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Abstract

The bacterial flagellar motor is an amazing nanomachine: Built from about 25 different
proteins, it uses an electrochemical ion gradient to drive rotation at speeds normally
around 60 Hz[1-3] in E. coli. The flagellar motor consists of a fixed, membrane-
embedded, torque-generating stator and a typically bidirectional, spinning rotor that
changes direction in response to chemotactic signals. While previous structural work has
targeted the purified rotor from proteobacteria[4-6] or the in situ spirochete flagellar
motor[7], little is known about the more typical stator from extracellular flagellar motors.
Using electron cryotomography of whole cells, here we show the in situ structure of the
complete flagellar motor from the betaproteobacteria Hylemonella gracilis at 6.5 nm
resolution. Fifty-nine individual motor particles were computationally extracted from the
reconstructions, aligned, and then averaged. The stator assembly possessed 11-, 12-, and
13-fold symmetry; lay next to the rotor; and was connected directly to the C ring. The
stator studs were as large as the expected volume of two OmpA domains. Two novel
structures were observed: an extended E collar around the P ring, and a transport (TA)

ring under the rotor.

Introduction

The bacterial flagellar motor excites considerable interest because of the ordered
expression of its genes, its regulated self-assembly, the complex interactions of its many
proteins, and its startling mechanical abilities. Stator proteins MotA and MotB form a
ring of "studs" within and above the inner membrane that couple the passage of protons

across the membrane to the generation of torque[ 1, 2]. Above the membrane, MotB has a
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peptidoglycan-binding domain that presumably holds the stator in place by binding to the
globally cross-linked peptidoglycan layer[1, 2]. Below the membrane, the cytoplasmic
loops of MotA are believed to spin a wheel of FliG molecules, which like radial spokes
extend roughly parallel to the membrane from the rotor in the middle to just below MotA
on the periphery[1]. Proteinaceous P and L rings serve as bearings to facilitate the
rotation of the rod within the peptidoglycan and outer membranes, respectively[1, 2].
Inside the cell and below FliG lies the C ring, which regulates the direction of rotation in

response to the chemotactic system[1, 2].

Flagellar basal bodies containing the rotor, rod, and sometimes the C ring have
been purified and reconstructed by electron cryomicroscopy-based single particle
analysis[4, 8, 9]. The Salmonella rotor possessed a mean symmetry of 25[6] or 26[10]
while its C ring possessed a mean symmetry of 34[6, 11]. Because the stators do not co-
purify with the rotor, however, little is known about Salmonella’s stator structure and
interactions with the rest of the motor. Patterns of stator studs have been seen in 2D,
freeze-etch images, but the interpretation of these images is difficult and the maximum
number of studs has been reported as either 12 or 16, depending on the species[12-15].
For the former group, the number of studs ranged between 10 and 12. 7. primitia had 16
studs, whose volumes were each twenty times larger than MotB’s 2 OmpA domains|[7].
The number of torque-generating units has been reported as either 8 or at least 11[2, 3,
16]. 2-D cryo-EM images of purified PomA/PomB complexes (homologs of MotA and
MotB) from V. alginolyticus have revealed an ~ 70 A long, thin extension above the

membrane[17].
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Results and Discussion

Here we report the complete structure of the Hylemonella gracilis flagellar motor
obtained by electron cryotomography. H. gracilis was chosen because it is 250 nm wide
and is a bipolar, lophotrichous spirillum with one to four flagella per tip, which
maximizes the number of motors per reconstruction. It is also a betaproteobacteria and
so is more related to the motors of the gammaproteobacteria Salmonella and E. coli than
T. primitia is. Fifteen tomographic reconstructions were made from tilt-series of cells
that were frozen in vitreous ice (Fig. V-1). The cell had flagellar motors, probable
chemotaxis receptor arrays, a ribosome-free region that may be the nucleoid, ribosome-
like particles and oddly, some cells had flagella-like filaments mistakenly located in their
cytoplasm (Fig. V-1). The tilt-series were CTF corrected[18] (see Supp. Fig. V-S1), but
no improvement in the resolution of the final structure was detected compared to
uncorrected reconstructions. From the tomograms, fifty-nine flagellar motor particles
were computationally extracted, aligned, and averaged (Fig. V-2). In some individual
particles, symmetry elements were visible (Fig. V-2a), but clearer results emerged from

the average (Fig. V-2e).

