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FIG. 4. The fliL mutant exhibits a high proportion of oppositely oriented periplasmic flagella. (a and b) One section of a 3-D reconstruction
of wild-type (a) and fliL mutant (b) cells. (c and d) Surface renderings of the corresponding 3-D reconstructions. The prominent structural features
include the outer membrane (OM), cytoplasmic membrane (CM), peptidoglycan layer (PG), and outer surface protein (OSP). Oppositely oriented
periplasmic flagella are indicated by cyan arrows (b). Periplasmic flagella with a normal orientation (toward the middle of the cell body) are shown
in blue (c and d), and periplasmic flagella with the opposite orientation (toward the cell pole) are shown in cyan (d). (e and f) Cartoon models
illustrating the flagellar orientations of the wild type (e) and the fliL. mutant (f).

vitro growth curve studies confirmed that Aflil. mutant cells
had no appreciable growth defect relative to wild-type or com-
plemented fliL™ cells, eliminating the possibility that pheno-
typic differences were a consequence of in vitro growth differ-
ences between the clones (not shown).

Abnormal orientation of periplasmic flagella in the RiL mu-
tant. The morphology of the B. burgdorferi fliL mutant was
examined by dark-field microscopy and was found to be indis-
tinguishable from that of wild-type cells (not shown; see be-
low). Furthermore, FlaB expression levels, which partly deter-
mine the B. burgdorferi wavelike cell morphology (12, 20, 38,

TABLE 2. Comparative cryo-ET analysis revealing the increasing
trend of irregular orientation of periplasmic flagella
in fliL mutant cells

No. of irregular ~ No. of normal

Strain N?' ,(;f ce(}ls periplasmic periplasmic % irrellgular
analyze flagella” flagella® cells
Wild type 43 5 288 1.7
AL 41 55 208 26.4
L™ 46 11 301 3.6

¢ Irregular periplasmic flagella were tilted toward the cell pole.
> Normal periplasmic flagella were tilted toward the cell body.
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FIG. 5. Localization of the FliL protein in the B. burgdorferi flagellar motor. The asymmetric average flagellar motor structures from wild-type
(a), fliL mutant (b), and complemented fliL™" (c) cells are displayed. The overall structures of the periplasmic flagellar motors look very similar.
The extra densities indicated by orange arrows (a and c) are the main differences from the fliL. mutant (b), indicating that FliL (L) is located
between the stator (S) and the collar (C), as shown in d and f. The white arrows (b) indicate the densities corresponding to the periplasmic domain
of the stator (MotB). Flagellar models (d, e, and f [with or without FliL]) were overlaid on the images from a, b, and c, respectively. The MS ring,
export apparatus, P ring (P), rod (R), C-ring components (FliG, FliM, and FliN), and cytoplasmic membrane (mem) are labeled according to data

described previously by Liu et al. (41). The scale bar is 50 nm.

43,49, 51, 53), were similar between the wild type and the fliL
mutant, as confirmed by Western blotting (Fig. 2). Cryo-ET of
intact organisms indicated that the overall cellular morphology
and the flagellar motor structure of AfliL. cells are similar to
those of wild-type cells (Fig. 4). The deletion of fliL did not
alter the formation or assembly of periplasmic flagella. How-
ever, we found that the AfliL. cells showed an unusual struc-
tural phenotype: of five periplasmic flagella visible in the 3-D
reconstructions of the cell shown in Fig. 4, three of them were
directed toward the cell pole (see arrows in Fig. 4d and f and
see Movie S1 in the supplemental material) instead of being
oriented toward the middle of the cell body, as found for the
wild-type parental cells (Fig. 4c and e¢). We examined more
than 40 cells from each strain to determine the normal and
abnormal/irregular periplasmic flagella in each cell (Table 2).
On average, 26.4% of the periplasmic flagella in each AfliL
mutant cell were oriented toward the cell pole (irregular/ab-
normal orientation) (Table 2), whereas only 1.7% of periplas-
mic flagella from each wild-type cell were oriented toward the
cell pole (Table 2). Similar to the wild-type, the complemented
fliL™* cells restored the phenotype, as only 3.6% of each cell’s
periplasmic flagella were detected to exhibit the abnormal
orientation (Table 2). However, although the periplasmic
flagellar motors of the AfliL cells are located in the cell
poles, as seen for the wild-type cells, the abnormally ori-
ented flagellar filaments are shorter (0.3 to 2 pm), ending at
the cell pole, than normal flagella (~6 pm), extending to-
ward the cell body (Fig. 4d).

FIliL localization in the flagellar motor. The molecular ar-
chitecture of the periplasmic flagellar motor in the AfliL mu-
tant was determined by tomographic subvolume alignment and
averaging. The 711 motors extracted from 123 B. burgdorferi
cells were used to generate a 3-D flagellar motor structure
from the fliL. mutant at a resolution of ~4 nm. Without im-
posing any rotational symmetry, the structure preserves key
asymmetric features, as described previously for the structure
of wild-type cells (Fig. 5a), including the visualization of the hook
and the curvature of the stator embedded in the cytoplasmic
membrane (41). The overall structure of periplasmic flagellar
motors from AffiL. cells closely resembles that of wild-type cells
(Fig. 5a and d), as shown in their central sections, which illustrate
the locations of the putative hook, rod, MS ring, stator, C ring
(FliG, FliM, and FliN), and export apparatus.

