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In this work, we describe a periplasmic protein that is essential for flagellar rotation in Rhodobacter sphaeroides. This protein is
encoded upstream of flgA, and its expression is dependent on the flagellar master regulator FleQ and on the class III flagellar ac-
tivator FleT. Sequence comparisons suggest that this protein is a distant homologue of FlgT. We show evidence that in R. spha-
eroides, FlgT interacts with the periplasmic regions of MotB and FliL and with the flagellar protein MotF, which was recently
characterized as a membrane component of the flagellum in this bacterium. In addition, the localization of green fluorescent
protein (GFP)-MotF is completely dependent on FlgT. The Mot� phenotype of flgT cells was weakly suppressed by point mutants
of MotB that presumably keep the proton channel open and efficiently suppress the Mot� phenotype of motF and fliL cells, indi-
cating that FlgT could play an additional role beyond the opening of the proton channel. The presence of FlgT in purified fila-
ment-hook-basal bodies of the wild-type strain was confirmed by Western blotting, and the observation of these structures un-
der an electron microscope showed that the basal bodies from flgT cells had lost the ring that covers the LP ring in the wild-type
structure. Moreover, MotF was detected by immunoblotting in the basal bodies obtained from the wild-type strain but not from
flgT cells. From these results, we suggest that FlgT forms a ring around the LP ring, which anchors MotF and stabilizes the stator
complex of the flagellar motor.

The bacterial flagellum is a complex rotary motor driven by the
electrochemical potential. The rotating part of the motor in-

cludes the export apparatus, the C ring, the rod, the hook, and the
filament (for a review, see references 1 and 2). The stator is a
proton channel and couples proton flow with torque generation
(3–5). Many alkalophilic and marine species use a Na�-dependent
motor to generate torque (6–9).

In Escherichia coli and Salmonella, the FliG, FliM, and FliN
flagellar proteins are part of the rotor and form a cytoplasmic
structure named the C ring (10–13). The C-terminal domain of
FliG forms the interface between the rotor and the stator. Several
charged residues located in this domain are involved in rotation
and also in recruiting the stator complexes around the flagellum
(12, 14–18).

Two proteins, MotA and MotB, form the flagellar stator. A
functional proton channel has a MotA4/MotB2 stoichiometry,
and approximately 11 complexes are arranged around the flagellar
rotor (19–25). MotA has four transmembrane helices (TM1 to
TM4), with short periplasmic loops between TM1 and TM2 and
between TM3 and TM4 and a large cytoplasmic loop between
TM2 and TM3 (25–28). MotB has a single TM helix with a short
N-terminal cytoplasmic region and a large periplasmic domain
(29). The periplasmic C-terminal region of MotB contains a pep-
tidoglycan binding domain that anchors the stator to the cell wall
(30, 31).

It has been shown that electrostatic interactions between
charged amino acids of FliG and MotA are important for motor
rotation. These residues are localized at the interface of the rotor
and the stator (14, 15, 32). In particular, it has been proposed that
the interaction between glutamic acid 98 (E98) of MotA and argi-
nine 281 (R281) of FliG is important for torque generation,
whereas the interaction between arginine 90 (R90) of MotA and
aspartic acid 289 (D289) of FliG seems to be critical for recruiting
the MotA/MotB complexes around the rotor (16).

Disulfide cross-linking studies of the MotA4/MotB2 com-
plexes indicate that TM helices 2, 3, and 4 of MotA together with
the TM helix of MotB form the proton channel (24, 25, 33). In
particular, a conserved aspartic acid residue in the TM helix of
MotB (D32) is crucial for motor functioning (34, 35). It has been
proposed that protons are translocated through the MotA/MotB
channel using this residue as the proton-binding site. It has been
reported that charge-neutralizing mutations of this residue pro-
voke a conformational change in the cytoplasmic loop of MotA
where the charged residues E98 and R90 are localized (36). From
this, it has been proposed that flagellar rotation involves rounds of
protonation and deprotonation of the conserved D32 residue of
MotB that modulate the electrostatic interactions at the MotA-
FliG interface (4, 37, 38).

When MotA and MotB were gradually expressed, stepwise in-
creases in the rotation speed were detected, indicating that the
MotA/MotB complexes were incorporated in a stepwise fashion
into the previously formed flagellar rotor (39). Recently, using
total internal reflection fluorescence microscopy, it was observed
that green fluorescent protein (GFP)-MotB associated with the
motor is rapidly exchanged with GFP-MotB molecules in a mobile
pool (40).

Free membrane-bound stator complexes show a very low abil-

Received 1 July 2013 Accepted 13 September 2013

Published ahead of print 20 September 2013

Address correspondence to Laura Camarena, rosal@unam.mx, or
Georges Dreyfus, gdreyfus@ifc.unam.mx.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JB.00760-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.00760-13

December 2013 Volume 195 Number 23 Journal of Bacteriology p. 5285–5296 jb.asm.org 5285

http://dx.doi.org/10.1128/JB.00760-13
http://dx.doi.org/10.1128/JB.00760-13
http://dx.doi.org/10.1128/JB.00760-13
http://jb.asm.org


ity to conduct ions (20, 41), indicating that activation of the pro-
ton channel occurs when stator complexes are recruited by the
basal body. The amphipathic alpha helix segment immediately
after the TM helix of the MotB periplasmic domain has been pro-
posed to act as a plug that keeps the proton channel closed. Acti-
vation occurs when the stator complex interacts with the basal
body, promoting a conformational change of the periplasmic do-
main of MotB that alters the position of this region, thus releasing
the plug (42–46).

R. sphaeroides has two different full sets of flagellar genes. One
of these sets, called Fla1, is constitutively expressed under labora-
tory conditions. It was previously shown that Fla1 was acquired by
horizontal gene transfer (47). With the exception of motAB, the
genes encoding the proteins of flagellar system 1 are found in a
single cluster in chromosome I (positions 1132643 to 1189294).
The flagellar genes encoding the Fla2 flagella seem to be the native
flagellar genes and are also found mainly in a cluster located in a
different position of chromosome I (positions 2492976 to
2525148). The genes encoding the filament protein FlaA and the
regulatory proteins FlaF and FlbT are located in a plasmid (plas-
mid A). The Fla2 genes include all the previously characterized
genes present in E. coli and Salmonella and also two potential
regulatory genes (47).

