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ABSTRACT

Rhodobacter sphaeroides is a free-living alphaproteobacterium that contains two clusters of functional flagellar genes in its ge-
nome: one acquired by horizontal gene transfer (flal) and one that is endogenous (fla2). We have shown that the Fla2 system is
normally quiescent and under certain conditions produces polar flagella, while the Flal system is always active and produces a
single flagellum at a nonpolar position. In this work we purified and characterized the structure and analyzed the composition of
the Fla2 flagellum. The number of polar filaments per cell is 4.6 on average. By comparison with the Flal flagellum, the promi-
nent features of the ultra structure of the Fla2 HBB are the absence of an H ring, thick and long hooks, and a smoother zone at
the hook-filament junction. The Fla2 helical filaments have a pitch of 2.64 jum and a diameter of 1.4 pum, which are smaller than
those of the Flal filaments. Fla2 filaments undergo polymorphic transitions in vitro and showed two polymorphs: curly (right-
handed) and coiled. However, in vivo in free-swimming cells, we observed only a bundle of filaments, which should probably be

left-handed. Together, our results indicate that Fla2 cell produces multiple right-handed polar flagella, which are not conven-

tional but exceptional.

IMPORTANCE

R. sphaeroides possesses two functional sets of flagellar genes. The flal genes are normally expressed in the laboratory and were
acquired by horizontal transfer. The fla2 genes are endogenous and are expressed in a Flal ™ mutant grown phototrophically and
in the absence of organic acids. The Flal system produces a single lateral or subpolar flagellum, and the Fla2 system produces
multiple polar flagella. The two kinds of flagella are never expressed simultaneously, and both are used for swimming in liquid
media. The two sets of genes are certainly ready for responding to specific environmental conditions. The characterization of the
Fla2 system will help us to understand its role in the physiology of this microorganism.

Motility provides microorganisms with a fundamental sur-
vival advantage. Flagella are one of the most complex and
effective organelles of locomotion, capable of propelling bacteria
through liquids (swimming) and through viscous environments
or over surfaces (swarming), and are widely used among Bacteria
and Archaea. In addition, these organelles play an important role
in adhesion to substrates and biofilm formation, and they contrib-
ute to the virulence process in pathogenic bacteria (1, 2).

The bacterial flagellum is a rotary motor powered by the elec-
trochemical proton or sodium potential. The morphology of the
flagellum is similar among different bacterial species. Neverthe-
less, there are differences in their substructures, which are not yet
clearly understood. The improvement in powerful microscopy
techniques has revealed variations in the architecture of the bac-
terial flagellar motors (3, 4). The bacterial flagellum is a supramo-
lecular complex made of about 30 different proteins with copy
numbers that range from a few to thousands. The structure has
been divided into three parts: filament, hook, and basal body. The
basal body spans the bacterial cell envelope and comprises a rod
and a series of rings. In the cytoplasm the basal body forms a
bell-like structure, named the C ring, that houses the export ap-
paratus. This rotating structure is also the input for signals that
control the direction of rotation and consequently cell movement
(for areview, see reference 5). Around the basal body sit the stator
subunits that harness the energy provided by the electrochemical
gradient (6). The hook is considered to act as a universal joint that
transmits torque to the filament. The filament performs as a rigid
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propeller that undergoes polymorphic transitions under stressful
conditions. These two tubular structures are linked together by
means of several subunits of two hook-associated proteins (HAP1
and HAP3). It has been shown that HAP3 contributes to control
the conformation of the flagellar helix and to counterbalance
torque applied at the base of the flagellum (7).

