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Three-dimensional reconstructions from electron cryomicrographs of the rotor of the flagellar motor reveal that
the symmetry of individual M rings varies from 24-fold to 26-fold while that of the C rings, containing the two
motor/switch proteins FliM and FliN, varies from 32-fold to 36-fold, with no apparent correlation between the
symmetries of the two rings. Results from other studies provided evidence that, in addition to the transmem-
brane protein FliF, at least some part of the third motor/switch protein, FliG, contributes to a thickening on
the face of the M ring, but there was no evidence as to whether or not any portion of FliG also contributes to
the C ring. Of the four morphological features in the cross section of the C ring, the feature closest to the M
ring is not present with the rotational symmetry of the rest of the C ring, but instead it has the symmetry of
the M ring. We suggest that this inner feature arises from a domain of FliG. We present a hypothetical docking
in which the C-terminal motor domain of FliG lies in the C ring, where it can interact intimately with FliM.

The bacterial flagellum of Salmonella enterica serovar Ty-
phimurium has a reversible rotary motor powered by the pro-
ton gradient across the cell’s plasma membrane. The flagellar
filament, with its corkscrew shape, converts the motor’s torque
to thrust. Counterclockwise (CCW) rotation of the filament by
the motor pushes the cell through the liquid medium, whereas
a brief intervening burst of clockwise (CW) rotation causes the
cell to tumble. Following the CW burst, the motor resumes
CCW rotation, and the cell swims off in a new direction. Ap-
proximately 40 proteins are involved in the regulation, assem-
bly, and operation of the flagellum. At least 24 of them are
components of the completed flagellum. Of the 24, only 5, i.e.,
MotA, MotB, FliG, FliM, and FliN, appear to be involved in
torque generation (for reviews, see references 1, 2, and 25).
MotA and MotB (8, 37) form a proton channel through the
plasma membrane (3, 38); they are assumed to form the stator
(7, 18). The remaining three are cytoplasmic proteins that form
the switch complex (49) and are assumed to be part of the
rotor. FliG appears to be most directly involved in torque
generation (14, 22), and the C-terminal domain of FliG con-
tains key charged residues that interact with charged residues
in MotA (53). The N-terminal portion of FliG interacts with
FliF, the transmembrane component of the rotor (20, 31),
which functions as a mechanical mount for the rotor and cou-
ples the motor to the rod or drive shaft. FliM is involved in
switching between CCW and CW rotation (34) and binds phos-
pho-CheY (48), tipping the motor’s bias toward CW rotation.
FliN appears to play a smaller role in rotation and switching
(14, 22) but has an important role in flagellar export (46).

The gross structural features of the flagellum are a filamen-

tous axial structure and a set of coaxial rings (Fig. 1). MotA
and MotB, the putative stator, form a ring of about 10 studs in
the plasma membrane (17, 18). FliM and FliN form most of the
C ring (12, 52). FliF, a transmembrane protein, forms the S and
M rings (45), and there is evidence (see Fig. 5a in reference 11)
that FliG is bound to the cytoplasmic face of FliF, causing the
M ring to appear thicker. FliM and FliN do not contribute to
the M ring (12, 41), but it remains unclear whether FliG forms
part of the C ring. The similarity in structure between the M
rings prepared from wild-type strains and a strain with a mu-
tation resulting in a covalent fusion of the full-length FliF and
FliG proteins suggests that there are equal numbers of copies
(�26) of FliF and FliG in the hook-basal body complex (HBB)
(15, 41). The C ring contains about 34 copies of FliM and
about 100 copies of FliN (42, 52). In vitro, one molecule of
FliM can form a complex with four molecules of FliN (6). The
symmetry of, and hence the number of, subunits in the C ring
is not fixed but varies from 31 to 38 (51).

There are high-resolution structures for the C-terminal two-
thirds of FliG (5), for the C-terminal portion of FliN (6), and
for HrcQBC, a homolog of FliN found in the type III secretion
system of Pseudomonas syringae (9). The structure of the
solved portion of FliG has two globular domains connected by
a long alpha helix. There is also a structure for EscJ, a homolog
of FliF found in the type III secretion complex of Escherichia
coli. EscJ has less than half the mass of FliF (50) and has
sequence homology to the N-terminal portion of FliF. It is not
known how the components of the motor interact at a molec-
ular level, but there are clues provided by mutational, binding,
and cross-linking studies (23, 27, 32, 40). What is needed are
three-dimensional (3D) maps of the rotor into which one can
fit atomic structures of the components as they become known.

Here we present 3D reconstructions of the C ring and M
ring from a CW-locked mutant of S. enterica serovar Typhi-
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murium (SJW2811). The CW-locked phenotype arises from
the deletion of three amino acids, P169, A170, and A171, in
FliG (43). These residues are located at the N-terminal end of
the extended alpha helix that connects the C-terminal and
middle domains. In addition to the known variation in the
C-ring symmetry, we find evidence for variation in the symme-
try of the M ring. We present 3D maps of the 33-, 34-, and
35-fold-symmetric C rings and of 24-, 25-, and 26-fold-symmet-
ric M rings. We find no simple correlation between the sym-
metry of the C ring and that of the M ring. However, the inner
domain of the C ring, which lies nearest the M ring, appears
not to have the symmetry of the C ring but rather to have that
of the M ring. We suggest that this feature may correspond to
the C-terminal domain of FliG.