The Fla2 genes are expressed only in mutants that have been
selected to swim in the absence of Fla1 (47); these mutants assem-
ble multiple polar flagella that are powered by H�-dependent mo-
tors (48). The detailed structure of the Fla2 flagellum has not yet
been described.

In contrast, several studies of the flagellum encoded by the Fla1
genes have been reported. These studies have made evident the
differences of this flagellum from its counterparts found in enteric
bacteria. In the case of flagellar system 1, it is known that the
products of the Fla1 genes assemble a single subpolar flagellum,
which rotates in a clockwise (CW) direction to produce smooth
swimming. Reorientation of the cell occurs when flagellar rotation
stops briefly (49, 50). Most of the genes encoding the structural
components of this flagellum show good similarity to their coun-
terparts reported in other bacterial species. Accordingly, the func-
tion of these genes is also conserved (51–55). fliL is one of the
flagellar genes that have a low similarity to their counterparts and
the function of which is not well conserved. In R. sphaeroides, FliL
is essential for flagellar rotation of the Fla1 flagellum (56). This
Mot� phenotype has also been observed for fliL mutants of Cau-
lobacter crescentus and Silicibacter sp. (57, 58) but not for fliL mu-
tants of Salmonella enterica, Proteus mirabilis, and Pseudomonas
putida. For the latter species, the lack of FliL was associated with a
Fla� phenotype (59); however, in S. enterica, FliL is required for
swarming (60, 61), and in Proteus mirabilis, FliL is involved in
swarming differentiation (62).

In R. sphaeroides, we observed that the Mot� phenotype of a
fliL mutant strain was suppressed by secondary mutations in
motB. Given that these changes affected three residues within the
plug segment, it was proposed that FliL could be relevant for the
activation of the proton channel (56).

In addition, we have recently characterized a protein that is a
new essential component of the flagellar motor (Fla1) of R. spha-
eroides. This transmembrane protein, named MotF, is localized at
the base of the flagellum in wild-type cells but not in a mutant
strain lacking the master regulator of the flagellar hierarchy. Note-
worthy, the Mot� phenotype elicited by the absence of motF was

also suppressed by point mutations in motB that affect the plug
region of the MotB protein and by all the motB alleles isolated as
second-site suppressors of �fliL3::aadA. Therefore, it was pro-
posed that FliL and MotF together could participate in the activa-
tion of the proton channel. However, experimental evidence
showed that these proteins do not interact with each other or with
MotB (56, 63).

In this work, we describe a distant homologue of FlgT present
in the Fla1 flagellum of R. sphaeroides. This protein forms a ring
that is similar to the H ring previously observed in basal bodies of
Vibrio alginolyticus (64). In addition, we show evidence of a direct
interaction of FlgT with MotB, FliL, and probably MotF, explain-
ing the Mot� phenotype of flgT cells. The role of FlgT in the
recruitment of the stator complexes around the flagellar motor is
discussed.

MATERIALS AND METHODS
Plasmids, bacterial strains, and growth conditions. Plasmids and bacte-
rial strains used in this work are listed in Table 1. R. sphaeroides WS8 (65)
was grown in Sistrom’s minimal medium (66) at 30°C in the dark with
shaking at 200 rpm. Escherichia coli was grown in LB medium at 37°C.
Swimming assays were carried out with bacteria grown in liquid medium
or on swimming plates with Sistrom’s medium and 0.2% agar. When
required, the following antibiotics were added: kanamycin (25 �g/ml),
tetracycline (1 �g/ml), and spectinomycin (50 �g/ml) for R. sphaeroides,
and kanamycin (50 �g/ml), spectinomycin (50 �g/ml), and ampicillin
(100 �g/ml) for E. coli. 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 (Clon-
tech) complemented with the appropriated supplements.

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

Isolation of mutant strains. Strain SF3 was obtained by a double re-
combination event replacing the wild-type allele in WS8 cells by the flgT::
aadA allele. For this, flgT was amplified by PCR using the oligonucleotides
RSP0035B and ORF12, and the product of this reaction was cloned into
pTZ19R Bam�. The resultant plasmid was named pTZ_flgT. The aadA
gene was obtained by PCR as an internal portion of the omega-Spcr cas-
sette that removed the known transcriptional termination signals using
plasmid pWM5 (67) as the template. The PCR product containing the
aadA gene was cloned between the BamHI sites of pTZ_flgT that are
located 9 bp apart within the coding region of flgT. Finally, the fragment
carrying the flgT::aadA allele was subcloned into pJQ200 mp18 (68) and
introduced into WS8 by conjugation (69) with strain S17-1 (70). The
double recombination events were selected as described previously. Strain
SF4 was isolated by conjugation between SF3 and S17-1 carrying a pJQ200
derivative with the �motB1::Kan allele (56).

Motility assays. A 4-�l sample of a culture in stationary phase was
placed onto the surface of plates containing Sistrom’s minimal medium
with 0.2% agar. Swimming was evaluated after 48 h of incubation at 30°C
in a humidity chamber. Swimming cells were observed by dark-field mi-
croscopy using a 3-�l sample of a cell culture in exponential phase (optical
density at 600 nm [OD600] � 0.8) grown aerobically in Sistrom’s medium.

Detection of FliC in the supernatant and cellular fraction. R. spha-
eroides was grown heterotrophically until exponential phase. When the
culture reached an OD600 of 0.8, a sample of 1 ml was transferred into an
Eppendorf tube; after strong vortexing, the sample was centrifuged at
13,000 rpm. The supernatant was subjected to an additional step of cen-
trifugation before the soluble protein was precipitated by the addition of
trichloroacetic acid (TCA) to a final concentration of 25%. Soluble pro-
teins were precipitated for 15 min at 4°C, followed by centrifugation at
13,000 rpm for 15 min at 4°C. The cellular pellet and the TCA-precipitated
protein were resuspended in 100 �l and 20 �l of sample buffer, respec-
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tively. Ten microliters of these samples was analyzed by Western blotting
using anti-FliC antibodies.