Rhodobacter sphaeroides is a versatile nonsulfur photosynthetic
bacterium that belongs to the a-subgroup of the Proteobacteria. In
contrast to other bacteria with two flagellar systems, which pro-
duce lateral flagella and a polar flagellum, in R. sphaeroides one set
of flagellar genes produces flagella that are located at the cell pole
(8), and the other set produces a single flagellum located medially
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or at a near-polar position (9). The presence of a second set of
flagellar genes (fla2) in R. sphaeroides was discovered when the
genomic sequence of this bacterium was released (10). At that
time, no other flagellar structure distinct from the Flal flagellum
had been observed. The fla2 genes are not expressed under com-
mon laboratory conditions in the wild-type strain WS8N. How-
ever, we found the conditions to isolate a spontaneous mutant
that expressed the fla2 genes (Fla2™) (8). This mutant, isolated in
a Flal™ background, showed the presence of several polar fla-
gella, and it was able to swim in liquid medium, in a way similar
to that of the wild-type strain (WS8N) that possesses the Flal
single subpolar flagellum. It should be noted that neither Flal
nor Fla2 flagella enable swarming of R. sphaeroides on surfaces.
The unidirectional rotation of Flal produces smooth swimming,
and reorientation occurs when flagellar rotation briefly stops and
Brownian motion, and probably the slow rotation of the filament,
reorients the cell body (9, 11, 12). During stop periods the filament
is observed as a high-amplitude helix that coils against the cell
body; when swimming is resumed, the filament forms a helix
called normal or in fast-swimming cells it appears to be straight by
a visual effect due to the rapid rotation of the bundle (11). Thus
far, it has been suggested that Fla2 is also controlled by stop-
and-go events (13).

Phylogenetic analyses showed that the fla2 cluster contains the
native flagellar genes of this photosynthetic bacterium, whereas
the genes of the flal cluster were acquired by horizontal gene
transfer, involving an ancestral gammaproteobacterium as the
possible donor (8). Recently, we have shown that expression of the
Fla2 system is controlled by the CckA pathway (14).

In the present study, we describe the isolation of the Fla2 fla-
gellum of R. sphaeroides and for the first time characterize its
structure. We also discuss the properties of the filament and the
hook, as well as other relevant aspects of this flagellum.

MATERIALS AND METHODS

Bacterial strains and growth conditions. We used here the wild-type R.
sphaeroides strain WS8N (15). AM1, a derivative of SP13, which has a Kan"
cassette inserted into the master regulator gene fleQ that blocks the ex-
pression of the Flal system (16). This strain was selected as a spontaneous
swimmer that expresses the Fla2 system under certain growth conditions
(8, 17). RSflaA, an AM1 derivative carrying an insertion mutation in the
flagellin gene flaA (RSflaA, flaA::aadA). AllR. sphaeroides cells were grown
in Sistrom’s minimal medium at 30°C with orbital shaking (18); when
indicated, kanamycin (25 pg/ml) was added to the culture medium. For
the isolation of Fla2 filament-hook basal bodies (HBBs), AM1 cells were
grown in Sistrom medium without succinate and in the presence of Casa-
mino Acids (0.2%) with orbital shaking (250 rpm) at 30°C as described
previously (14).

HBB isolation and purification. For the preparation of basal bodies,
we followed the procedure previously reported (19, 20) with minor mod-
ifications. A 5-ml overnight culture of AM1 or RSflaA cells was diluted
1:100 and grown to an optical density at 600 nm of 0.45 to 0.5. Cells were
harvested by low speed centrifugation and resuspended by gentle stirring
in 10 ml of cold sucrose (0.5 M sucrose, 150 mM Trizma base). Lysozyme
(0.1 mg/ml, final concentration) and EDTA (2 mM, final concentration)
were gradually added to the cell suspension and incubated at room tem-
perature with gentle stirring. After 50 min of incubation, most cells be-
came spheroplasts, as judged by dark-field microscopy. The cells were
lysed with Triton X-100 (1% final concentration), and DNA was degraded
by the addition of 600 .l of 0.1 M MgSO, and 1 mg of DNase I powder.
The suspension was incubated at room temperature until it was clear. Cell
debris, were removed by centrifugation (9,000 X g) for 10 min at 4°C. The
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supernatant was centrifuged at 70,000 X g for 35 min, and the pellet
containing HBBs was resuspended in TET buffer (10 mM Tris-HCI [pH
8.0], 1 mM EDTA, 0.1% Triton X-100). The HBBs were purified by cen-
trifugation in 40% cesium chloride and centrifuged in a SW40 Ti rotor for
21hat70,000 X gat 20°C. A turbid band approximately halfway down the
tube was collected and diluted in 25 ml of TET buffer and centrifuged at
70,000 X g for 35 min as described above. The pellet was resuspended in
200 pl of TET buffer and stored at 4°C.