MATERIALS AND METHODS

Sample preparation. The strain SJW2811 (43) was kindly provided by Robert
Macnab. The gene for FliC (flagellin) was deleted by Tn10 transposon insertion
(19) to remove the filament, which is about 99% of the mass of the flagellum.
This strain, NRF2811, was used as the source for HHBs. HBBs were purified as
previously described by Francis et al. (12). Samples were kept on ice or at 4°C
during all steps.

Electron microscopy. Grids for electron microscopy were prepared in a cold
room at 4°C. Samples of HBB in TET buffer (10 mM Tris-HCl, 5 mM EDTA,
0.1% Triton X-100, pH 8.0) were applied to Quantifoil (Jena, Germany) type
R1.2/1.3 grids, which have 1.2-�m holes separated by 1.3 �m; blotted with
Whatman no. 1 filter paper (Florham Park, NJ); and plunged into liquid ethane
cooled by liquid N2. Grids were stored and handled at liquid N2 temperatures.
An electron dose of 1,000 to 1,500 electrons per nm2 was used, and images were
collected on SO-163 film (Kodak, Rochester, NY) at a magnification of �50,000
on an F-20 microscope (FEI, Hillsboro, OR) equipped with a field emission gun.
In the microscope, the specimen was held at �170°C in an Oxford cryo-holder
(Gatan Inc., Warrendale, PA) cooled by liquid N2.

Image processing. Micrographs were digitized at 7-�m per pixel, using a Zeiss
SCAI scanner (Oberkochen, Germany). Pixels were averaged to yield 14-�m
sampling corresponding to 0.28-nm/pixel in the specimen. The defocus for the
micrographs was determined using CTFFIND2 (29). CTFFIND2 divides the
micrograph into segments, calculates the power spectrum from each segment,

and produces the average power spectrum for all the segments in each micro-
graph. The choice of segment size was important, and we found that segments of
512 by 512 were satisfactory while smaller segments were not. From the averaged
power spectrum, CTFFIND2 determines the defocus and astigmatism. Micro-
graphs with significant astigmatism were not used. A radially averaged power
spectrum produced by CTFFIND2 is shown in Fig. 2a. Whole micrographs, as
opposed to individual particle images, were corrected for the contrast transfer
function (CTF). We used the CTF differently in different steps of the analysis. In
the determination of alignment parameters, a phase-only correction was applied.

FIG. 1. Schematic drawing of the hook and basal body. At the tip
of the HBB are the three hook-associated proteins. The hook extends
from them to the rod. The rod passes through the L and P rings, which
form a bushing through the lipopolysaccharide and the peptidoglycan
layers. It stops just short of the M ring, which is embedded in the
plasma membrane. The M ring passes through the membrane and
extends into the cytoplasm. The C ring lies beneath the M ring held by
thin connections sometimes seen in images of HBBs.

FIG. 2. Data used to determine the best method for correction of
the contrast transfer function. (a) Plots of rotationally averaged Fou-
rier amplitude versus radius. Individual micrographs were divided into
a set of segments having dimensions of 128 by 128, 256 by 256, or 512
by 512. The power spectra from each of the segments were averaged
together, and the result was rotationally averaged. A background sub-
traction is applied to the power spectra as part of the program
CTFFIND2 (29). Note that the 512-by-512 area produced the best
result. (b) Plots showing the effect of the choice of noise-to-signal ratio
on the corrected power spectrum (see Materials and Methods). When
the value is too small, minima are introduced into what should be
peaks (arrow), and bifurcated peaks are produced where there should
be a node (arrowhead). At a signal-to-noise ratio of 0.5, this artifact
disappears. The power spectra have been calculated using SPIDER
(13) and have not had any background subtracted. (c) Comparison of
the original CTF determined in a 512-by-512 box with the CTF-cor-
rected power spectrum of the whole micrograph. When the whole
micrograph is corrected, note how well the positions of the nodes are
preserved and how close the nodes are to zero.
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To generate a 3D reconstruction, the micrographs were corrected for both phase
and amplitude by using a Wiener filter (33), FC(X) � [F(X) · CTF(X)]/[�CTF(X)�2 �
NS], where FC is the corrected Fourier coefficient, F is the measured Fourier
coefficient, X is the reciprocal space position, and NS is the noise-to-signal
ratio.

To determine a value for NS, we corrected a whole micrograph according to
the equation above but tried different values of NS from 0.1 to 1.0. When the NS
was too small, the procedure generated artifacts in which we saw valleys where
peaks were expected and bifurcated peaks at the positions of nodes (see curve in
Fig. 2b where NS � 0.1). A constant signal-to-noise ratio of 0.5 was found to be
the smallest value that eliminated these two artifacts (Fig. 2b). In Fig. 2c, we plot
the corrected CTF for the whole micrograph.