Several components of the individual, aligned particles were tested for rotational
symmetry. With one method, the rotational correlation of 3-D volumes containing the
motor components was calculated in real-space, and in their averaged 1-D power
spectrum, only 13-fold symmetry was detected and only in the stator regions both above
and below the inner membrane (See Supplementary Fig. V-2a). The symmetry of the

other components was presumably undetectable because of the low resolution. The
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average of all particles was thus 13-fold symmetrized (Fig. V-2f). The isosurface of this
final “homogenous” structure is shown in Fig. V-3. The contour plot of the
homogeneous motor and its 99% confidence interval is shown in Supp. Fig. V-S5 and V-
S6. At the lower limit, the stator studs and stator connection regions disappear, so they

have lower significance than other features.

Using the program ROTASTAT([19], the rotational correlation of individual 2-D
images made by binning 3-D volumes in z was calculated in reciprocal space and judged
for statistical significance. 11-, 12-, and 13-fold symmetry was detected with
significance in the stator stud region above and in the membrane, and 12- and 13-fold
symmetry was detected in the stator connections region below the membrane. The
particles displaying strong symmetry were classified according to their stator symmetry.
The 1-D power spectrum of the three symmetry classes and the unclassified group is
shown in Supplementary Fig. V-2b. 13-fold symmetry appears to be dominant. The
strongly 12-fold and 13-fold symmetric classes were then separately aligned, averaged,
and symmetrized accordingly. The 12-fold class had eighteen members and the 13-fold
class fifteen. The separate averages and symmetrized averages are shown in Supp. Fig.
V-S3. The 13-fold class had more contrast-rich stator symmetry elements than the 12-
fold group (cf. slices 8 and 9 in each panel of Supp. Fig. V-S3). The isosurfaces of the
two “heterogeneous” final structures are shown in Supp. Fig. V-S4. In line with recent
functional studies[3], the stator symmetry was at least 11. 8-fold symmetry was not

detected.
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The final, homogeneous, H. gracilis structure has thirteen studs emerging from its
stator region (marked S in Fig. V-3b) that each fill a volume expected for the two OmpA
domains of the two MotB proteins, unlike 7. primitia, whose sixteen stator studs were
each twenty times larger[7]. The separate 13-fold class also has prominent stator stud
density that resembles the homogeneous structure, but the studs of the 12-fold class do
not extend much from the membrane (Supp. Fig. V-S4). Either the 12-fold class happens
to lack density, or perhaps they are truly 13-fold but have been misclassified because of
low contrast. Henceforth, the homogeneous structure will be the focus. The studs extend
~ 8 nm from the membrane (Fig. V-4c¢), which is similar to the 7 nm length seen with
Vibrio alginolyticus stators embedded in liposomes[17]. The center-to-center diameter of
the studs above the IM is ~ 48—51 nm and the diameter of the stator connections below
the IM is 42 nm, so the stators lean out ~ 16° from the center axis. The central arc length
per stator is ~ 12 nm, which is large enough to accommodate the predicted dimensions of
one (MotA)4(MotB); stator unit[20]. The center-to-center diameter of the 12-fold studs
has nearly identical dimensions. The studs are right above the stator connection density

(bridging density #1 in Fig. V-3b) and do not lean CCW like T. primitia’s[7].

The stators interact with the C ring (C in Fig. V-3b) and at least lie next to, if not
interact with, the rotor (R). It is at connection #1 where the predicted, force-generating
interaction between MotB and F1iG of the C ring probably occurs. As in 7. primitia, the
bridging density links the stators to the outer, not the inner, rim of the C ring, in line with
predictions about the position of FliG upon FliM of the C ring[21]. The C ring
dimensions are comparable to those of Sa/monella[6], but narrower in diameter than 7.

primitia’s (Fig. V-4). It is more bulbous at its bottom, thin in the middle, and wider at its
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top. It sits ~ 4 nm below the IM. The bulk of the stator and the rotor (R in Fig. V-3b) is

embedded in the membrane and so its borders are indistinguishable from the IM and each
other, so no discrete connections are seen between stator and rotor. The edges of these
components in Fig. V-4a are conjectured. The H.g. rotor is disk-shaped and has a
smoother bottom than Salmonella’s. Perhaps some loosely bound proteins were removed
during the biochemical isolation of Salmonella’s basal body to make the rotor’s bottom
bumpy. The approximate dimensions of the H.g. rotor (see Figs. 3b and 4c) are more
comparable to Salmonella’s isolated basal body than are 7. primitia’s. The rotor has both
a supermembranous S ring and a membrane-embedded M ring, and in Salmonella, its
respective dimensions are 24 nm and 29 nm[6], while in 7. primitia they are 24 and 38

nm|[7].

