. To purify these proteins, the following
procedure was used. The cells were grown in LB at 37°C until the culture reached

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference or source

Strains
E. coli

S17-1 recA endA thi hsdR RP4-2-Tc::Mu::Tn7; Tpr Smr 50
LMG194 Protein expression strain Invitrogen
TOP10 Cloning strain Invitrogen
Rosetta Protein expression strain, Cmr Novagen

R. sphaeroides
WS8 Wild-type strain, spontaneous Nalr 62
SP7 WS8 derivative �rpoN2::Kan 49
SP13 WS8 derivative �fleQ1::Kan 48
SP18 WS8 derivative flgC1::Kan 47
FS3 WS8 derivative �fliL3::aadA This study
FS4 WS8 derivative �motB1::Kan This study
FS5 WS8 derivative �fliL3::aadA �motB1::Kan This study
SUP1 WS8 derivative �fliL3::aadA motB (A67E) This study
SUP2 WS8 derivative �fliL3::aadA motB (A67E) This study
SUP3 WS8 derivative �fliL3::aadA motB (A56E) This study
SUP4 WS8 derivative �fliL3::aadA motB (F63L) This study
SUP5 WS8 derivative �fliL3::aadA motB (A67D) This study
SUP6 WS8 derivative �fliL3::aadA motB (A67T) This study
SUP7 WS8 derivative �fliL3::aadA motB (F63L) This study
SUP8 WS8 derivative �fliL3::aadA motB (A67G) This study

S. cerevisiae AH109 Yeast reporter strain, for HIS3, ADE2, and lacZ Clontech

Plasmids
pTZ19R Cloning vector, Apr, pUC derivative Pharmacia
pRK415 pRK404 derivative 33
pJQ200mp18 Mobilizable suicide vector for R. sphaeroides 51
pBAD/HisB Expression vector of six-His-tagged proteins Invitrogen
pBAD/HisC Expression vector of six-His-tagged proteins Invitrogen
pBAD-fliL pBAD/HisB expressing His6-FliLp This study
pGEX-4T-2 Expression vector for GST gene fusion Amersham
pEGFP Expression vector for GFP gene fusion Clontech
pUC4K Source of the Kanr cassette Pharmacia
pPIRL Vector that encodes tRNAs for rare codons 6
pRK-fliL pRK415 derivative, fliL gene Laboratory collection
pRK-motB pRK415 derivative, expressing motB� This study
pRK-motBsup1 pRK415 derivative, expressing motBsup1 This study
pRK-motBsup2 pRK415 derivative, expressing motBsup2 This study
pRK-motBsup3 pRK415 derivative, expressing motBsup3 This study
pRK-motBsup4 pRK415 derivative, expressing motBsup4 This study
pRK-motBsup5 pRK415 derivative, expressing motBsup5 This study
pRK-motBsup6 pRK415 derivative, expressing motBsup6 This study
pRK-motBsup7 pRK415 derivative, expressing motBsup7 This study
pRK-motBsup8 pRK415 derivative, expressing motBsup8 This study
pRK-fliL�15 pRK415 derivative, expressing fliL�15 gene This study
pRK_FliL-GFP pRK415 derivative, expressing fliL-gfp This study
pRK_GFP-FliL pRK415 derivative, expressing gfp-fliL This study
pGBKT7 GAL4 DNA binding domain, TRP1 Clontech
pGADT7 GAL4 activation domain, LEU2 Clontech
pGBD-fliLp pGBKT7 derivative expressing GAL4 BD-FliLp This study
pGAD-fliLp pGADT7 derivative expressing GAL4 AD-FliLp This study
pGBD-motBp pGBKT7 derivative expressing GAL4 BD-MotBp This study
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an OD600 of 0.5; at this point expression of the protein was induced using 0.5 mM
IPTG (isopropyl-�-D-thiogalactopyranoside). After 3 h of incubation in the pres-
ence of the inducer, the cells were harvested and resuspended in a 1/100 volume
by using PBS (pH 7.4)-20% glycerol. The cells were lysed as described above.
The soluble fraction was mixed with glutathione-agarose beads (Sigma) and
incubated on ice for 1 h, with the tube being inverted sporadically. The mixture
was used to load a polypropylene column and washed with 50 volumes of washing
buffer (PBS, pH 7.4). The protein was eluted with 10 mM reduced glutathione
(Sigma) dissolved in 50 mM Tris-HCl, pH 8.