Detection of FlgE in the supernatant and cellular fraction. R. spha-
eroides cells were grown heterotrophically until exponential phase. When
the culture reached an OD600 of 0.8, a sample of 1.5 ml was transferred
into an Eppendorf tube. The sample was centrifuged at 3,000 rpm for 5
min twice. The supernatant was subject to an additional step of centrifu-
gation at 13,000 rpm. Soluble proteins were precipitated as described
above. The cellular pellet and the TCA-precipitated protein were resus-
pended in 150 �l and 15 �l of sample buffer, respectively. Ten microliters
of these samples was analyzed by Western blotting using anti-FlgE anti-
bodies.

Tertiary structure prediction of FlgT. The I-Tasser Web server was
used to generate potential structural models of FlgT (http://zhanglab
.ccmb.med.umich.edu/I-TASSER/) (71–73).

Plasmid constructs used in this work. pRK_flgT was obtained by
cloning flgT into pRK415 (74). For this, flgT was amplified by PCR using

the oligonucleotides pRK6086F and pRK6086R. The 1,360-bp product
was then cloned into pRK415 as an XbaI-EcoRI fragment. In this con-
struct, flgT is transcribed from the lac promoter (lacp) present in pRK415.
To obtain pBAD/Myc-HisA-flgT, a PCR product that encompasses
nucleotide 61 to 1083 was obtained by using oligonucleotides
pBADmyc6086SPS-fw and pBADmyc6086SPS-rv. The product of 1,023
bp was purified and cloned into pBAD/Myc-HisA. The resultant plasmid
expresses the mature protein FlgT (amino acids 21 to 361) fused to a
C-terminal His6 tag. The plasmids used for the double-hybrid experi-
ments are described in “Yeast two-hybrid assay” below.

Protease sensitivity assay. The protease sensitivity assay was per-
formed as described previously (63).

Protein overexpression and purification. E. coli strain LMG194 car-
rying plasmid pPIRL (75) was transformed with pBAD/Myc-His-flgT. A
culture of this strain grown overnight was diluted 1:100 in fresh medium
and incubated at 37°C until it reached an OD600 of 0.5. At this moment,
arabinose was added to a final concentration of 0.2%. After a further 3 h of

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or reference

Strains
E. coli

LMG194 Protein expression strain Invitrogen
Rosetta Protein expression strain Novagen
S17-1 recA endA thi hsdR RP4-2 Tc::Mu::Tn7 Smr 70
TOP10 Cloning strain Invitrogen

R. sphaeroides
FS3 �fliL3::aadA 56
SF3 flgT::aadA This work
SF4 flgT::aadA �motB1::Kan This work
SF5 flgT::aadA motBsup10 [MotB(S62P)] This work
SF6 flgT::aadA motBsup11 [MotB(F63S)] This work
SP12 �fleT1::aadA 85
SP13 �fleQ1::Kan 85
WS8 Wild-type strain 65

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

Plasmids
pBAD/Myc-HisA Expression vector of His-tagged proteins; Apr Invitrogen
pBAD/Myc-HisA-flgT Vector expressing FlgT-His6 This work
pGAD-flgT pGAD derivative expressing GAL4 AD-FlgT This work
pGAD-fliLp pGADT7 derivative expressing GAL4 AD-FliLp 56
pGAD-motBp pGADT7 derivative expressing GAL4 AD-MotBp This work
pGAD-motFp pGADT7 derivative expressing GAL4 AD-MotFp This work
pGAD-motFp�77–98 pGADT derivative expressing GAL4 AD MotFp�77–98 This work
pGAD-T7 GAL4 activation domain; LEU2 Clontech
pGBD-flgT pGBD derivative expressing GAL4 BD-FlgT This work
pGBKT7 GAL4 DNA binding domain; TRP1 Clontech
pJQ200mp18 Mobilizable suicide vector; Gmr 68
pPIRL Plasmid that encodes tRNAs for rare codons; Cmr 75
pRK415 Vector used for expression in R. sphaeroides; Tcr 74
pRK415_flgT pRK415 expressing FlgT This work
pRK_gfp-fliL pRK415 expressing the fusion GFP-FliL 56
pRK_gfp-motF pRK415 expressing the GFP-MotF fusion 63
pRKmotBsup2 pRK415 expressing motBsup2 [MotB(A67E)] 56
pRKmotBsup4 pRK415 expressing motBsup4 [MotB(F63L)] 56
pRKmotBsup5 pRK415 expressing motBsup5 [MotB(A67D)] 56
pRKmotBsup6 pRK415 expressing motBsup6 [MotB(A67T)] 56
pRKmotBsup8 pRK415 expressing motBsup8 [MotB(A67G)] 56
pTZ19R Cloning vector; Apr Pharmacia
pTZ19R Bam� pTZ19R derivative without BamHI site Laboratory collection
pTZ_FlgT flgT cloned into pTZ19R without BamHI site This work
pWM5 pUC derivative carrying the omega-Spcr cassette 67

Role of FlgT in a Proton-Energized Flagellar Motor
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incubation, cells were collected and resuspended in TGED buffer (0.01 M
Tris-HCl [pH 7.9], 15% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol
[DTT]). Lysozyme was added (0.2 mg/ml final concentration), and the
mixture was incubated for 30 min on ice. The cell suspension was soni-
cated on ice using three cycles of 10 s. Cell debris were removed by at least
three steps of centrifugation (14,000 rpm for 5 min). The supernatant was
mixed with nickel-nitrilotriacetic acid (Ni2�-NTA) agarose beads and
incubated for 1 h on ice, with the tube being inverted sporadically. The
mixture was used to load a propylene column and washed with 50 vol-
umes of TGED buffer with 10 mM imidazole. The protein was eluted by
using TGED buffer with 100 mM imidazole. Glutathione S-transferase
fused to the periplasmic domain of MotB (GST-MotBp) and GST-FliLp
were purified by using plasmids and protocols previously reported (56).

FlgT antibodies. Polyclonal antibodies were raised in female BALB/c
mice against FlgT-His6, as described previously (76).