From the top of the rotor emerges the rod, which extends through the P ring (P) and
presumably the L ring (L), though its density is continuous with the outer membrane
(OM) and thus indistinguishable. In individual particles, the OM puckers inward toward
the L ring (See Fig. V-2 b—d and Supp. Fig. V-S6), but in the average, the density is
spread, presumably by randomly oriented hooks. A novel extended (E) collar lies beside
the P ring and above the stator studs. At a more generous density threshold, a
peptidoglycan-like density is visible between the membranes and is in line with the E
collar (see Supp. Fig. V-S5). The E collar may serve as an additional bushing to aid
rotation in the PG layer or as a spacer to prevent crowding of the numerous flagellar

motors located at each narrow cell tip.
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Below the rotor are two features with high density and low variance but with no
noticeable connecting densities: a novel transport (TA) ring and an export mass. The
export mass may be a ribosome parked below the rotor feeding flagellin monomers
through the TA ring and rotor. The TA ring and export mass may be loosely bound to the
C ring or rotor or both because they are absent from the in vitro basal body. Both are also
present in the reconstructed flagellar motors from 7. primitia and Vibrio cholerae (see
Chapter 6) so their presence is not unusual. Many of the flagellar export apparatus
proteins are thought to be embedded in the rotor, but FliH, I and J are located in the
cytoplasm[22, 23]. FliM and FIiN of the C ring bind FliJ and FliH, which in turn bind
Flil. Flil is the principal export ATPase and each monomer is 50 kDa and forms a
hexameric ring[24]. Assuming typical densities for proteins, were the monomer
spherical, it would have a diameter of 5 nm, which is comparable to the TA ring’s height.
Dividing the ring into six sections, the arc length taken at the radius of the densest TA
ring center is 5.5 nm, so it is plausible that the TA ring consists of a hexamer of Flil plus

additional bound proteins.

The gap between the rotor and the tip of the inner face of the C ring is 6.5 nm,
which is comparable to the 8§ nm distance seen in 7. primitia, but which is approximately
three times longer than the ~ 2 nm gap seen in the in vitro Salmonella basal body[4] (see
star in Fig. V-4a-b). It is believed that the rotor is connected to the C ring by FliG,
whose N-terminal domain binds the rotor and whose middle and C-terminal domains bind
atop FliM of the C ring[21]. Others place the middle domain on the rotor and have the 2
nm gap spanned by one alpha helix[6], but the gap seems too large in in situ motors to be

connected that way. The similarity of FliG proteins across species[7] would suggest that
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the principle cause of the discrepancy is that without the stators, whatever tether connects
rotor and C ring slackens, whereas with the stators, the MotA cytoplasmic domains may
push the C ring down and stretch the tether taut (Fig. V-4a—b). Illustrative of this is the
manual-fitting of the Sa/monella basal body[6] into the H. gracilis map in Fig. V-5,
where the C ring only fit after it was lowered 4 nm from the rotor. Perhaps taut

connections are necessary to insure rapid rotation and switching rates.

Methods

Hylemonella gracilis was cultivated from a rotten lily taken from a Caltech pond by
placing a drop of liquid upon a 0.22 micron filter resting atop agar containing 10 mM
MOPS pH 7. 0 and 0.5 g tryptone and 0.5 g yeast extract per liter. Colonies appeared
several weeks later. The 16S rRNA was sequenced from a liquid culture and found to be
identical to Hylemonella gracilis. Cultures were grown in the above media without
MOPS for two days and only reached an O.D. of 0.05. The cells were checked for
motility with a light microscope. The cells were then centrifuged and concentrated ten-

fold in the same media, then frozen in vitreous ice with a Vitrobot (FEI Company).

Tilt series were collected using a 300 keV FEI Polara FEG TEM automated by
UCSF Tomo [25]. The step size was 0.9° and ranged on average from —63° to 60°. The
magnification was 34,000 (0.67 nm/pixel) and the total dose was typically ~ 78 ¢/A?,
distributed according to the 1/cos scheme. The nominal defocus was 12 um. TOMOCTF
was used to estimate the experimental defocus by creating a periodogram to which a
theoretical CTF was fit[18]. The tilt-series were CTF corrected using phase flipping.