To obtain GST-MotBp, a PCR product (oligonucleotides motBsDTM2fw and
motBsDTM2rv) containing the periplasmic region of MotB (MotBp) corre-
sponding to residues 55 to 366 (without the TM domain) was cloned into
pGEX-4T-2. The protein was purified by following the procedure described
above.

FliL antibodies. Polyclonal antibodies were raised in female BALB/c mice
against His6-FliLp protein, accordingly to previously reported protocols (28).

GST pulldown assays. According to previously reported protocols (40), 40 �g
of protein-bound glutathione agarose beads, i.e., GST-FliLp, GST-MotBp, or
GST, was mixed with His6-FliLp to yield a 2:1 molar ratio of GST-FliLp, GST-
MotBp, or GST to His6-FliLp. The total volume was adjusted to 100 �l with PBS,
pH 7.4. The mixture was incubated for 1 h at 4°C with constant agitation. The
beads were collected by centrifugation (1 min at 3,500 rpm), and the supernatant
was removed carefully. The beads were washed five times with 1 volume of PBS
(pH 7.4) and boiled in SDS loading buffer, and an aliquot of the sample was
loaded on a 12% SDS-PAGE gel. After electrophoresis, the proteins were
transferred to a nitrocellulose membrane as described elsewhere (28). The mem-
brane was incubated with an anti-His (Qiagen) or anti-GST (Pierce/GE) poly-
clonal antibody. The blot was developed using the Western Star immunodetec-
tion system (Applied Biosystems).

Yeast two-hybrid assays. The Matchmaker GAL4 two-hybrid system 3 (Clon-
tech) was used to test FliLp-FliLp and FliLp-MotBp interactions. The region
encoding FliLp was cloned into pGBKT7 (encoding the DNA binding domain
[BD] of GAL4) and pGADT7 (encoding the activation domain [AD] of GAL4)
by using the oligonucleotides FliL-BDfw and FliL-BDrev. MotBp was cloned
into pGBKT7 by using the oligonucleotides BDMotB1 and BDMotB3. The yeast
strain AH109 was cotransformed with either pGBKT7-FliLp (BD-FliLp) and
pGADT7-FliLp (AD-FliLp) or pGADT7-FliLp (AD-FliLp) and pGBKT7-
MotBp (BD-MotBp). The double transformants were selected as tryptophan and
leucine prototrophs. After the initial selection, the two different transformant
strains were grown overnight in 3 ml of synthetic defined (SD) minimal medium
lacking tryptophan and leucine but supplemented with histidine and adenine.
Aliquots of the cultures were washed once with SD minimal medium lacking Trp,
Leu, His, and Ade and then normalized to an OD600 of 0.5, and 10-fold serial
dilutions were made in the same medium. From these dilutions, 10-�l aliquots
were seeded on selection plates lacking Trp, Leu, and His or lacking Trp, Leu,
His, and Ade. A control plate lacking Trp and Leu was also included. AH109 was
transformed with the plasmids included in the kit that represent positive and
negative protein-protein interactions. In order to rule out spurious activation
mediated by FliLp, AH109 was transformed only with pGBKT7-FliLp (BD-
FliLp), which expresses a fusion of the DNA binding domain of GAL4 with
FliLp.

RESULTS

Isolation and characterization of a fliL mutant strain. To
characterize the function of FliL in R. sphaeroides motility, the
FS3 strain carrying the �fliL3::aadA allele was isolated as de-
scribed in Materials and Methods. As shown in Fig. 1A, this
strain was unable to swim in soft-agar plates; however, when
pRK-fliL plasmid was introduced into FS3, motility was recov-
ered (Fig. 1A), indicating that FliL is essential for swimming in
R. sphaeroides. When cells of the fliL mutant strain were ex-
amined by electron microscopy, flagellar filaments were ob-
served (Fig. 1B). In agreement with this result, the amount of
extracellular flagellin detected by Western blotting for this
strain was similar to that detected for the WS8 wild-type strain
(Fig. 1C). Observation of FS3 cells by light microscopy re-
vealed that although the majority of the population was non-
motile, a few cells under the field showed swimming periods of

variable duration (see movies S1 and S2 in the supplemental
material). From these results we conclude that FliL is required
for proper motor rotation.