Electron microscopy. The cell and HBB samples were negatively
stained with 1.0 and 2.0% phosphotungstic acid (pH 7.0), respectively,
and observed with a JEM-1200EXII electron microscope (JEOL, Tokyo,
Japan). Micrographs were taken at an accelerating voltage of 80 or 100 kV.
The measurement of the different structures was determined with the help
of Image] software (21). The numbers of flagella were determined and
counted directly from the electron micrographs of cells from independent
cultures.

Filament polymorphism and hook length. Purified filament-HBBs
were centrifuged and at 70,000 X g for 35 min, and the pellet containing
the filaments was resuspended in TET buffer. Flagellar filaments were
incubated in Mcllvaine buffer (22) at room temperature. The pH values of
the solutions ranged from 3.0 to 8.0, and two concentrations of NaCl (2.5
and 0.2 M) were tested. Samples were observed with an Olympus BH2
microscope with a high-intensity dark field set up. The images were re-
corded and analyzed using Image] software (21). Hook length was deter-
mined using Image]J. The length (L) of the curved structures was obtained
by adjusting the curved hooks to a circle from which the angle (6) and the
radius (r) were determined, and the length was calculated using the fol-
lowing equation: L = 6 r w/180.

Immunoblotting. Purified filament-HBBs were precipitated with
chloroform-methanol and resuspended in 150 pl of sample buffer. Pro-
teins were separated by SDS-15% PAGE (23), transferred to nitrocellu-
lose membranes (Bio-Rad, Richmond, CA), and incubated for 1 h in
TTBS (TBS-Tween 20) buffer (20 mM Tris-Cl [pH 7.5], 0.5 M NaCl, 0.1%
[vol/vol] Tween 20) with 5% nonfat milk powder. The membrane was
washed three times for 10 min with TTBS, incubated with either anti-FlaA
or anti-FIgE2 antibodies ata 1:10,000 dilution for 1 h, and washed again as
described above. Detection was performed using SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific, Rockford, IL).

Mass spectrometry (MS) and data analysis. The protein bands were
excised from the Coomassie brilliant blue (CBB)-stained 15% SDS-PAGE
gels, destained, reduced with 10 mM dithiothreitol, alkylated with 100
mM iodoacetamide, and digested with modified porcine trypsin (Sigma-
Aldrich, St. Louis, MO). The resulting peptides were concentrated and
desalted using Zip Tips C18 (Millipore, Billerica, MA) and spotted with
alpha-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) on a stainless steel
plate. The spots generated were analyzed in a MALDI-TOF/TOF 4800
Plus mass spectrometer (AB Sciex, Foster City, CA). Each MS spectrum
was acquired by cumulative 1,000 shots in a mass range of 850 to 4,000 Da
with a laser intensity of 3,100. The MS/MS spectra for each precursor
selected were fragmented and acquired by cumulative 3,000 shots with a
laser intensity of 3,800. The fragmentation spectra were compared using
Protein Pilot software (v2.0.1; AB Sciex) against a R. sphaeroides database
downloaded from NCBI using the Paragon algorithm (24). The search
parameters allowed were as follows: cysteine modification by iodoacet-
amide (carbamidomethylcysteine), trypsin as a cutting enzyme, and bio-
logical modifications set by the algorithm. The detected protein threshold
in the software was set to 1.3 to achieve 95% confidence. The identified
proteins were grouped by the ProGroup algorithm in the software to
minimize redundancy.

RESULTS

AMI cells display several Fla2 flagella at the cell pole. R. spha-
eroides has been cultured in the laboratory, and for many years its
motility was studied in the wild-type strain WS8N, which pro-
duces a single medially located flagellum Flal. This flagellum dif-
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FIG 1 Electron micrographs of R. sphaeroides strains WS8N and AM1. (A) Wild-type WS8N R. sphaeroides showing a medially located flagellum. (B) AM1 strain
of R. sphaeroides displaying a bundle of polar flagella. Scale bars, 500 nm. (C) Graph showing the number of flagella displayed by AM1 cells. A total of 30 cells were

scrutinized.