Immunoblotting. Proteins were separated by SDS–12% PAGE (77),
blotted onto nitrocellulose, and tested with the appropriate antibody after
blocking in 5% nonfat milk–phosphate-buffered saline (PBS) (76). The
membrane was incubated for 2 h with anti-FliC (1:30,000), anti-FliH
(1:5,000), anti-GST (1:20,000) (Pierce/GE), anti-CheY3 (1:10,000), anti-
GFP (1:5,000), anti-FlgE (1:10,000), anti-MotF (1:5,000), or anti-FlgT
(1:5,000) gamma globulins. Detection was carried out with a secondary
antibody conjugated to alkaline phosphatase and CDP-Star (Applied Bio-
systems). The amount of protein loaded for each blot is indicated for each
experiment.

Pulldown assays. According to previously reported protocols (78), 13
�g of GST-FliLp, 16 �g of GST-MotBp, or 8 �g of GST bound to gluta-
thione agarose beads in PBS (pH 7.4) was mixed with FlgT-His6 to yield a
1:1 molar ratio of GST-FliLp, GST-MotBp, or GST to FlgT-His6. The total
volume was adjusted to 250 �l with PBS (pH 7.4), and glycerol was added
to a final concentration of 10%. The mixture was incubated for 2 h at 4°C
with constant agitation. After incubation, the beads were collected by
centrifugation (1 min at 3,000 rpm), and the supernatant was carefully
removed. The beads were washed with 1 volume of PBS (pH 7.4). Finally,
100 �l of elution buffer (10 mM reduced L-glutathione, 100 mM Tris-HCl
[pH 8]) was added, and after 10 min, the sample was centrifuged. An
aliquot of 15 �l of the supernatant was loaded onto a 12% SDS-PAGE gel
to be analyzed by Western blotting using anti-FlgT antibodies. A sample
of 10 �l was analyzed with anti-GST antibodies.

Yeast two-hybrid assay. Matchmaker GAL4 two-hybrid system 3
(Clontech) was used to test the interactions between FlgT and FlgT, FlgT
and MotBp, FlgT and FliL, FlgT and MotFp, and FlgT and MotFp�77–98.
The region encoding the mature FlgT polypeptide was amplified by PCR
using the oligonucleotides 6086DHFW and 6086DHRv. The product of
this reaction was cloned into pGBKT7, which encodes the DNA binding
domain (BD) of GAL4. The resultant plasmid, pGBD-flgT, expresses FlgT
fused to the BD of GAL4. The oligonucleotides 6086DHFW and
GAD6086Rv amplified the same region of flgT, but this PCR product was
cloned into pGADT7, which encodes the activation domain (AD) of
GAL4. The resultant plasmid, pGAD-flgT, expresses FlgT fused to the AD
of GAL4. Two versions of MotFp were fused to the AD of GAL4. The first
one carries the complete MotFp (residues 75 to 239). To obtain this plas-
mid, a region of motF was amplified by using oligonucleotides DH67CoilF
and RSP_0067-GST Rvs STOP, and the amplification product was then
cloned into pGADT7 to obtain plasmid pGAD-MotFp. motF was also
amplified by using oligonucleotides pG67FCOOH and RSP_0067-GST
Rvs STOP; in this case, the region encoding residues 77 to 98 was ex-
cluded. The PCR product was then cloned into pGADT7. The resultant
plasmid was called pGAD-MotFp�77–98. Plasmid pGAD-motBp was con-
structed by amplifying the DNA region encoding the periplasmic segment
of MotB using oligonucleotides ADBDmotB1 and ADmotB2. The prod-
uct of this reaction was cloned into pGADT7. Interactions were examined
by introducing the plasmids expressing the proteins to be tested into the
reporter strain AH109. The double transformants were selected as tryp-
tophan (Trp) and leucine (Leu) prototrophs. Transformants were grown

overnight in SD minimal medium without Leu and Trp but supplemented
with histidine (His) and adenine (Ade). Aliquots of the cultures were
washed once with SD minimal medium without supplements and then
normalized to an OD600 of 0.5. Immediately, 10-fold serial dilutions were
made in the same medium. From these dilutions, 10-�l aliquots were
seeded onto selection plates lacking Trp, Leu, and His or lacking Trp, Leu,
His, and Ade.

Microscopy. A sample of an exponentially growing culture was placed
onto a slide with an agarose pad containing Sistrom’s medium. Epifluo-
rescence images were taken by using a Nikon Eclipse 600 microscope
equipped with a Hamamatsu Orca-ER cooled charge-coupled-device
(CCD) camera, and images were acquired for 3 s.

Transmission electron microscopy (EM). Cells were removed from
an exponentially growing culture and collected by centrifugation at 3,000
rpm. The cell pellet was gently resuspended in one-third of the original
volume of Tris-EDTA (TE) buffer. An aliquot was placed onto the surface
on a carbon-coated grid and stained with 1% phosphotungstic acid (pH
7). Filament-hook-basal body samples were prepared as previously de-
scribed (79), negatively stained with 2% phosphotungstic acid (pH 7.0),
and observed with a JEM-1200EXII electron microscope (JEOL, Tokyo).
Micrographs were taken with an 11-Mp Gatan digital camera at an accel-
erating voltage of 80 kV.

RESULTS
Deletion of RSP_6086 impairs flagellar motility. In the genome
of R. sphaeroides, RSP_6086 is located within a cluster of flagellar
genes and is flanked by flgA and RSP_0035. As shown in Fig. 1A,
RSP_6086 is part of a putative operon that also includes flgM and
RSP_6087. The product encoded by RSP_0035 is similar to the
flagellar protein FlgP that has been characterized in Campylobac-
ter jejuni and Vibrio cholerae (80, 81). In a BLASTP search,
RSP_6086 shows high values of similarity only with hypothetical
proteins present in other strains of R. sphaeroides and a few species
of the Rhodobacteraceae family. However, PSI-BLAST of the pro-
tein encoded by RSP_6086 against the nr protein database re-
trieved FlgT from Pseudoalteromonas sp. and other hypothetical
proteins. A second iteration retrieved the FlgT protein from V.
alginolyticus. These results suggest that this protein could be a
distant homologue of FlgT so that a simple alignment does not
reveal the relationship between them (see Fig. S1 in the supple-
mental material). Nevertheless, a prediction of the tertiary struc-
ture of RSP_6086 or R. sphaeroides FlgT (FlgTRs), as we have
named it in this work, shows a structure very similar to that of FlgT
from V. alginolyticus recently elucidated at a 2-Å resolution (82)
(Fig. 1E).