Determination of FliL topology in R. sphaeroides. The fliL
gene of R. sphaeroides encodes a protein of 190 amino acids.
Analysis of the primary sequence of this protein suggested the
presence of a TM segment between residues 21 and 44 (see
Materials and Methods for details). Recently, it was shown that
the C terminus of the E. coli FliL protein is located in the
periplasm (5). However, given the different phenotypes of the
E. coli and R. sphaeroides �fliL strains, we decided to corrob-
orate this result in our system. For this purpose, the GFP was
fused to the N- or C-terminal region of FliL. Observation of
WS8 cells expressing these proteins from the lac promoter of
pRK415 revealed the presence of fluorescent foci generated by
the N-terminal GFP-FliL fusion but not by the C-terminal
FliL-GFP fusion (Fig. 2A). It is known that GFP is fluorescent
only in the cytoplasm (17, 21) or when it is translocated to the
periplasm in its mature state by the twin-arginine pathway (56,
67). Since this last situation does not apply to FliL, our results
are in agreement with the suggestion that the C terminus of
FliL is localized on the periplasmic side of the membrane.

To rule out a possible effect of GFP on the normal topology
of FliL, a protease accessibility assay was carried out to com-
pare the protease sensitivity of GFP-FliL with that of wild-type
FliL (Fig. 2B and C). The results obtained from these experi-
ments demonstrate that GFP-FliL in WS8 and FS3 cells is
properly inserted in the inner membrane.

FIG. 1. Characterization of the fliL mutant strain. (A) Swimming
of FS3 (�fliL3::aadA) and FS3 carrying the wild-type fliL allele cloned
in pRK451. WS8 was included as a positive control. (B) Electron
micrograph of FS3 cells showing the presence of flagella. (C) Western
blot analysis of the supernatant fraction obtained after strong vortexing
of WS8, FS3, and FS3/pRK-fliL cultures. A polyclonal anti-FliC anti-
body was used for detection. Strain SP7 (�rpoN2::Kan) was included as
a negative control.
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Localization of GFP-FliL in different flagellar mutant
strains. To determine if the fluorescent foci formed by the
GFP-FliL protein were dependent on the presence of other
flagellar proteins, we introduced the plasmid encoding GFP-
FliL into the SP13 strain, which lacks the master regulator
FleQ, preventing the expression of the flagellar regulon (48).

No fluorescent foci were observed in this strain; instead, a
diffused fluorescent signal was observed throughout the cell
(Fig. 3A). The amount of GFP-FliL detected by Western blot-
ting for the SP13 strain was similar to that detected for WS8
(Fig. 3B), and a protease accessibility assay showed that in
SP13 cells, GFP-FliL is still properly inserted in the membrane
(Fig. 2C). These results suggest that clustering of GFP-FliL
requires another flagellar protein(s). Given that the absence of
FliL has been mainly associated with Mot� and rod fragility
phenotypes, we tested the localization of GFP-FliL in FS4
(�motB1::Kan) and SP18 (flgC1::Kan) strains. GFP-FliL gen-
erated fluorescent foci similar to those detected in WS8 in
these two strains, indicating that neither the flagellar rod nor
the stator protein MotB is required for clustering (Fig. 3A).

A closer examination of WS8 and FS3 cells expressing GFP-
FliL showed that this protein forms a highly fluorescent polar
focus and less intense lateral foci (Fig. 3C). Frequently, both
types of patterns were found simultaneously on the same cell.
The intense foci commonly correlate with what seems to be the
base of the flagellum (Fig. 3C), whereas the less intense ag-
gregates are randomly distributed. A time-lapse observation
revealed that the less intense foci move along the cellular body
whereas the bright foci do not change their position (Fig. 3D).
Since no GFP-FliL was detected after the protease treatment
(Fig. 2B), we conclude that all the foci detected by fluores-
cence microscopy are generated by a properly inserted protein
in the inner membrane (IM).

Interestingly, similar mobile and immobile foci were ob-
served in E. coli cells expressing a GFP-FliG protein fusion
(23).

It should be noted that GFP-FliL is unable to complement
the swimming defect of the FS3 strain, indicating that the GFP
moiety interferes with the proper functioning of FliL. In line
with this idea, we noticed that the expression of GFP-FliL
results in a 30% reduction of the swarm ring of wild-type WS8
cells (Fig. 3E).