fers from typical lateral flagella in several aspects: (i) the singular-
ity of the flagellum is robust, (ii) more than one flagellum per cell
has never been observed, and (iii) its location is not fixed at a
certain position but is distributed all over the cell body (25-27).
Recently, we reported the isolation and characterization of a spon-
taneous mutant that expresses only the second set of flagellar
genes (fla2) (8,17). Figure 1 shows electron micrographs of WS8N
and AM1 flagellated R. sphaeroides cells. Panel A shows the wild-
type strain WS8N expressing the single Flal flagellum on the cell
side, while panel B shows the mutant strain AM1 that produces
multiple Fla2 polar flagella. We analyzed 30 AM1 cells to deter-
mine the variation in the number of Fla2 flagella at a pole (Fig.
1C). The number of flagella per cell ranges from two to nine and,
about a half of the cells that were analyzed had either five or six
filaments. The average number was 4.5, with a standard deviation
of 1.79. In agreement with previous observations (8), the electron
microscopic (EM) images also reveled that the filaments are usu-
ally intertwined, suggesting that during swimming the flagellar
filaments are arranged in a bundle.

Hook-filament junction of the Fla2 flagellum. The dimen-
sions of the Flal and Fla2 flagellar components were determined
from 75 EM images of intact flagella (filament-HBB) and also
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from previously reported studies (8, 26, 28). Table 1 shows the
physical sizes of the flagellar substructures.

It should be noted that the Fla2 filament is thinner, and the
hook is thicker than those of the Flal flagellum, and that there is a
smooth junction between the filament and the hook. It has been
reported previously that one of the prominent characteristics of
WS8N Flal flagellum is a bulky hook-filament junction (25, 26)
(Fig. 2A). We have found that this feature is absent in Fla2 and that

TABLE 1 Physical sizes of flagellar substructures

Mean value (nm) *= SEM for strain:

Substructure

measurement WS8N (Flal) AM1 (Fla2)
Filament diam 15.40 = 0.57 12.36 = 1.04
Hook diam 14.8 = 1.77°¢ 17.05 £ 1.56
Hook length 94 *+ 1.88¢ 120.85 * 6.66
H ring diam 64 = 10.7°

LP ring diam 241 = 1° 22.31 = 0.93
MS ring diam 23.62 = 1.88 25.33 = 2.24

“ Data are from reference 21.
b Data are from reference 23.
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FIG 2 Structure and composition of the Fla2 filament-HBB. (A) Filament-HBB isolated from the wild-type strain WS8N (Flal). The arrowhead indicates the
presence of the H ring. (B) Filament-HBB from AM1 cells (Fla2). Scale bars, 50 nm. (C) SDS-PAGE pattern of Fla2 filament-HBB structures. Arrows indicate the
subunits that were identified by SDS-PAGE. (D and E) Western blot analyses of Fla2 filament-HBB using anti-FlaA and anti-Flg2 antibodies, respectively.

the junction looks smooth (Fig. 2B). The difference in thickness
between the filament and the hook is larger in the Fla2 system (ca.
5nm) than in the Flal system (ca. 0.6 nm) (Table 1). The filament-
hook junction comprises HAP1 (FlgK) and HAP3 (FIgL) (29). The
molecular sizes of these two proteins are 1,363 amino acids (aa)
and 409 aa for Flal and 481 aa and 333 aa for Fla2, respectively,
indicating that the bulkiness of the Flal junction is due to the
larger size of HAP1, which is almost 3-fold larger than the Fla2
HAPI.

Characteristics of the Fla2 hook. The morphology of the Fla2
hook was clearly different from that of the Flal hook. The Flal
hook is invariably straight (30), whereas the Fla2 hook showed
three distinctive shapes: curved, straight, and S-shaped (Fig. 3).
These morphologies have also been observed in Selenomonas ru-