Images were windowed from the CTF-corrected micrographs by using
HELIXBOXER(24). To generate maps of the C rings or the M rings, just the
C-ring or M-ring portions of the images were used. A generous rectangular mask
was applied to the images, removing most of the M ring in the case of the C-ring
alignment or most of the LP and C rings in the case of the M-ring alignment.
The multireference alignment functions of SPIDER (13) were used both to
sort the images into groups according to rotational symmetry and to deter-
mine the orientation parameters. The procedure was analogous to that used
on images of the type III secretion complex (26), which required models from
which to generate reference images.

The models for the C ring were generated in a three-step process. First, we
selected a good en face view of the C ring, which we determined by rotational
autocorrelation to have 34-fold symmetry. After 34-fold averaging (Fig. 3a), we
generated a mask that captured the main features in the averaged map. We
extended the mask into 3D (Fig. 3d). Next, from the scaled average of the side
view of the C ring (Fig. 3b), we generated a cylindrically averaged 3D map (Fig.
3e). Finally, we multiplied the 3D map made from the side view by the 3D mask
made from the top view to generate a reasonable 3D model density (Fig. 3f) to
use in the multireference alignment. Models for 32-, 33-, 35-, and 36-fold C rings
were generated by extracting a single subunit (Fig. 3c) from the 34-fold model,
placing it at a larger or smaller radius, and then applying the appropriate
rotational symmetry. We did not search for the rare 31-,37-, and 38-fold C rings
reported by Young et al. (51).

Models for the M ring were produced from a cylindrically averaged 3D map of
the M ring calculated from the 2D M-ring average. An azimuthal density vari-
ation was produced by adding an n-fold ring of �3-nm spheres of density, with
each sphere centered at a radius of �12 to 13 nm depending on the symmetry
being tested. We assumed that the 2D average corresponded to a ring having
26-fold symmetry (15, 35, 39). The remaining models from 21- to 28-fold sym-
metry were generated by interpolating the diameter of the initial 3D map ap-

propriately and adding in a ring of spheres where the radius and number of the
spheres were adjusted to correspond to the desired rotational symmetry.

We used the models to generate a large set of reference projections cor-
responding to different orientations as well as different symmetries. Since the
HBB is elongated, it lies with its long axis approximately in the plane of the
grid. Therefore, the reference projections are rotations about the long axis
with limited out-of-plane tilt. We found the out-of-plane tilt to be between
�14 and �14 degrees and therefore included reference projections in this
range with 2-degree increments. In our initial alignments of the C ring, we
tested projections with 19 angular increments about the long axis plus 15
increments of out-of-plane tilt, for a total of 285 reference projections per
symmetry tested. We increased the number of projections about the long axis
of the HBB to 23 during refinement of the C ring while keeping the out-of-
plane tilt range the same; this brought the number of reference projections to
345 per symmetry tested. Reference projections of the M-ring model with 17
equal angular steps about the long axis were used. The projections in both
cases were equally spaced over 360 degrees. All images were tested against all
the projections of the corresponding model structure. Images were sorted
into classes based on symmetry, and, at the same time, the orientational
parameters to be used for reconstruction were determined. Note that the
absolute hand of the structure was not known, since no tilting of the structure
had been performed. The hands of the individual reconstructions were chosen
to be internally consistent.

Confirmation of symmetry determinations. Our results suggest that at least
15 combinations of M-ring and C-ring symmetry are possible. Two of these
combinations have common subsymmetry; for the (nM,nC) � (24,36) class,
there is a common 12-fold axis, and for the class (25,35), there is a common
5-fold axis. Only the 25,35 class contained enough images to generate a
reasonable 3D map when applying only 5-fold subsymmetry. 3D reconstruc-
tions were carried out using the common 5-fold symmetry of images in which
the C ring was 35-fold symmetric and the M ring was 25-fold symmetric. After
a 5-fold symmetrization of the map, the symmetries of the component fea-
tures of the M ring and the C ring were determined by autocorrelation using
the OR 2 M command in SPIDER. An upper limit for the number of peaks
to be found must be specified when using this command, and a value of 45 was
chosen, which was well in excess of the expected values. The angular position
is reported for each peak, allowing the size of the step between peaks to be
determined.

Fitting of atomic models. The docking of FliG (Protein Data Bank accession
no. 1LKV) (5) was done by eye using the program O (16). Some rotation of the
two domains of FliG relative to one another was necessary to achieve a good fit.
The middle domain of FliG (5) was oriented to bring residues 170 and 166 within
cross-linking distance (�1 nm) of residues 117 and 120 on a neighboring subunit
in accordance with the results of Lowder et al. (23).