Suppressor mutants of the �fliL3::aadA allele. To obtain a
better insight into the role of FliL in the function of the flagel-
lar motor, we isolated eight pseudorevertants from the FS3
mutant. For this, swarm plates inoculated with independent
cultures of this strain were incubated for 5 to 7 days, after
which a small halo around the inoculation point was occasion-
ally detected. Purification and subcultivation of the cells taken
from these halos yielded pure strains that were able to swim to
different degrees (Fig. 4A). For one of these pseudorevertants
(SUP1), we determined the nucleotide sequence of the flagel-
lar genes previously reported to produce a Mot� phenotype in
E. coli after being mutated (fliG, fliM, fliN, motA, and motB).
Comparison of the obtained sequences with those of the wild-
type strain showed a single change in motB. This point muta-
tion replaces an alanine residue at position 67 for a glutamic
acid (E). The motB sequences from the rest of the pseudor-
evertants revealed that a single change in motB occurred in
each of them. As shown in Fig. 4B, all these changes are
confined to a small region of MotB located at the beginning of
the periplasmic domain of the protein that comprises residues
56 to 67.

To corroborate the idea that each of the single amino acid
substitutions found in the suppressor strains is sufficient to
allow flagellar rotation in the absence of FliL, we carried out a

FIG. 2. Determination of FliL topology. (A) Representative im-
ages of WS8 expressing FliL-GFP or GFP-FliL. Strains WS8 and WS8
expressing GFP from pRK415 were used as controls. Bars, 3 �m.
(B) Western blot analysis of WS8 cells expressing GFP, GFP-MotF,
and GFP-FliL. MotF is an inner membrane protein related to flagellar
rotation in R. sphaeroides that has a C-terminal domain in the periplas-
mic side of the IM (V. F. Ramirez-Cabrera and L. Camarena, unpub-
lished results). Lanes: �, spheroplasts treated with proteinase K; �,
spheroplasts without proteinase K; T, total cell extract. (C) Western
blot analysis of WS8 wild-type, FS3 (�fliL3::aadA), and SP13
(�fleQ1::Kan) cells expressing GFP-FliL. Lanes: �, spheroplasts
treated with proteinase K; �, spheroplasts without proteinase K; T,
total cell extract. As a control, the FS3 strain was included.
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complementation analysis. For this, wild-type and suppressor
motB alleles (motBsup) were cloned in pRK415. These plas-
mids were then introduced into the nonmotile FS4
(�motB1::Kan) and FS5 (�motB1::Kan �fliL3::aadA) mutant
strains, and motility was tested on soft-agar plates. As ex-
pected, the plasmid carrying the wild-type motB allele was able
to complement FS4 but not the motB fliL double mutant (FS5)
(Fig. 5A). Notably, FS5 (�motB1::Kan �fliL3::aadA) recov-
ered its swimming ability only when it was transformed with
any of the plasmids that express the motBsup alleles (Fig. 5B).

To evaluate the possibility that the motBsup alleles would
not function properly in the presence of wild-type FliL, we
introduced the plasmids that express the motBsup alleles into
the mutant strain FS4 (�motB1::Kan) (Fig. 5C) as well as

introducing the plasmid that expresses fliL� into the original
suppressor strains (Fig. 5D). All the resultant strains were able
to swim independently of the allele combination. These results
indicate that the motBsup alleles support swimming in the
presence or absence of FliL.

FliL-FliL and FliL-MotB interactions tested by pulldown
and yeast two-hybrid assays. To test if FliL forms a complex
with the periplasmic domain of the stator protein MotB, we
carried out a pulldown assay using His6-FliLp as prey and
GST-MotBp as bait. It should be noted that only the periplas-
mic domain of FliL (amino acids 40 to 190) was present in the
His6-FliLp fusion, given that overexpression of the complete
coding region of fliL could not be achieved. Among the FliL
protein sequences annotated in the public database, the C