& B ra # 5

minantium (see Discussion) (31). Images of isolated Fla2 fila-
ment-HBB and HBB structures are shown in Fig. 3A and B. We
plotted the length of the curved and straight hooks against the
hook number (Fig. 3C) and found that the majority of the hooks
are between 115 and 125 nm long. The Fla2 hook length was found
tobe 120.8 £ 6.6 nm, whereas the Flal hook was 94 + 1.8 nm (25)
(Table 1). It has been proposed that the hook length is propor-
tional to the molecular length of FliK (32-35). The molecular sizes
of Flal FliK and Fla2 FliK are 700 aa and 772 aa, respectively,
supporting the idea that the length of FliK is proportional to the
hook length. However, this correlation seems to have some excep-
tions since it has been reported that FliK of S. ruminantium (817
aa) has a hook length (105 = 12 nm) (31) that is shorter than the
Fla2 hook. An alignment of these FliK proteins revealed a low

20
v7777} curved hook -
184 | [ straight hook
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2] 7 7
& 12 []
€ 72 9 7
2 194 7
=<
8 e
I —4
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7 ||
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Hook Length (nm)

FIG 3 Hook shapes of purified Fla2 filament-HBB and HBB structures. (A) Filament-HBB isolated from AM1 cells; (B) HBB from AflaA AM1 mutant cells. Scale
bars, 100 nm. The left and right panels show different fields in order to better illustrate the various shapes displayed by the Fla2 hooks. (C) Graph showing the

length of curved and straight hooks (n = 60).
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similarity between these proteins (data not shown); this result was
not unexpected since it has been observed that FliK proteins show
a low similarity degree, even in closely related species (36). This
low similarity is more pronounced in the N-terminal region,
which has been suggested to have an intrinsically disordered struc-
ture (37, 38).

Analysis of the components of the Fla2 fillament-HBB. Fila-
ment-HBBs from WS8N or AM1 cells were purified and observed
by electron microscopy (Fig. 2). Interestingly, the H ring (see ar-
rowhead in Fig. 2A) that is observed in Flal filament-HBB struc-
tures from WS8N (28) is absent in the Fla2 filament-HBB from
AM]1 cells (Fig. 2B). The H ring is the outer ring of the LP ring and
probably contributes to make a single flagellum more robust (39).
The sizes of the other ring structures are similar between the two
flagella within measurement errors (Table 1).

We analyzed the protein composition of Fla2 filament-HBBs
by SDS-PAGE and found two major and many minor bands in
CBB-stained gels (Fig. 2C). The two major bands were assumed to
be flagellin FlaA and hook protein FIgE from the molecular masses
and their abundance in the flagellum. This assumption was con-
firmed by Western blotting with specific antibodies against FlaA
and FIgE (Fig. 2D and E, respectively). For identification of minor
bands, we used mass spectroscopy. In summary, we identified the
following 11 proteins: 68-kDa FliF2 (MS ring), 62-kDa FIgK2
(HAP1), 46-kDa FlgE2 (hook protein), 38-kDa FlgI2 (P ring),
34-kDa Flgl.2 (HAP3), 31-kDa FlaA (flagellin), 27-kDa FlgG2
(rod protein), 25-kDa FlgF2 (rod protein), 14-kDa FlgC2 (rod
protein), 10-kDa FliE2 (rod protein), and 13-kDa FIgB2 (rod pro-
tein) (Table 2).

Polymorphism of the Fla2 filaments. We observed Flal and
Fla2 filaments by high intensity dark-field microscopy immedi-
ately after purification by CsCl density gradient centrifugation
(Fig. 4A and B) and determined the handedness by moving the
sample stage of the microscope up and down as described previ-
ously (40) and also the helical pitch and the diameter of each kind
of filament. The pitch values were 2.64 pwm for the Fla2 filaments
and 4.29 pm for the Flal filaments; both filaments were found to
be right-handed (Table 3).

We also analyzed changes in pitch length of the Fla2 fila-
ments in response to increasing concentrations of NaCl at pH

Rhodobacter sphaeroides Fla2 Flagellum

TABLE 2 Components of Fla2 flagellum

Molecular mass

(kDa)
Substructure Function Protein Observed Calculated
MS ring Construction base FliF2 60 56.2
Filament-hook junction HAP1 Flgk2 ND“ 49.1
Hook Universal joint FlgE2  54.66 48.3
P ring Bushing in the Flgl2 43 38.2
OM

Filament-hook junction HAP3 Flgl2 ND 34.3
Filament Screw FlaA  31.6 28.3
Distal rod Rod FlgG2 ND 27.3
Proximal rod 1 Rod FlgF2  ND 25.4
Proximal rod 2 Rod FlgB2 ND 13.6
Proximal rod 3 Rod FlgC2 ND 14
Proximal rod 4 Rod FliE2  ND 10.9

“ND, not determined.