Given that FlgT has so far been found only in bacterial species
carrying other flagellar components that are absent in R. spha-
eroides, i.e., MotX and MotY, and that this flagellar gene cluster
was acquired by horizontal gene transfer, we tested if the gene
encoding FlgT plays a role in the flagellar motility of R. spha-
eroides. For this, the chromosomal copy of flgT was inactivated by
the insertion of a nonpolar cassette that confers spectinomycin
resistance. The resultant strain, named SF3, was unable to swim
when observed under a microscope or when it was inoculated
onto soft-agar plates (Fig. 1B). Motility was fully recovered when
a plasmid expressing flgT was introduced into SF3 cells (Fig. 1B).

Visualization of SF3 cells by transmission electron micros-
copy showed the presence of a single subpolar flagellum that is
similar in length and appearance to that formed by WS8 cells
(Fig. 1C). Furthermore, Western blot analyses showed that the
amount of extracellular flagellin produced by SF3 is compara-
ble to the amount detected for the wild-type strain (Fig. 1D).
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To determine if there is a defect in flagellar assembly or if the
flagellum is being released into the culture medium, as occurs
in V. alginolyticus and V. cholerae, respectively (64, 83), we
counted the number of cells with attached flagellum after 4=,6-
diamidino-2-phenylindole (DAPI) staining. Also, we detected
the amount of FlgE present in the supernatant of cell cultures
from wild-type or flgT cells. We did not notice substantial dif-
ferences in the amounts of FlgE in the culture medium (see Fig.
S2 in the supplemental material) or in the amounts of cells with
attached flagellum between the wild-type strain and SF3 (data
not shown), indicating that the phenotype of the flgT mutant in
R. sphaeroides is different from the phenotypes previously re-
ported for V. cholerae and V. alginolyticus.

Together, these results indicate that FlgT is required for flagel-
lar rotation in R. sphaeroides.

FlgT is a periplasmic protein. Analysis of the primary se-
quence of FlgT with SignalP (84) revealed a sequence resembling a

signal peptide (SP) at the N terminus. To test if the localization of
FlgT is indeed periplasmic, we carried out a protease sensitivity
assay. Polyclonal antibodies were raised against the purified FlgT-
His6 protein. As shown in Fig. 2A, FlgT was clearly identified in
spheroplasts obtained from wild-type cells. In the presence of pro-
teinase K (PK), the band corresponding to FlgT disappeared, in-
dicating that the protein was hydrolyzed by the action of the en-
zyme. As a control, using anti-FliH antibodies, we verified that in
the same samples, the amount of the cytoplasmic protein FliH did
not change regardless of the presence of proteinase K (Fig. 2A).

FlgT is expressed within the flagellar hierarchy. To establish if
flgT belongs to the flagellar hierarchy, we carried out a Western
blot assay to detect FlgT in strains SP12 (�fleT1::aadA) and SP13
(�fleQ1::Kan). In R. sphaeroides, FleQ is the master regulator of
the flagellar hierarchy and activates the expression of the class II
operon fleT-fliFGHIJ. FleT, together with FleQ, activates the class
III genes, which include most of the genes encoding the basal

FIG 1 Gene context, phenotype of the SF3 (flgT::aadA) mutant strain, and tertiary structure comparison with FlgT from V. alginolyticus. (A) Gene arrangement
of the flagellar operon containing RSP_6086 (flgT). The arrows indicate the direction of gene transcription. The black box indicates the regulatory region that
contains the sigma 54-dependent flgAp promoter characterized previously (85). The arrow above the black box symbolizes transcription from this promoter. (B)
Swimming plate inoculated with the indicated strains. (C) Electron micrograph of WS8 and SF3 cells showing the presence of flagellar filaments. Bar � 1 �m. (D)
Supernatant and pellet fractions obtained after strong vortexing of WS8 and SF3. Samples were analyzed by immunoblotting using anti-FliC antibodies. (E)
Tertiary structure prediction of FlgTRs (red line) superimposed with the structure of FlgT from V. alginolyticus (82) (blue line).
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body, the export apparatus, the hook, and the flagellar regulators
FliA (sigma 28 factor) and FlgM (anti-sigma 28 factor) (85).

As shown in Fig. 2B, FlgT was detected in the cell extract from
the wild-type strain but not in that from strain SP13 or SP12,
suggesting that flgT belongs to the flagellar hierarchy and that its
expression is dependent on the transcriptional activators FleQ and
FleT. The same extracts were tested by using an anti-CheY3 anti-
body as a control. It is known that cheY3 is importantly expressed
from a �70 promoter (86); therefore, the amount of this protein
should be similar between these strains, as shown in Fig. 2B. In
addition, to rule out that FlgT could be unstable in the SP13 and
SP12 backgrounds, we carried out a Western blot assay of total cell
extracts from strains SP13 and SP12 expressing flgT from the lac
promoter present in pRK415. No differences in the amount of
FlgT were detected between these strains and WS8 (see Fig. S3 in
the supplemental material).

FlgT interacts with the periplasmic regions of MotB and FliL.
Since the phenotype of the SF3 strain is Mot�, we hypothesized
that other flagellar proteins also involved in flagellar rotation,
such as MotB, FliL, and MotF, could interact with FlgT. To test
this idea, we carried out pulldown assays using the periplasmic
regions of the transmembrane proteins MotB and FliL, both fused
to GST (glutathione S-transferase), as bait and FlgT-His6 as prey.
As a negative control, we used GST. The assay revealed a positive
interaction between FliL and FlgT and also between MotB and
FlgT (Fig. 3).

The interactions detected by pulldown experiments were con-
firmed by using a yeast two-hybrid assay. For this experiment, the
mature form of FlgT was fused to the DNA binding domain of
the yeast transcriptional activator GAL4 (BD-FlgT), whereas the
periplasmic domains of FliL and MotB (FliLp and MotBp, respec-
tively) were fused to the activation domain of GAL4 (AD-FliLp
and AD-MotBp, respectively).