FIG. 3. Characterization of GFP-FliL localization. (A) Representative images of different strains expressing GFP-FliL: WS8 (wild type), FS3
(�fliL3::aadA), SP13 (�fleQ1::Kan), SP18 (flgC1::Kan), FS4 (�motB1::Kan). Bars, 3 �m. (B) Western blot of GFP-FliL expressed in different
strains. Total cell extracts of the indicated strains were analyzed by Western blotting using an anti-GFP antibody. (C) Example of a characteristic
WS8 wild-type cell expressing GFP-FliL. Cells were stained with Alexa 594 to covisualize flagella and the signal from GFP-FliL. (D) Representative
images of WS8 cells exemplifying the motion of the lateral foci of GFP-FliL. A moving lateral focus is indicated by an arrow. Bar, 1 �m.
(E) Swimming plate of WS8 and FS3 strains expressing GFP-FliL.
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terminus of FliL is the most conserved part of the protein. For
this reason, we also tested if His6-FliLp could interact with
GST-FliLp and GST-FliLp�15, which lacks the last 15 residues
of FliL.

These assays revealed that GST-MotBp does not interact
with FliLp (data not shown). However, His6-FliLp was re-
tained by GST-FliLp and GST-FliLp�15 (Fig. 6A). As nega-
tive control, it is shown that GST was unable to interact with
His6-FliLp (Fig. 6A). These results indicate that the periplas-
mic region of FliL interacts with itself but not with the periplas-
mic region of MotB. Unfortunately, our efforts to test in vivo
the relevance of the C-terminal region of FliL were unsuccess-
ful due to the instability of FliL�15 protein (data not shown).

These results were corroborated in a yeast double-hybrid
assay. For this, the periplasmic domains of FliL and MotB
were fused to the GAL4 DNA binding domain and FliLp was
also fused to the GAL4 activation domain (BD-FliLp, BD-
MotBp, and AD-FliLp, respectively). The plasmids encoding
these fusions were introduced into AH109, and the expression
of the reporter genes HIS3 and ADE2 was tested. The strain
coexpressing AD-FliLp and BD-MotBp failed to grow in the
absence of histidine or adenine. In contrast, AH109 expressing
AD-FliLp and BD-FliLp was able to grow under these condi-
tions, indicating a positive interaction between the periplasmic
domains of FliL (Fig. 6B).

DISCUSSION

The role of FliL in bacterial motility has been difficult to
establish given that different phenotypes have been associated
with the absence of this protein, from the absence of pheno-
type in E. coli and Salmonella (52), to the Mot� phenotype in
C. crescentus (31) and Silicibacter TM1040 (7), to the Fla�

phenotype in P. putida (59). Moreover, the absence of FliL has
also been associated with swarming defects in P. mirabilis and

FIG. 4. Characterization of the second-site suppressors isolated
from the FS3 strain. (A) Swimming of the different suppressor strains.
WS8 and FS3 (�fliL3::aadA) were included as positive and negative
controls, respectively. (B) Nucleotide and residue changes present in
motB for each suppressor mutant.

FIG. 5. Swimming characterization of different strains expressing the motBsup alleles. (A) Swimming assay of the control strains WS8, FS4
(�motB1::Kan), and FS5 (�motB1::Kan �fliL3::aadA). Also included are FS4 and FS5 expressing the motB wild-type allele from pRK415. (B) Swimming
of the double mutant FS5 (�motB1::Kan �fliL3::aadA) expressing the motBsup alleles from the lac promoter of pRK415. (C) Swimming of FS4
(�motB1::Kan) expressing the motBsup alleles from pRK415. (D) Swimming of the suppressor mutants expressing the fliL wild-type allele from pRK415.
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Salmonella (5, 8). Although in all these reports FliL is related
to flagellar rotation or biogenesis, the molecular mechanisms
that allow FliL to accomplish its particular function remain
unknown.

In this work we show that in R. sphaeroides the absence of
FliL affects swimming negatively. From our results, we propose
that in this bacterium FliL modulates the function of the flagel-
lar motor through MotB.

A direct interaction between FliL and MotB was reported
for Campylobacter jejuni (53). However, we were unable to
detect a positive interaction between the periplasmic domains
of these two proteins by using two different methods (pulldown
and yeast two-hybrid assays). The possibility remains that the
interaction between FliL and MotB could be dependent on the
presence of the TM domains or on the formation of the MotA-
MotB complex or that it could be indirect.

In spite of these negative results, the isolation of eight in-
dependent second-site suppressors of the �fliL3::aadA allele in
the motB gene supports the idea that FliL exerts its action on
the flagellar motor through MotB.