FIG. 3. Steps in generating a reference for image sorting and align-
ment. (a) The rotationally averaged, 34-fold top view of a C ring. (b)
Side view of the C ring, which is similar to that shown in Fig. 5, row B.
(c) A single subunit carved out of the 3D reference shown in panel f.
(d) A 3D mask that is made from the 2D image in panel a simply by
extending the density along the axial direction. (e) A 3D map that is
made by cylindrically symmetrizing the density shown in panel b. (f)
The 3D reference model made by multiplying the mask in panel d by
the map in panel e. This reference was used to generate reference
projections for a multireference alignment.

FIG. 4. Electron micrograph of a frozen-hydrated preparation of
hook-basal bodies extracted from a CW-locked mutant of S. enterica
serovar Typhimurium. The arrows point to the hook-associated pro-
tein caps of three hook-basal body complexes. The L, P, M, and C rings
are marked.
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RESULTS

The symmetry and structure of the C ring. The gross mor-
phology of the HBB is that of an elongated filamentous axial
structure with sets of coaxial rings. Figure 4 shows a typical
electron micrograph of a frozen-hydrated preparation of
HBBs. Images of single C rings windowed from CTF-corrected
micrographs were sorted according to their symmetry by using
multireference alignment against projections of 3D models
with symmetries from 32- to 36-fold (see Materials and Meth-
ods). The classes corresponding to 33-fold, 34-fold, and 35-fold
symmetry had the most members. The numbers of individuals
in each class (Table 1) followed a distribution very similar to
the Gaussian distribution reported by Young et al. (51). The C
rings in each class were averaged (Fig. 5). The diameters of the
averaged C-ring images for each class increased with symmetry
as expected (Fig. 5, left side) and agreed with the results of
Young et al. The variance of the averages within each class was
small, as would be expected if the members are identical par-
ticles (Fig. 5, right side). When the five class averages of dif-
ferent symmetries are aligned and averaged using the right half
of the image of the C ring, the average from the aligned half is
sharp and the variance is low, whereas the left-half image is
blurred and has high variance (Fig. 5 row A). The classes
corresponding to 33-, 34-, and 35-fold symmetry had sufficient
numbers to generate 3D maps (Fig. 5 and 6). The 33-, 34-, and
35-fold reconstructions have maximum diameters of 46.5 nm,
47.8 nm, and 49.0 nm, respectively, and are 16.5 nm in height.
The C rings all have a continuous spiral of density 7.0 nm in
diameter around the cytoplasmic edge of the C ring. A con-
tinuous wall of density, 4.0 nm thick by 6.0 nm in height,
connects the spiral to the upper two rings that lie adjacent to
the M ring and membrane. These two rings are 3.4 nm thick in
cross section. The outer ring is separated into clear lobes,
whereas the inner ring is nearly featureless in all maps (Fig. 6).
The reason for the difference in the appearances of the outer
and inner rings is discussed below.

The symmetry and structure of the M ring. We sorted and
aligned the M-ring images by using multireference alignment
against projections of 3D models having 21- to 28-fold symme-
try. No examples of 21-, 22-, 27-, or 28-fold symmetry were
identified. There were some images that fell into the 23-fold

symmetry class. The average of these, however, corresponded
to a highly tilted view of the structure (data not shown). No
further processing of the 23-fold class was carried out. The
class corresponding to 25-fold symmetry had the most mem-
bers, with fewer but about equal numbers in the classes corre-
sponding to 24-fold and 26-fold symmetry (Table 1). We found
no obvious correlation between the symmetry of the M ring
and the symmetry of the C ring.

There were sufficient numbers to allow reconstruction of 24-,
25-, and 26-fold M rings. The 24-fold M ring has the smallest
diameter and the 26-fold M ring the largest (Fig. 7). The 24-,
25-, and 26-fold M rings have diameters of �28 nm, 29 nm, and
30 nm, respectively, and the S rings have diameters of 23.3 nm,
23.8 nm, and 24.3 nm, respectively. At the periphery of the

FIG. 5. Class averages and variances of the C ring. Images of the
hook-basal body complexes were sorted into classes based on the
symmetry of the C ring (see Materials and Methods). The members of
each symmetry class were averaged (left column) and the variances
calculated (right column). Note how low the variance is for the sorted
C rings compared to the high variance seen when the C rings (rows A
and B) are averaged without sorting. The C rings are aligned on the
rightmost feature (arrowhead at right top). The line along the left side
accentuates the decrease of diameter with symmetry, as expected from
the results of Young et al. (51) Row A shows the average of all the
averaged images when aligned on the right-side feature. The left-side
feature, as expected, is blurred. Note the variance in row A is low on
the right and high on the left due to the misalignment of left-side
features. Row B is an average over all images independent of symme-
try. The alignment in this case was done using whole C rings. The
variance is high because of the variation in diameter present when the
averaged C rings have not been sorted according to symmetry.