For this assay, the plasmids expressing the proteins to be tested
were cotransformed into the reporter strain AH109. In this strain,
HIS3 and ADE2 genes are under the positive control of GAL4. A
positive interaction brings together the AD (activation) and BD
(DNA binding) domains of GAL4 and, as a consequence, the ex-
pression of HIS3 and ADE2, which, depending on the strength of
the interaction, allows growth of AH109 cells in the absence of
histidine and/or adenine.

As shown in Fig. 4, the AH109 strains coexpressing AD-MotBp
and BD-FlgT or coexpressing AD-FliLp and BD-FlgT were able to
grow in the absence of histidine but not adenine. This result con-
firms that FlgT interacts with MotBp and FliLp but suggests that
these interactions are relatively weak.

Using the same assay, we tested if FlgT could interact with
itself. For this, we constructed the plasmid encoding the AD-FlgT
fusion, and it was cotransformed with the plasmid encoding BD-
FlgT into AH109 stain. The resulting strain was able to grow in the
absence of histidine and adenine, indicating a strong interaction
(Fig. 4).

FlgT interacts with a fragment of MotF. We have recently re-
ported that in R. sphaeroides, besides FliL and MotA/B, the pres-
ence of the flagellar protein MotF is required for flagellar rotation.
MotF is an inner membrane protein that has a long periplasmic
region (63). To test the interaction of FlgT with MotF, we cloned
the periplasmic domain of MotF (MotFp) fused to the activation
domain of GAL4 (AD-MotFp). The plasmid expressing this fusion
protein was cotransformed with the plasmid expressing BD-FlgT
into AH109. The resultant yeast strain was unable to grow in the
absence of histidine and adenine, indicating that these proteins do
not interact (Fig. 4). A version of MotF carrying a deletion of a
region adjacent to the transmembrane domain (MotFp�77–98)
was also tested in this assay. It was previously observed that this
region of MotF is essential for flagellar rotation and also for the
proper localization of the fusion protein GFP-MotF (63). As
shown in Fig. 4, the AH109 strain coexpressing AD-MotFp�77–98

and BD-FlgT was able to grow in the absence of histidine (Fig. 4),
suggesting that MotF interacts with FlgT and that residues 77 to 98
hinder this interaction.

FlgT stabilizes the localization of MotF. The positive interac-
tion between a fragment of the periplasmic regions of MotF and
FlgT, as well as the interaction detected between FlgT and FliLp,
prompted us to evaluate the localization of these proteins in vivo.
Our efforts to obtain a fluorescent version of FlgT were not suc-
cessful given that FlgT-mCherry was indistinguishable from the
intrinsic fluorescence of the cells, and the FlgT-cyan fluorescent
protein (CFP) fusion in which the SP of FlgT was replaced by a
sequence predicted to be recognized by the twin-arginine translo-

FIG 3 FlgT interactions tested by pulldown. Shown are pulldowns of FlgT-
His6 with GST alone (29 kDa), GST-FliL (48 kDa), and GST-MotB (63 kDa).
After coprecipitation, the sample was divided in two and probed with anti-
FlgT and anti-GST antibodies by immunoblotting.

FIG 2 Subcellular localization and expression of FlgT in different strains. (A)
The presence of FlgT in the periplasm of wild-type cells was analyzed by using
a protease sensitivity assay. For this, spheroplasts from 15 ml of WS8 cells
growing exponentially (OD600 � 0.8) were obtained by treatment with ly-
sozyme and EDTA, and spheroplasts were incubated in the presence of protei-
nase K (100 �g/ml) for 20 min (�) and 40 min (�*). A control without
proteinase K was also included and incubated with Tris buffer for 40 min (�).
The resulting samples containing 5 �g of protein were analyzed by Western
blotting using specific antibodies. As a control, the same samples were tested
for the presence of the cytoplasmic protein FliH. (B) Five micrograms of total
cell extracts of the indicated strains was analyzed by Western blotting using
anti-FlgT or anti-CheY3 antibodies.
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cation pathway did not show a periplasmic fluorescence pattern.
Nevertheless, we proceeded to determine the localization of GFP-
MotF and GFP-FliL in the absence of FlgT (strain SF3). As shown
in Fig. 5A, GFP-FliL mainly formed a single fluorescent focus in
wild-type and SF3 cells. This pattern is similar to what has been

previously reported (56), indicating that FliL localizes regardless
of the presence of FlgT. In contrast, GFP-MotF formed a single
fluorescent focus in the wild-type strain, in accordance with pre-
vious observations (63), but no fluorescent foci were detected in
SF3 cells, suggesting that FlgT is required to recruit MotF to the
base of the flagellum. An image with the outlines of the cell bodies
was included to help visualize the cell contours (see Fig. S4 in the
supplemental material). To confirm the proper expression of
GFP-MotF in strain SF3, we tested its presence by Western blot-
ting. As shown in Fig. 5B, in SF3 cells, both GFP-FliL and GFP-
MotF are present in amounts similar to those detected in WS8
cells.

Pseudorevertants of flgT map in motB. Suppressor mutants
provide indirect but important information about the function of
a protein. To obtain a better notion about the role of FlgT in
flagellar rotation, we isolated two pseudorevertant strains that re-
establish the swimming ability of SF3 cells. Soft-agar plates were
inoculated with independent cultures of this strain and incubated
in a humidity chamber for 10 to 14 days. After this time, a small
halo appeared around the inoculation point. The cells from these
halos were purified, and their swimming ability was tested; we
noticed that both suppressor strains SF5 and SF6 were able to
swim, although the expansion halo was only approximately 50%
of that of the wild type (Fig. 6A). Microscopic observations of
these mutants showed that, in comparison with the wild type, only
15 to 20% of the cells were motile and that cells swam at a reduced
speed. SF5 showed a swimming speed of 8.6 � 3.3 �m/s, and SF6
showed a swimming speed of 9.9 � 3.8 �m/s, whereas the wild-
type strain showed a swimming velocity of 29 � 4.1 �m/s. To
identify the mutation that enabled these strains to recover a Mot�

phenotype, we sequenced motA, motB, fliM, fliN, and fliG. By
comparing these sequences with those of the wild type, we found a
single change in the coding sequence of motB in both suppressor
strains. The point mutations replaced serine and phenylalanine
residues at positions 62 and 63 with proline and serine, respec-
tively.