But how FliL could affect MotB functioning? We consider
that the answer could be related to the function of a MotB
region that acts as the plug of the proton channel.

A recent study carried out in E. coli showed that a region of
MotB acts as a plug to prevent proton flow before the MotA-
MotB complex associates with the flagellar structure. It was

shown that this region extends from K53 to T64 and that the
hydrophobic residues I58, Y61, and F62 are essential for plug
function. A defective plug combined with the overexpression of
MotA inhibits growth. However, if these proteins were ex-
pressed at normal levels, the effect on motility or growth was
nondetectable (30).

MotB from R. sphaeroides has 366 residues, and remarkable
differences were detected when it was compared to the E. coli
MotB sequence (29). In fact, from the alignment of the MotB
sequences of these bacteria, it can be observed that the simi-
larity is restricted mainly to the C-terminal region while the
region proposed as the MotB channel plug is not conserved in
R. sphaeroides. Nevertheless, we think that the region of MotB
that lies between residues 56 and 67 could be equivalent to the
plug region of MotB in E. coli, given that the two regions are
located in the periplasmic space immediately after the trans-
membrane segment and that both are predicted to form an
amphipathic alpha-helix (see Fig. S1 in the supplemental ma-
terial).

It should be emphasized that each one of the suppressor
strains isolated in this work carries a single mutation in motB
affecting the short segment of the protein that lies between
residues 56 and 67. Moreover, in E. coli the function of the
plug was compromised when two hydrophobic residues, I58
and F63, were affected; likewise, the changes detected in seven
out of eight fliL pseudorevertants affected the hydrophobic

FIG. 6. (A) Interaction of His6-FliLp with FliLp. Coprecipitation of His6-FliLp, using GST-FliLp, GST-FliLp�15, or GST alone as bait. After
the coprecipitation assay, the sample was divided in two and probed with anti-His and anti-GST antibodies. The proteins observed with anti-GST
confirm a proper concentration of the bait, whereas the presence of the His-tagged protein indicates a positive interaction. (B) Double-hybrid assay
to test protein-protein interactions. Yeast cells were transformed with the plasmids indicated at the left margin; GAL4AD-T and GAL4BD-Lam
and GAL4AD-T and GAL4BD-p53 plasmid pairs served as negative and positive controls, respectively. Transformant cells were seeded on the
medium indicated at the top. To rule out spurious activation of the reporter gene (HIS3) mediated by FliLp, AH109 transformed with
GAL4BD-FliLp was also tested (lower part of the figure). Pictures were taken after 4 days of incubation for culture plates lacking Trp and Leu
and plates lacking Trp, Leu, and His or 10 days for plates lacking Trp, Leu, His, and Ade.
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residues F63 and A67 (Fig. 4; see also Fig. S1 in the supple-
mental material). Among the suppressor strains, the only
change that did not lie in this region is A56E (SUP3); this
residue is at the end of the TM helix of MotB. However, it is
possible that this change could also affect the plug indirectly by
shifting the transmembrane helix or inducing a conformational
change of MotB.

It is tempting to speculate that in R. sphaeroides in the
absence of FliL, the mechanism that triggers the release of the
plug could be hindered. Interestingly, the motB suppressor
alleles are insensitive to the presence of FliL, suggesting that
FliL is required only for the activation of the channel. This
could occur in a single event, after which the channel remains
constantly open, or FliL could be required to repeatedly acti-
vate the MotA-MotB channel, perhaps in coordination with
the rotation of the flagellum. This last possibility seems par-
ticularly interesting since it could allow the bacterium to reg-
ulate the function of the MotA-MotB channel in response to
particular stimuli.

With the idea that the localization of FliL is dependent on its
interaction with the flagellar structure, we followed the forma-
tion of GFP-FliL fluorescent foci in different flagellar mutant
strains. Our hypothesis was supported by the absence of GFP-
FliL foci in the mutant of the flagellar master transcriptional
activator FleQ. In contrast, we observed localization of GFP-
FliL in a mutant that does not assemble the rod and also in a
motB mutant, indicating that neither the motor nor the rod is
required for FliL recruitment to the flagellar structure. Further
research will be required to establish the identity of the flagel-
lar components required for the stable clustering of FliL.
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