TABLE 1. Numbers of images belonging to the various
symmetry classes

C-ring symmetry

No. of images with M-ring
symmetry of: Total for C ringsa

23 24 25 26

32 2 1 3 1 8
33 2 4 12 11 38
34 17 27 30 25 95
35 6 11 27 11 68
36 2 1 8 4 15

Total for M ringsa 33 47 90 55 225/224

a The table gives the numbers of members in each symmetry class. The reason
that the total for the M rings is different from the total for the C rings is that not
all HBBs with M rings had C rings and not all C rings had useable M rings. All
useable rings were included even though not all images had both M and C rings
that were useable.
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cytoplasmic face of the M ring, there are lobes of density about
5.5 nm in radial depth, 5.5 nm in height, and spaced about 3.5
nm apart. Inside this ring of lobes lies a featureless ring of
density 2.5 nm in cross section and centered at a radius of 7.8
nm (Fig. 7). At the center is a protrusion, which is seen in all
M-ring averages and reconstructions although it is somewhat
variable in appearance. The inner ring and protrusion may
correspond to part of the export apparatus. The S ring and the
sheath or collar, which enclose the rod, are relatively feature-
less, perhaps because of insufficient resolution. There is an
indentation in the sheath where it meets the LP rings. The rod
(not shown) is concealed within the S, P, and L rings; the
morphological features of the rod are not accurate because the
reconstruction process uses rotational, not helical, symmetry.

Reconstructions of motors with specific symmetry combina-
tions. Because we can separately classify C rings and M rings
according to symmetry, we can select a subset of HBBs in

which all the C rings from a single symmetry class (e.g., 35-
fold) have M rings with a single symmetry (e.g., 25-fold sym-
metry). The images in these subsets were rewindowed from the
micrographs with a larger window that allows both the C and
M rings to be aligned and reconstructed within the same vol-
ume and keeps the same origin. Five such subsets had enough
images to generate reconstructions.

One subset had 35-fold C rings with 25-fold M rings. This
class was chosen because both the M and C rings had fivefold
symmetry in common, which allowed us to do fivefold averag-
ing. Briefly, the images containing both the C ring and the M
ring were aligned first to reference projections of only the
35-fold C-ring portion of the image and then to reference
projections of only the 25-fold M ring. Two separate recon-
structions were then carried out from the same subset of im-
ages, one using the parameters determined by alignment to the
M-ring reference set and one using the parameters determined
from alignment to the C-ring reference set. The resultant 3D
maps were fivefold symmetrized. We determined the symme-
try of the rings by summing serial axial sections from each
map and then used rotational autocorrelation to discover
the repeating features and hence the symmetry (Fig. 8). As
expected, 25 equally spaced peaks were found for the M ring
and 35 equally spaced peaks were found for outer features
of the C ring. The inner ring of the C ring, the feature
closest to the M ring, was found to have 25-fold symmetry,
whereas the outer ring present in the same sections was
found to have 35-fold symmetry. In all cases, either 25 or 35
equally spaced peaks were found; no other symmetries were
detected by our protocol.

We also aligned and reconstructed the other combina-
tions of C-ring and M-ring symmetries: (33,25), (34,24),
(34,25), and (34,26). The appearances of the C-ring and
M-ring reconstructions are generally the same as when they
are independently reconstructed (Fig. 6 and 7). In all cases,
the inner ring of the C ring is featureless (Fig. 6 and 9a and c) in

FIG. 6. Surface views of the 3D maps of the C rings from the 33-, 34-, and 35-fold symmetry classes. (Left) Side view of the C rings. (Middle)
Views looking down from the top. (Right) Views looking up from the bottom. Note that the all parts of the C ring have a strong periodicity except
for the innermost ring (arrows in center row).

FIG. 7. Surface views of the 3D maps of the M rings from the 24-,
25-, and 26-fold symmetry classes. The arrows point to an inner feature
that might be a part of the export apparatus.
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reconstructions when the C-ring symmetry is applied. When
the M-ring symmetry is applied, the inner ring of the C ring is
structured (Fig. 9b).

DISCUSSION

An interesting aspect of the motor is whether the CW-
locked motor differs in structure from that of the wild-type
motor. The 2D averages shown in Fig. 5 show no discernible
differences from comparable 2D averages from wild-type
HBBs (Fig. 1 and 2 in reference 41). Such differences may be
revealed in 3D maps, but that remains for the future.

To sort the images of the C rings according to their symme-
try, we constructed a series of models with a symmetry range
and subunit repeat based on parameters and symmetry distri-
butions determined in previous studies (42, 51) and from an-
alyzing the rare top views found within the data set. Thus, our
3D reference models had the right symmetries with correct
dimensions. The same was not the case for the M ring, for
which we had no such results. There was evidence that the M
ring had approximately 26-fold symmetry (15, 39), but we had
no way to tie M-ring symmetry to M-ring diameter. In our
multireference alignment, the reference images vary by both
symmetry and diameter, which are coupled. It was therefore
possible that the computer programs were sorting based on
M-ring diameter rather than on M-ring symmetry. It was an
important confirmation that the M ring was found to be 25-fold
symmetric when images in the (25,35) symmetry class were
aligned using just the C-ring reference, followed by 5-fold
symmetrization (see Materials and Methods). Moreover, the
azimuthal features of the inner domain of the C ring were
always strengthened when the symmetry and alignment we had
determined for the M ring were applied to this feature. It is
important to note that the average M ring has 25-fold symme-
try, not 26-fold, even though 26-fold symmetry was assumed
for the “average” starting model. We conclude that our algo-
rithm does sort according to symmetry and not just diameter.