The actual defocus ranged from 7.5 um to 12 um with a mean of 10 um (first CTF zero at
4.5 nm). Supplementary Figure V-S1 shows a CTF curve fit to one periodogram. Both

the corrected and uncorrected tilt-series were reconstructed and were filtered with a
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Gaussian falloff starting either at the first CTF zero or where the experimental CTF
amplitude fell below 0.1. The tilt-series were binned two-fold (1.34 nm/pixel) and the

tomograms were reconstructed using IMOD [26].

Fifty-nine good motor particles were computationally extracted from fifteen
reconstructions in an 88 pixel, cubic volume. All were aligned in reciprocal space to the
best-looking particle, using a missing-wedge mask and no object-specific real-space
mask, using Bsoft’s bfind program[27] and the Peach distributed computing system[28].
Alignments took around a day per particle. Each aligned particle was then refined to
each particle to create fifty-nine separate averages, which were then refined to the best-
looking average to create a second average, which was oriented upon the z-axis. All
particles were then refined to this average to generate a third average. The dominating

stator symmetry was visually 13-fold.

Rotational symmetry was detected in two ways. The E collar, P ring, rotor, stator, C
ring, and TA ring components were computationally extracted with annular masks. The
rotational correlation of the 3-D volumes was computed in real space for all six
components of all particles, and from the matrix of coefficients versus angle, a 180 point,
1-D power spectrum was calculated. The individual spectra were then averaged for each
component. Only 13-fold symmetry was detected and only in the stator regions. See
Supplementary Fig. V-S2. Subsequently, the third average was 13-fold symmetrized,
effectively smoothing all other apparently symmetry-less components. This symmetrized
average was used as a template to again refine the alignment of all particles to create the

final homogeneous average.

Rotational symmetry was also determined using ROTASTAT[19]. 2D images were
generated by binning in z certain regions of the third average containing the different

motor components. The “background” to which the sample images were compared was



V-11

taken from the relatively empty region between the E collar and OM. The rotational
symmetry was calculated in reciprocal space and tested for statistical significance. Only
the stator regions above and below the membrane had symmetry. The region above
showed 11-, 12-, and 13-fold symmetry and the region below showed 12- and 13-fold
symmetry. The region above was used to classify particles. Only those particles that
displayed strong symmetry (more than 2-fold intensity ratio of foreground to background
for a certain symmetry compared to other symmetries) were classified. The 11-fold class
had 4 members, the 12-fold 18, the 13-fold 15, and those not strongly symmetric had 22
members. The symmetry of the two stator regions should match, but only 9 of 32 stator-
connection predictions were identical to the stator stud region. In order to plot the
symmetry of these different classes, the 1-D power spectrum was calculated as above (see
Supplementary Fig. V-S2). The 12-fold class had a weaker intensity than the others. The
unclassified group also had peak intensity at a symmetry of 13. Separate alignments of
the 12- and 13-fold groups were made and symmetrized accordingly. Since the 12-fold
group had lower intensity and lacked stator stud features, the homogeneous 13-fold group

was focused upon.

In order to determine the resolution, even and odd particles were again separately
aligned as above, averaged, and symmetrized 13-fold. The resolution of the entire map,
including the variable membrane and cytoplasmic areas, was estimated to be 6.5 nm
using the 0.5 criterion of the FSC test. The resolution of the stator and rotor region
isolated with a cylindrical mask with a 3-pixel Gaussian falloff edgewidth was 5 nm, so
the stator and rotor region probably has a higher resolution than the whole map. CTF
correction did not improve the resolution because averages generated from particles taken
from the same cells but without corrected tilt-series had the same resolution. In order to
determine the statistical significance of features, a 99% confidence interval was

calculated (Supplementary Fig. V-S6)[29]. The standard error map for the final
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alignment average was generated. The student t-test equation was rearranged so that the
true mean lies between two extremes: the experimental mean + the standard error map
times t, whose value for 59 particles for a two-tailed test at a 99% confidence level is
2.662. The extremes were then symmetrized and rescaled to have the same mean and
standard deviation as the final structure, then contoured at the same level. Isosurfaces

were created and distances measured with Amira (Mercury Computing Systems).
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Figure V-1. A reconstructed H. gracilis bacteria

A. The flagellar motors (1) are located at the cell tips, as are the chemotaxis
arrays (2). A ribosome-excluded region snakes through the middle (3).
Ribosome-like particles are more common near the periphery (4). Some cells
had flagellar-like filaments in their cytoplasm (5). B. Projection of the whole

reconstruction. One to four flagella extend from H. gracilis’ tip.
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Figure V-2. Sections through the average and 13-fold symmetrization of all

particles.