It should be noted that both mutations affect the region of
MotB known as the plug. For R. sphaeroides, it was proposed pre-
viously that the plug region comprises amino acids 56 to 67 of
MotB (56). Several mutations isolated previously as suppressors

FIG 4 FlgT interactions tested by double-hybrid assays. AH109 yeast cells were transformed with the plasmids indicated on the left. The pair AD-T and BD-P53
and the pair AD-T and BD-Lam are the positive and negative controls, respectively. Serial dilutions of cultures of the transformant cells were inoculated onto
plates containing the growth medium indicated at the bottom, which is synthetic medium (SD) lacking leucine (�Leu), tryptophan (�Trp), histidine (�His),
or adenine (�Ade). Pictures were taken after 10 days of incubation at 30°C.

FIG 5 GFP-MotF and GFP-FliL localization in strain SF3. (A) Representative
images of GFP-MotF and GFP-FliL in WS8 and SF3 cells. Bar � 1 �m. (B)
Western blot analysis of GFP-FliL and GFP-MotF expressed in WS8 and SF3
strains. A total cell extract containing 5 �g of protein was subjected to SDS-
PAGE and tested by Western blotting using anti-GFP antibodies.
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of the Mot� phenotype of the �fliL3::aadA and motF::aadA alleles
also mapped in this region. It was proposed previously that these
changes modify the plug and, as a consequence, keep the proton
channel open, making the presence of any other flagellar protein
required to promote a conformational change in MotB unneces-
sary (56, 63).

Hence, if FlgT also participates in the activation of the proton
channel, the motB versions isolated as suppressor mutants of the
�fliL3::aadA allele should also rescue the swimming phenotype of
strain SF4 (flgT::aadA �motB1::Kan). To test this idea, of the eight
mutant versions of motB isolated as suppressor alleles of fliL, five
were expressed in SF4, from the lacp promoter of pRK415. It
should be noticed that we did not test SUP1 and SUP7 because
they show a change in the same residues as SUP2 and SUP4, re-
spectively; SUP3 was not included since this allele barely supports
swimming of strain FS3 (�fliL::aadA) (56). We believe that the
function of MotB is compromised by the change present in SUP3
[MotB(A56E)], given that it maps in the boundary of the pre-
dicted TM helix. As shown in Fig. 6B, the mutant versions of motB
restore swimming of SF4 cells, but the expansion halo was severely
reduced compared to that of wild-type strain WS8. Inspection of
these strains under a microscope showed that, as occurs with the
original SF3 suppressor strains, only a fraction of the population
of the cells swam and at a reduced speed. Therefore, we conclude
that although the motB suppressor alleles promote swimming of

SF4 cells, suppression is not as efficient as it is for the �fliL3::aadA
and motF::aadA alleles (56, 63), suggesting that FlgT should have
an additional role beyond the process of MotB activation.

FlgT is required to form a ring that covers the LP rings. We
isolated flagella from wild-type WS8 and SF3 cells, and the puri-
fied flagella were analyzed by electron microscopy (EM). Figure
7A (top) shows WS8 basal bodies with a large, seemingly two-
layered ring. This large ring is missing in SF3 basal bodies, which
are shown in Fig. 7A (bottom). It should be noted that the LP ring
is now visible. The diameter of the large ring in the basal bodies of
wild-type cells was approximately 64 � 10.7 nm, whereas the di-
ameter of the LP rings detected in the basal bodies of SF3 cells was
24 � 1 nm. Western blot analyses carried out with these samples
showed the presence of FlgT in basal bodies of WS8 but not in
samples from SF3 (Fig. 7B). The same samples were tested with
anti-MotF and with anti-FlgE antibodies as a loading control.
MotF was detected only in samples obtained from WS8 (Fig. 7B),
suggesting that this protein is an integral part of the basal body of
R. sphaeroides and that it is stabilized by FlgT.

The same ring covering the LP ring was also present in basal
bodies of strain VR1 (motF::aadA); the presence of FlgT in this
sample was confirmed by Western blotting (data not shown). This
result suggests that the absence of MotF does not affect the recruit-
ment of FlgT in the basal body or the formation of this structure.

FIG 6 Mutations in MotB promote the swimming of SF3. (A) Map of the coding region of MotB indicating relevant features. Black box, transmembrane domain
(TM); open box with a middle black line, plug region; open box, OmpA-like domain. The changes in each suppressor are indicated. (B) Swimming plate
inoculated with strains WS8, SF3, SF5, and SF6. (C) Swimming plates inoculated with WS8, SF4, and SF4 expressing the indicated mutant allele of motB.
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DISCUSSION

R. sphaeroides has several ORFs of unknown function embedded
in the Fla1 cluster. In this work, we show that one of these ORFs,
RSP_6086, encodes a protein essential for flagellar rotation. This
protein is conserved in all species of R. sphaeroides sequenced so
far and also in some other species from the Rhodobacteraceae fam-
ily. A more sensitive search using PSI-BLAST showed that
RSP_6086 encodes a protein that seems to be a distant homologue
of the FlgT protein previously reported for V. cholerae and V.
alginolyticus (64, 87). FlgTRs is only 17% identical to FlgT from V.
alginolyticus (see Fig. S1 in the supplemental material). Neverthe-
less, a comparison of their tertiary structures shows a good match
between them (TM score, 0.91) (Fig. 1E). The few differences
between them may represent specific adaptations of FlgTRs. In
addition, the ring observed in the basal bodies of wild-type R.
sphaeroides strain WS8 is highly similar in size and appearance to
the H ring of V. alginolyticus (64). These facts support the idea that
RSP_6086 is indeed a homologue of FlgT.

FlgT has been found in Vibrio and several species of She-
wanella; these bacteria belong to the Gammaproteobacteria class.
Although this is the first report of a structure of this type in a
bacterium that belongs to a different class, it should be noted that

FlgT is a component of the Fla1 system, which was acquired by
horizontal gene transfer from a gammaproteobacterium (47).
Nonetheless, this is the first time in which an exclusively proton-
energized motor includes the H ring. It was reported previously
that Shewanella oneidensis MR-1, which encodes FlgT in its ge-
nome (GI:24374769), simultaneously uses MotAB and PomAB
stators, but only the latter are essential for swimming (88).