The M ring and FliG. At a minimum, the complete M ring
contains FliF and probably components of the export appara-

tus (10, 30). We find that the M-ring symmetry varies from
24-fold to 26-fold. This is similar to the variation in the sym-
metry of the type III secretion complex, which is a structure
related to the basal body. In the type III complex, however, the
variation is from 20- to 22-fold. A 3D reconstruction of the M
ring has been published by Suzuki et al. (39) Using ammonium
molybdate as a cryonegative stain, they examined M rings
assembled from the expression of FliF or FliF and FliG in the
absence of any other flagellar proteins such as the export
proteins or FliM and FliN. They reported one symmetry class,
which had 26-fold symmetry; this differs from our finding of
24-, 25-, and 26-fold symmetric classes. The diameter of the S
ring in their map was 24 nm, which is the same as that in our
map of the 26-fold-symmetric structure, but the M ring in their
map had a diameter of 24 nm whereas the M ring in our map

FIG. 8. Plot of the angular positions of the peaks detected in the
3D map of the symmetry class having 35-fold C rings and 25-fold M
rings. In the reconstruction only the common fivefold symmetry was
enforced. Rotational autocorrelation was used to determine the sym-
metry (see Materials and Methods). Shown are the positions of peaks
in the autocorrelation map of the M ring (M), C ring (C), outer ring of
the C ring (O), and the inner ring of the C ring (I). The lowercase m
or c refers to whether the reference used in alignment was the M-ring
or C-ring reference. Independent of which reference was used, there
are 35 peaks for the C ring except for its inner ring, which has 25 peaks
as does the M ring.

FIG. 9. (a to d) Maps of the M and C rings made from the class of
images having 25-fold M rings and 34-fold C rings. In panels a and c,
the 34-fold C-ring symmetry is enforced on both the M and C rings.
Note that the innermost lobe of the C ring (arrow) is weaker and
relatively featureless. Note also that the M ring appears smaller be-
cause the misaveraged density is weaker. In panels b and d, the M-ring
symmetry is enforced on both the M and C rings. Note that the
features of the innermost ring of the C ring are strengthened and rest
of the C ring features are lost. (e to g) Views from the bottom of the
3D map made from images having 33-fold C rings and 25-fold M rings,
34-fold C rings and 25-fold M rings, and 35-fold C rings and 25-fold M
rings, respectively. (h to j) Side views of the maps in panels e to g. The
inner ring of the C ring has had M-ring symmetry enforced. Note that
there is an increasing upward tilt of the features in the inner ring of the
C ring (arrows) as the C ring increases in diameter while the diameter
of M ring remains unchanged.
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had a diameter of 30 nm. They suggest that the difference is
likely due to the presence of FliG. Although Suzuki et al.
generated maps of the FliF-FliG ring complex, the diameter
increased only to about 26 nm, smaller than the diameter in
our map. The M-ring structure determined by them is thinner
than that in the wild-type structure (see Fig. 4 in reference 39),
and little extra density can be seen in the reconstruction of their
FliF-FliG M ring relative to that of the FliF-only M ring. They
suggest that the discrepancy between the M-ring diameter that
they measure and the diameter determined from wild-type mo-
tors is due to disorder in FliG, which is assembled in the absence
of the stabilizing C ring. These conclusions are in line with earlier
studies also comparing basal bodies with and without FliG. In
that work, the loss of FliG led to a loss of density on the M ring
(41). Thus, the evidence on hand argues that part of FliG
occupies the outer rim and face of the M ring, whereas the
remaining part, which can be disordered in the absence of the
C ring, is likely a part of the C ring. One alternative model in
which FliG is found entirely in the C ring (23), although not
ruled out, seems much less likely to us.

The C ring. We find that the symmetry of the bulk of the C
ring varies from 32-fold to 36-fold. Young et al. (51), who
generated basal bodies by overexpressing FliF, FliG, FliM, and
FliN, found a range of symmetries from 31- to 38-fold, with a
peak in the population between 34-and 35-fold. We also found
the peak to lie between these two values. Because we had fewer
particles, we did not look for 31-, 37-, and 38-fold classes,
which Young et al. found to be rare.

Not all the features of the C ring possessed the same sym-
metry. Our results indicate that the inner lobe of the C ring,
which lies closet to the M ring, has the symmetry of the M ring
rather than that of the rest of the C ring. This could occur if the
inner domain corresponded to a domain of either FliF or FliG.
FliG binds to the cytoplasmic face of FliF. Because FliF is a
transmembrane protein that nucleates the assembly of the
other components of the flagellum, it defines the symmetry of
the M ring. FliM is a component of the C ring and does not
contribute to the M ring (12, 41). FliM interacts with FliG and
FliN but not with FliF, and FliN does not interact with FliF.
Therefore, the most plausible conclusion is that the inner do-
main of the C ring, which has the symmetry of the M ring, is a
domain of FliG. Residues within the first 46 amino acids of
FliG are required for binding to FliF (20) and thus are likely to
be in the M ring. The C-terminal (motor) and middle domains
of FliG are candidates that could make up part of the C ring.