Despite the overall similarity between the motor structures
of AfliL and wild-type cells, there are clear distinctions be-
tween them (Fig. 5a and b, orange arrows). The periplasmic
flagellar motors of the AffiL cells lacked a density just outside
the collar region of the rotor (Fig. 5b and e), which is clearly
visible in wild-type cells (see orange arrows in Fig. 5a) or
complemented fliL* cells (Fig. 5c). This feature appears to
extend from the cytoplasmic membrane into the periplasmic
space and is located between the proposed bowl-shaped
rotor and the surrounding stator structures (Fig. 5d) (41).
Therefore, the extra density in flagellar motors of wild-type
organisms corresponds to the FliL protein (labeled L in Fig.
5d and f).
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DISCUSSION

The fliL gene has been characterized in E. coli, S. enterica,
Caulobacter crescentus, Proteus mirabilis, and, recently, Rhodo-
bacter sphaeroides (3, S5, 26, 55). FliL of R. sphaeroides was
reported previously to be essential for flagellar rotation and
modulates the motor function through an interaction with
MotB (55). An fliL mutant of E. coli or S. enterica was found
previously to be defective in swarming motility (on 0.5 to 0.7%
agar plates) but had a minor defect in swimming motility (in
0.3% agar) (3). Based on their findings, Attmannspacher et al.
proposed previously that in E. coli and S. enterica, “flagellar
motors experience a higher torque during swarming motility
owing to an increased proton motive force, and that FliL allows
the flagellar rod to withstand the increased torsional stress”
(3). Because of this stress, the mutant cells had a hook-fila-
ment-ejection phenotype (3). For C. crescentus, an fliL mutant
was found to be paralyzed, and the FliL protein was reported
to be required for the cell cycle-dependent ejection of the
polar flagellum during the swimmer-to-stalk-cell transition (2,
26, 28, 48). A P. mirabilis fliL mutant was reported to be
nonmotile, failed to synthesize flagella, and had an elongated-
cell phenotype (5). Furthermore, based on its predicted loca-
tion and phenotype, Belas and Suvanasuthi suggested that FliL
may be responsible for the transmission of signals from the
exterior flagellar filament into the cell (5). Clearly, FIliL has
diverse functions in these organisms. However, there is a con-
sensus that FliL is a transmembrane protein associated with
the flagellar motor (3, 26, 29, 55). Based on the findings with
the P. mirabilis and E. coli/S. enterica fliL genes, two models
were proposed for the location of FIiL (3, 5). In both models,
FliL is predicted to be a part of the flagellar motor.

B. burgdorferi AfliL cells exhibited a significant defect in
swimming (in methylcellulose) and swarming (on 0.35% aga-
rose plates) motility despite the fact that the amounts of the
flagellar filament protein FlaB and the motor protein MotB
were not altered in the AffiL. strain. The defective-motility
phenotypes are similar to those found previously for swarming
fliL mutants of E. coli/S. enterica (3). Whereas different mech-
anisms were proposed for defective motilities in different or-
ganisms (3, 5, 26, 55), we propose that periplasmic flagella with
abnormal orientations oppose smooth swimming mediated by
the standardly oriented flagella, resulting in defective motility
in B. burgdorferi. The wavelike morphology of B. burgdorferi,
which is dictated at least in part by the presence of flagellar
filaments, was not altered in AfliL cells (Fig. 2) (9, 12, 20, 38,
43,51, 53). Cryo-ET of B. burgdorferi AfliL cells indicated that
the periplasmic flagella are connected to the hook-basal body
(Fig. 4). However, we were surprised that 26.4% (versus only
1.7% in the wild type) (Table 2) of the motors/periplasmic
flagella were oriented toward the cell pole rather than extend-
ing toward the middle of the cell body. This remarkable phe-
notype has not been observed for previously characterized
spirochetal flagellar mutants (24, 41). FliL is therefore likely to
play a role in defining the orientation of periplasmic flagella in
B. burgdorferi (Fig. 4), although a mechanism is currently un-
known. It is also unknown why 26.4% but not all periplasmic
flagella of each AfliL cell were tilted toward the cell pole. We
speculate that FliL and its interacting protein(s) may be re-
sponsible for the orientation of periplasmic flagella. Neverthe-
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less, the altered flagellar orientation is likely to be the under-
lying reason for the defective-motility phenotype observed for
the fliL mutant cells (Fig. 3). In contrast, the lack of FliL tends
to fracture the flagellar rod in swarmer cells of S. enterica (3).
Furthermore, the defective motility exhibited by R. sphaeroides
fliL was proposed previously to be mediated through modulat-
ing the MotB function (55). Therefore, our data reinforce the
notion that the mechanisms of altered motility observed for B.
burgdorferi and these other bacteria are likely to be different,
even though fliL. mutants of B. burgdorferi and S. enterica share
similar defective-motility phenotypes.

Multiple copies of FliL are located between the rotor and
stator at the cytoplasmic membrane in B. burgdorferi (Fig. 5),
although there is a lack of detailed information about its shape
or stoichiometry. The deletion of fliL. has little effect on fla-
gellar assembly and the overall molecular architecture of the
flagellar motor. However, there is clear evidence of an abnor-
mal periplasmic flagellar orientation and defective motility of
fliL mutants. Recently, Kudryashev et al. speculated that a
protein which links the rotor with the stator is likely to be FliL
(32). Our data provide the first structural evidence that B.
burgdorferi FliL is located between the rotor and stator which
in some manner affects the periplasmic flagellar orientation
and, thus, swimming efficacy.
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