8.0. Figure 4C shows the transition from coiled filaments at low
salt concentration to curly filaments at 0.5 and 2.5 M NaCl. We
have not observed normal Fla2 filaments that are left-handed;
we have only observed polymorphic transitions induced by
motor rotation in vivo.

It is known that filament coiling is dependent on the ionic
strength and also on the pH of the medium. Therefore, we tested
the effect of different pH values at a NaCl concentration of 2.5 M.
Figure 5 shows that at this NaCl concentration the filaments form
coils at an acidic pH of 4 to 5 and curly filaments at pH 6 to 8.
These transitions do not occur at a lower concentration of NaCl
(data not shown).

Figure 6 depicts a time series of seven consecutive frames from
amovie showing a free-swimming cell where flagella can be easily
observed. In cells swimming at full speed the helical waveform of
the filament could not be detected, possibly because of its small
amplitude and rapid rotation (frames 1 to 4). When the swim-
ming cell stops on frames 5 to 7, a bundle of curly filaments was
clearly observed. We could observe left-handed normal filaments,
which work by counterclockwise rotation of the motor.

M NaCl

FIG 4 Filament polymorphism. (A) Flal filaments from the wild-type strain WS8N. (B) Filaments from the Fla2 strain AM1. Filaments were observed with a
high-intensity dark-field microscope. (C) Fla2 filaments in the presence of increasing concentrations of NaCl. Scale bars, 5 um.
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TABLE 3 Helical parameters of filaments

Value or characteristic for WS8N (Flal)

Value or characteristic for AM1 (Fla2)

Filaments Filaments
Helical Filaments on isolated isolated in Filaments on Filaments Filaments in Filaments in
parameter cells® previously® this study” cells® isolated” 0.5 M NaCl# 2.5 M NaCl#
Pitch (pm) ND 3.04 4.29 2.64 2.64 2.64 2.60
Diam (7D, pm) 4.28 1.38 1.79 2.70 3.18 3.13 3.37
Handedness ND* Right ND Right Right Right Right

“? Data for this column are from reference 30.
Y ND, not determined.

¢ Depicted in Fig. 1A.

9 Depicted in Fig. 4A.

¢ Depicted in Fig. 6.

/Depicted in Fig. 4B.

£ Depicted in Fig. 4C.

DISCUSSION

In situ structures of flagellar motors from several bacteria have
been recently characterized by electron cryotomography (3, 4, 41—
43). These findings have revealed common features and also im-
portant differences, hinting at the great diversity of motor struc-
tures in bacteria. The rotary function is conserved with variations
in the components of the system. Some flagella are more complex
than others perhaps due to adaptation to the particular conditions
in which the different microorganisms thrive.

R. sphaeroides WS8N contains two different sets of flagellar
genes that are expressed independently, and its presence on the
cell appears to be mutually exclusive (14). Both Flal and Fla2
flagella are capable of propelling the cell quite efficiently (8,9, 17).
In the wild-type WS8N strain the expression of the Flal system
always predominates when this strain is grown in Sistrom’s min-
imal medium under either phototrophic or photoheterotrophic
conditions. Recently, we have shown that the mutant strain AM1
that expresses the Fla2 system in a Flal~ background carries a
single point mutation in the histidine kinase CckA that allows the
expression of fla2 genes (14).

Based on the helical values of the Fla2 filaments, we determined
that this flagellum does not belong to any of the families described
previously (27). This observation agrees with the idea that neither
Flal or Fla2 can be considered lateral flagella (laf) such as those
present in several bacterial species: Vibrio parahaemolyticus,
Vibrio shilonii, Azospirillum brasilense, and Bradyrhizobium ja-
ponicum (27, 44-47).