If the C-terminal domain and possibly the middle domain of
FliG are indeed part of the C ring, the key domains for torque
generation and switching are all part of the C ring. This is
intuitively more satisfying than having the motor domain of
FliG in the M ring, because if the motor domain of FliG were
in the M ring, how would the link between the M and C rings
transmit to FliG the signal generated by the binding of phos-
pho-CheY to FliM? Recall that this link must accommodate
differences in the diameters of the C ring and M ring, differ-
ences due to the variation in symmetry. Clearly, a tight com-
plex of the FliM with the motor domain of FliG in the C ring
can provide a mechanical pathway for signal transmission.

There is evidence that FliG extends beyond the M ring.
First, in images of negatively stained preparations, the M rings
of HBBs containing FliG, but not FliM or FliN, appear much

thicker than they do when the C ring is present (11, 12). This
extra density extends into the region that would be occupied by
the C ring were it present. Second, material can be seen con-
necting the outer rim, which we argue is the FliG portion of the
M ring (39, 41), to the inner lobe in the C ring. Third, in one
particular preparation of HBBs lacking C rings, a thin ring
below the M ring at about the position of the inner lobe of the
C ring was observed (D. G. Morgan, R. M. Macnab, N. R.
Francis, and D. J. DeRosier, unpublished observation). The
diameter of the ring was about the same as that of the M ring
and smaller than that of the C ring. It is plausible that domains
of FliG, freed from their interactions with FliM and FliN in the
C ring, formed this extra ring. Thus, all the evidence taken
together suggests that a portion of FliG contributes to features
in the C ring.

The most obvious hypothesis is that the C-terminal or motor
domain of FliG makes up the inner lobe of the C ring. This is
one of two hypotheses proposed by Lowder et al. (23). The
outer lobe would be a domain of FliM. Both FliG and FliM
have been shown to interact weakly with the MotA-MotB
complex (40), and this organization would permit both inter-
actions.

The other hypothesis suggested by Lowder et al., and also by
Brown et al. (5), places the motor domain of FliG in the outer
lobe of the C ring, where it can interact both with FliM and
with the MotA-MotB complex. The remainder of FliG makes
up the inner lobe of the C ring. This arrangement of FliG
domains puts FliM in contact with both the middle and C-
terminal domains of FliG. The interaction of these two FliG
domains with FliM is supported by mutational studies (27).
The nearly invisible connection between the M and C rings in
this model would be formed by residues from FliF.

Is the model of Brown et al. (5) consistent with the structural
results we present; that is, can the two domains of FliG give
rise to features with two different symmetries? If the C-termi-
nal domain of FliG is tightly bound to FliM, it could give rise
to the outer lobe of the C ring. It would appear as decoration
of FliM but with partial occupancy. In this case the outer lobe
would appear to have the symmetry of the C ring, but the
density would be weaker than expected, reduced by �30% due
to partial occupancy. The middle domain would be strung
between the outer lobe of the C ring and the M ring, where it
could, at least in principle, retain the symmetry of the M ring.

Cross-linking data favor the placement of the middle do-
main of FliG in the M ring. Four pairwise cysteine substitu-
tions of FliG middle domain residues, which are 117C/166C,
120C/166C or 120C/170C, and 117C/170C, result in formation
of dimers and higher oligomers in the presence of iodine,
which promotes the formation of cystine (23). The pairs of
cysteine residues are on opposite sides of the domain, 2.8 nm
apart, where they cannot form intrasubunit cross-links. In-
stead, they form intersubunit cross-links leading to oligomer-
ization. If there were a ring of 25 middle domains all within
cross-linking distance, the radius of the ring containing these
domains would be 13.5 nm (23), which is within the 14- to
15-nm outer radius of the M ring. In contrast, the innermost
feature of the C ring is centered at a radius of 16.5 nm. At this
radius, the cysteine residues would seem to be too far apart to
be cross-linked. Lowder et al. (23), however, suggest that there
might be sufficient flexibility in the structure that cross-linking
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is possible even if the middle domain lies at a radius of 16.5
nm. Again the most obvious hypothesis is that the middle
domain of FliG lies in the M ring, although the alternative
cannot be ruled out.

Possible dockings of atomic models into the 3D structure.
We have carried out a docking of the two domains of FliG into
the map (Fig. 10). We chose to put the motor domain of FliG
into the inner lobe of the C ring and the middle domain into
the M ring. We placed the motor domain in a manner which
fits the density without steric clashes while allowing the con-
nection to the C-terminal end of helix E to be made without
large rearrangements. The key charged residues are accessible
for interactions with MotA if MotA were to bind between FliG
subunits. We do not know how MotA and FliG will interact or
what the interface will look like; the docking is shown to
provide a visual framework for discussion. The middle domain
is oriented to bring the cysteine pairs that form cross-links in
the study of Lowder et al. (23) within reach of one another.
The stretch of residues forming the alpha helix connecting the
middle and C-terminal domains is long enough to span the gap
between the inner ring of the C ring and the M ring without

perturbing the alpha helix. We left it as an alpha helix, though
it is unlikely to remain so, lacking some stabilizing contacts.