A. Radial section through the stator region of an individual particle at ruler height
8. Arrows point to stator symmetry elements. B. Axial section through another
individual particle. C. Axial section through the “homogeneous” mean. D.
Symmetrized mean. The sections in panels A through D are 1.34 nm-thick. E. 4
nm-thick serial sections through the mean structure. The numbered slices
correspond to the ruler beside panel D. F. 4 nm-thick serial sections through the

13-fold symmetrized mean. (All scale bars are 40 nm.)



Figure V-3. Isosurface of the averaged and 13-fold symmetrized flagellar

motor.

A. View along the membrane. B. Cutaway. The rotor (R) and stators (S) are
embedded in the inner membrane (IM) and the C ring (C) connects to the stators
through bridging density 1. The rod extends up through the P ring (P) and
presumably the L ring (L), though its density is continuous with the outer
membrane (OM). The extended collar (E) is novel and lies in the expected plane
of the peptidoglycan layer. The transport ring (TA) is also novel and may
function in assembly. The export mass may be a ribosome. C. View from the

periplasm with the OM removed and the E collar transparent. D. View from the
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cytoplasm. Notice that the stator studs and connections are both 13-fold

symmetric.
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Figure V-4. The components of the flagellar motor

A. Cartoon of the in situ, H. gracilis motor. The shape of the L ring and the
borders of the rotor and stators are conjectured because density was continuous
and inseparable from the membranes. B. The similarly colored and scaled
motor components of the in vitro, Salmonella basal body. The starred gap
between rotor and C ring is expected to be bridged by some tether, though the
gap is about three times longer in the in situ motor than the in vitro one. C.

Measurements of interesting features of the H. gracilis motor. The pink
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dimension is not to scale, but the stator studs are 5 nm wide. D. The masked-

out motor components of the H. gracilis map.
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Figure V-5. The Salmonella basal body fit into H. gracilis’ motor

The basal body fits plausibly into the in situ map only after the C ring is lowered

2.8 nm from the rotor.
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Supplementary Information
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Supplementary Figure V-S1. CTF fitting of a tilt series

From a periodogram generated from a tomographic tilt series, a theoretical CTF
curve was fit. The defocus was determined to be 10.2 um. The information
content past the first zero is low, however. The inset shows the theoretical CTF

beside the experimental periodogram.
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Supplementary Figure V-S2. Rotational power spectrum of motor parts to

determine symmetry

A. When the rotational correlation of several excised, 3-D motor regions was
calculated in real space, only 13-fold symmetry was detected, and it resided in
the stator regions. B. When the rotational power spectrum was calculated in
reciprocal space on binned, 2-D images of the same regions using Rotastat, 11-,
12-, and 13-fold symmetry was detected only in the stator regions. The power of
the stator stud region from separately classified particles is plotted individually
and compared to the power of the “background,” which came from an empty
periplasmic region from as many particles. (n.b.: Ordinates are scaled

differently.)
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Supplementary Figure V-S3. Serial sections through the 12-fold and 13-fold

class means

All sections are 4 nm thick and the numbers correspond to the ruler of Figure V-2
D. A. The 12-fold class mean. B. The 12-fold symmetrized class mean. C.
The 13-fold class mean. D. The 13-fold symmetrized class mean. (All scale

bars are 40 nm.)



Supplementary Figure V-S4. Comparative isosurfaces of the 13-fold and

12-fold classes

The 13-fold class is on the left, the 12-fold class on the right. A. View from the
periplasm. Notice that the 12-fold class lacks as much stator stud density. B.
View from the cytoplasm. The respective symmetry is maintained in the stator
region both above and below the membrane. C. View along membrane. D.

View from above. Notice the pronounced stator stud density in the 13-fold class.



Supplementary Figure V-S5. Isolines of the H. gracilis flagellar motor

The high and low densities of the symmetrized mean are represented from white
to yellow contours. The red line is the chosen contour for the presented
isosurfaces. The blue and white contours are 2 and 3 times less generous in
density, and the yellow line is 100% more generous. Notice the density in the

PG region contacts the E collar and points towards the stator studs.
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Lower Limit Symmetrized Mean Upper Limit

Supplementary Figure V-S6. Statistical confidence interval of the

homogeneous final structure

A-D show different views of three maps: the experimental, symmetrized mean
and the (subsequently symmetrized) lower and upper limits of the 99%
confidence interval. The true mean lies within these limits with the stated

confidence.