So far, FlgT has been identified in bacteria having motX and
motY genes; in fact, it has been shown that the H ring stabilizes the
presence of MotX and MotY in the basal body of V. alginolyticus
(64, 82). R. sphaeroides does not have genes similar to motX and
motY; therefore, in R. sphaeroides, FlgT could be important for
recruiting other proteins such as MotF, MotB, and possibly other
proteins with unknown function. In addition, it is possible that in
the absence of MotX and MotY, FlgT could have evolved at a
higher rate, leading to its low degree of conservancy.

The isolation of purified hook-basal bodies of R. sphaeroides
was previously reported; however, the structure of the H ring was
overlooked (89, 90).

Our results suggest that flgT expression is dependent on the
FleT and FleQ flagellar activator proteins, placing this gene within
the flagellar hierarchy either as a class III gene or within the FliA-
dependent class IV. However, it seems to be the second gene of an
operon that starts with the putative flgP gene (previously reported
as the flgA operon). Since the promoter of this operon has been
shown to be part of class III, flgT should also belong to this flagellar
class (85).

We show that in the absence of FlgT, R. sphaeroides cells are
able to assemble flagella but are paralyzed, indicating that this
protein should be related to motor function. In contrast, in V.
alginolyticus and V. cholerae, the absence of flgT reduces both flag-
ellation and motility (64, 82, 87), indicating that the function of
these proteins has diverged.

In line with the idea that FlgTRs is required for motor function,
we found that FlgT is able to interact with the periplasmic do-
mains of MotB and FliL, indicating a direct role in the activation
and/or recruitment of the stator complexes. In addition, we ob-
tained evidence suggesting that FlgT also interacts with MotF.
This result was supported by the requirement of FlgT to recruit
MotF to the flagellar basal body. Previously, it was proposed that
FliL and MotF could participate in the opening of the proton
channel; however, no interaction could be detected between the
periplasmic regions of FliL and MotF and the periplasmic region
of MotB (56, 63). Our results allow us to propose that FliL and
MotF promote the opening of the proton channel through FlgT.

The interaction between FlgT and the periplasmic region of
MotF in the double-hybrid assay could be detected only when a
version of MotF lacking amino acids 77 to 98 was used. Given that
other results support the interaction between these proteins, the
negative effect that this part of MotF exerts on the FlgT-MotF
interaction may reflect an artifact caused by the conformation that
MotF acquires in the absence of the flagellar-basal body environ-
ment or some form of regulation of the interaction between these
two proteins.

The location of the MotF protein within the flagellar structure
is unknown; however, our results suggest that MotF is part of the
basal body and presumably, due to its interaction with FlgT, must
be part of the nonrotating components of the flagellum.

We also show that single mutations in motB rescue the swim-
ming ability of SF3 cells to some degree. These changes in MotB

FIG 7 Electron micrographs and immunoblot analysis of purified filament-
hook-basal bodies from strains WS8 and SF3. (A) Images of purified HBBs
from strains WS8 (top) and SF3 (bottom). A white arrow denotes the H ring.
Bar � 20 nm. (B) Western blot analysis of the purified basal bodies from WS8
and SF3 samples. One-tenth of the total sample (approximately 10 �g of total
protein) of purified HBBs was analyzed by immunoblotting using specific
antibodies.
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mapped to the region immediately after the TM region. Several
mutations that we isolated previously as suppressors of the Mot�

phenotype of the �fliL3::aadA and motF::aadA alleles also mapped
to this region. It has been proposed that these changes modify the
plug, and as a consequence, the proton channel remains open,
hence making the presence of any other protein that promotes a
conformational change in MotB dispensable (56, 63). The possi-
bility that FlgT could be required only to open the proton channel
seems unlikely, since the motB mutant alleles do not suppress the
Mot� phenotype of flgT cells efficiently. We previously deter-
mined that the motB mutant alleles that act as second-site sup-
pressors of �fliL3::aadA can efficiently restore swimming of the
motF::aadA strain (63), suggesting that these mutations compen-
sate for the swimming defect caused by the absence of fliL and
motF through an unspecific mechanism. In this work, we show
that the motB suppressors of the �fliL3::aadA allele were able to
promote swimming of SF4 cells, but these strains showed a swim-
ming halo that was 70 to 30% smaller than that produced by WS8
cells. This result is in strong contrast with the effect that these
mutant versions of motB exerted on the swimming behavior of
strains FS5 (�fliL3::aadA �motB1::Kan) and VR2 (motF::aadA
�motB1::Kan); in these cases, the expression of these alleles pro-
moted a swimming halo that was only 28 to 1% smaller than that
of the wild type (56, 63). These results suggest that FlgT could play
a role beyond the opening of the proton channel. This function
could be related to the recruitment or stabilization of the MotA/B
complexes, as suggested by the interaction between FlgT and
MotB.

Undoubtedly, the interaction of the stator complex with the
flagellar structure should be robust, and other flagellar compo-
nents might participate in stabilizing the stator complexes. In Sal-
monella, it has been demonstrated that interactions between
MotA and FliG are important for the assembly of the stator com-
plexes (16). In addition, in E. coli, using a disulfide cross-linking
approach, it was suggested that FlgI, which forms the P ring, in-
teracts with MotB (91). In V. alginolyticus, colocalization experi-
ments suggested that MotX and MotY could interact with the
stator complexes (92, 93). These examples suggest that MotA and
MotB interact with the flagellar motor in more than a single way,
probably to allow a better performance of the motor or to allow
additional levels of control. In R. sphaeroides, MotB could be re-
cruited or stabilized to the flagellar motor through its interaction
with FlgT, but other interactions have to exist in order to explain
the weak swimming of the flgT strain complemented with the
mutant alleles of motB.

In addition, it should be noted that even though FlgT inter-
acts with FliL, the absence of FlgT does not affect the localiza-
tion pattern of GFP-FliL, indicating that FliL should interact
with at least an additional flagellar component that keeps its
normal pattern of localization even in the absence of FlgT. This
suggests that FliL and MotF may have different roles in the
opening of the proton channel.

How FlgT, FliL, and MotF interact with MotB to activate the
opening of the proton channel is still largely an open question, and
it is possible that other proteins may intervene in this process that
different bacteria have adapted to suit their needs.
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