There are no labeling data to tell us for sure which features
of the C ring correspond to FliM or FliN. There are atomic
models for the C-terminal domain of FliN from Thermotoga
maritima and a homologue of FliN from the type III secretion
system of P. syringae, HrcQBC (9). Docking the atomic models
into our density does provide some clues about the possible
organization of FliN. The structures of FliN and HrcQBC are
very similar, but the former form is a dimer both in the crystal
and in solution, whereas the latter is a tetramer. FliN from E.
coli has been found to be a tetramer in solution (6). FliN is
present in the C ring as a trimer or tetramer (6, 52). Two
dimers from the atomic model for FliN can be fit in the lower
spiral-shaped domain, forming a tetramer. The HrcQBC tet-
ramer fits only in the thin walled domain separating the spiral
domain at the bottom from the upper pair of lobes. The C-
terminal region of FliM has homology to the C-terminal por-
tion of FliN present in the crystal structure and is required for
binding FliN (28, 44). FliM expressed alone forms inclusion
bodies, but it can be recovered intact when expressed together
with FliN (6, 31, 47). It is intriguing to imagine that in complex
with FliM, FliN occurs as a trimer and the fourth partner in a
possible tetramer is the N-terminal domain of FliM.

Paul and Blair (32) have performed cross-linking studies of
FliN and propose that the disk of FliN composed of two FliN
dimers seen in the FliN crystal structure (6) is most consistent
with their results and that this disk would fit into the ring-like
features at the cytoplasmic face of the C ring. The rings are
features seen in projections (2D averages of the images). In 3D
this ring-like feature is a spiral running around the cytoplasmic
face of the C ring. The tetramers would have to be opened to
form a lock washer structure, which would then fit into the
spiral. In the absence of labels for FliN, we can at best narrow
down the location of FliN to the lower two-thirds of the C ring.

The MotA-MotB Complex, the putative stator. Based on the
work of Braun et al. (4)and Kojima and Blair, (21) we built a

FIG. 10. A stereo pair showing a possible docking of the two do-
mains of FliG into the map from the class having 34-fold C rings and
25-fold M rings. The fit was performed by eye using the graphics
program O (16). The Protein Data Bank accession number for this
fragment of FliG is 1LKV (5). The motor domain of FliG is docked
into the inner ring feature of the C ring, and the middle domain is
docked into the M ring. One FliG subunit is shown in green and the
rest in red.

FIG. 11. Two views of the rotor with a model for the stator. The part of the rotor that we attribute to FliF is shown in yellow, the part we
attribute to FliG is in red, and the part of the C ring that we hypothesize to contain FliM and FliN is in blue. The stator, which contains MotA
and MotB, is in pink and is based on the model of Braun et al. (4). Only eight stators are shown, although more can be fit around the periphery
of the rotor.
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model to see how the rotor could interact with the stator. The
four MotA subunits were each modeled as four transmem-
brane, four-helix bundles packed around two single transmem-
brane helices representing MotB. The cytoplasmic domain of
MotA and the periplasmic domains of MotB were not in-
cluded, since no structural information is available. The model
was low-pass filtered at a resolution of 2 nm in our maps. Eight
complexes could be easily placed around the rotor (Fig. 11),
and perhaps three or four more complexes could be accom-
modated. The stator complex can fit easily into the space ad-
jacent to the M ring in the membrane and above the two lobes
of the C ring. At least two of the �35 subunits from the C ring
and two of the �24 subunits from the M ring can be in contact
with one MotA-MotB complex in this model.

HBB symmetry and the angular step size of the motor.
Recently the angular step increment has been determined for
motor rotation by using a chimera where the rotor proteins of
E. coli are driven by the sodium-powered MotA/MotB homo-
logues from Vibrio alginolyticus, PomA/PomB (36). The use of
the sodium-powered stators allowed fine control of the sodium
motive force across the membrane, which achieved slow step-
ping. The angular step size for rotation in the absence of CheY
is 13.8°, which corresponds to �26 steps per rotation. Back-
wards steps, which occurred infrequently in the absence of
switching, were about ��10.3°, which corresponds to 1/35 of a
revolution. These two step sizes may be telling us that both the
C-ring and M-ring symmetries are reflected in the operation of
the motor.

We have shown that the symmetry and hence subunit com-
position in native flagellar rotors is variable and that variation
in the C-ring symmetry is uncoupled or at best weakly coupled
from variations in the M-ring symmetry. We have further ev-
idence that FliG contributes to both the M and C ring and is
therefore responsible for the linkage holding the two rings
together.
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