We also observed that Fla2 filament-HBBs show significant
structural differences compared to Flal filament-HBBs. These dif-
ferences were expected given the independent evolutionary origin
of these two flagella (8). For instance, we detected that the
120.8-nm long Fla2 hook is longer than the Flal hook that has a

pH 3

reported length of 94 nm (26). The Flal hook is straight (30), and
the Fla2 hooks display a variety of shapes: curved, S shaped, and
straight. This morphology of the Fla2 hook does not seem to de-
pend on the presence of the filament given that HBB structures
isolated from a FlaA mutant show the same variations in shape.
Similar long S-shaped hooks were described in the lateral flagella
of S. ruminantium (31). The fact that the curved hooks are present
in Fla2 flagella could be related to the fact that these hooks are
more flexible than the straight Flal hook, and this characteristic
may allow several filaments to rotate together in a bundle (48).

The Fla2 filament-HBB lacks an extra ring structure named the
H ring. The presence of the H ring, which is formed by the protein
FIgT, has been reported in different species of Vibrio and recently
in the Flal flagellum of R. sphaeroides (28). The evolutionary ad-
vantage conferred by this structure is believed to be associated
with the fast rotation of the flagellar motor (39). In this regard, it
should be noted that proteobacteria commonly do not have an
flgT homolog, even though many of them have polar flagella,
which is similar to the situation observed for the Fla2 flagella.
Another important difference between Flal and Fla2 is found at
the hook-filament junction. The Fla2 filament HBB shows a
smooth transition in contrast to the bulky HAP region of Fla1 that
was previously described (25, 26, 49). It has been suggested that
the large size of the HAP1 (FlgK) protein present in the Flal fla-
gellum (1363 residues) accounts for the bulky interphase between
the hook and the filament. Whereas HAP1 of the Fla2 flagellum
shows a size that conforms well with most of the FlgK proteins
thus far reported (481 residues). The relevance of a large HAP1 in
the Flal flagellum has been correlated with efficient swimming
(49). However, the fundamental reason for such a large HAP1
protein in Flal remains an open question.

Filament-HBB structures were analyzed by MS, and 11 char-

FIG 5 Effect of pH on the polymorphic transitions of Fla2 filaments. Fla2 filaments isolated from AM1 cells were incubated in the presence of 2.5 M NaCl at the
indicated pH values and analyzed by high-intensity dark-field microscopy (see Materials and Methods). Scale bars, 5 pm.
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FIG 6 Polymorphic transitions of Fla2 flagella in swimming AM1 cells. Continuous frames from a short movie (30 frames/s). Arrows show a moving cell (frames
1 to 4) and when the same cell stops (frames 5 to 7). The asterisk indicates a fixed object that was used as a static reference. Scale bars, 5 pm.

acteristic flagellar proteins were identified. This result confirms
that Fla2 is assembled with proteins encoded by the fla2 gene
cluster (8) (see Fig. S1 in the supplemental material).

The Flal filament belongs to the exceptions among the flagel-
lum families, as does the Fla2 filament. This type of filament does
not obey the conventional rule of the polymorphism. Accord-
ingly, Fla2 filaments are not the “typical” polar flagella but “excep-
tional” polar flagella that are right-handed at rest. Nevertheless,
the possibility exists that it changes into a left-handed helix when
rotating, as seen in the case of the Flal filament (50). Furthermore,
this has been also described for mutant filaments of Escherichia coli
(51). We have not found any conditions under which the filament
takes on left-handed helix. If the motor rotates clockwise, it could
solve the current problem, but this raises a question regarding the
direction of motor rotation. We leave the question open and pres-
ent the results as observed.

Similar to Flal (9, 27), the Fla2 filaments are right-handed
helices at rest, but the pitch of the two filaments differs greatly. It
is not clear whether these different pitch values could affect the
performance of these flagella. Although it is known that a shorter
pitch/radius produces more torque (52), the lack of information
regarding the efficiency of the Flal and Fla2 motors make impos-
sible to reach a conclusion at this point. Previously, it was shown
that WS8N cells have a swimming speed of ~50 pm/s (53) and
that AM1 cells have a swimming speed of 60 wm/s (17). Therefore,
these two flagellar systems that work on a stop-go mode (9, 17)
achieve similar swimming speeds regardless of the particular
properties of the filaments.
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