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Electron Cryomicroscopic Visualization of PomA/B
Stator Units of the Sodium-driven Flagellar Motor
in Liposomes
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A motor protein complex of the bacterial flagellum, PomA/B from Vibrio
alginolyticus, was reconstituted into liposomes and visualized by electron
cryomicroscopy. PomA/B is a sodium channel, composed of two
membrane proteins, PomA and PomB, and converts ion flux to the rotation
of the flagellar motor. Escherichia coli and Salmonella have a homolog called
MotA/B, which utilizes proton instead of sodium ion. PomB and MotB
have a peptidoglycan-binding motif in their C-terminal region, and
therefore PomA/B and MotA/B are regarded as the stator. Energy filtering
electron cryomicroscopy enhanced the image contrast of the proteins
reconstituted into liposomes and showed that two extramembrane
domains with clearly different sizes stick out of the lipid bilayers on
opposite sides. Image analysis combined with gold labeling and deletion of
the peptidoglycan-binding motif revealed that the longer one, w70 Å long,
is likely to correspond to the periplasmic domain, and the other, about half
size, to the cytoplasmic domain.
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Introduction

The bacterial flagellum is a large macromolecular
complex, composed of about 25 different proteins. It
is used for bacterial motility by rotating the flagellar
filaments, which grow to 10–15 mm long. The rotary
motor at the base of the filament drives its rotation.
The motor structure called the flagellar basal body
crosses both the cytoplasmic and outer membrane
and continues to the extracellular structure called
the hook and the filament.1–4 The motor is powered
by the electrochemical potential of specific ions
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across the cytoplasmic membrane. Genetic and
physiological studies of the proton driven motors
of Escherichia coli and Salmonella typhimurium have
shown that two membrane proteins, MotA and
MotB, form a complex responsible for torque
generation5–8 and presumably form a proton
channel.9–11 MotA and MotB have four and one
transmembrane helices, respectively. The MotA/B
complex also functions as the stator by being
anchored to the peptidoglycan layer of the
cell through a binding motif in the periplasmic
domain of MotB.12,13 Electron micrographs of
freeze-fractured samples showed that the stator
complexes appear as a circular array of particles on
the cytoplasmic membrane, surrounding the
rotor.14,15 For torque generation, MotA/B is thought
to undergo a conformational change coupled to the
proton flux while it interacts with FliG, which is a
component of the rotor and the motor switch
complex. The switch complex, which is made of
three proteins, FliG, FliM and FliN, forms the C-ring
(Figure 1(a)), and is required for torque generation
and regulation of the switching probability of the
rotation direction of the motor.16–18
d.



Figure 1. Schematic diagrams of two types of flagellar
motors and membrane topology of PomA and PomB.
(a) A hypothetical model for the proton-driven motor in
E. coli and Salmonella (left) and the sodium-driven motor
in V. alginolyticus (right). The sodium-driven polar
flagellum of Vibrio is sheathed. The energy source for
the flagellar motor rotation is provided by an electro-
chemical potential gradient across the inner membrane.
Hypothetical functional units of the stator are (MotA)4-
(MotB)2 and (PomA)4(PomB)2.33–36 MotX and MotY co-
localize to the outer membrane and interact with PomA/
B.28,29 IM, inner membrane; PG, peptidoglycan; OM,
outer membrane. (b) Predicted membrane topology of
PomA and PomB. Black columns within the inner
membrane represent the transmembrane regions. Small
white open circles in PomB indicate the positions of three
cysteine residues (Cys8, Cys10 and Cys31). Large
extramembrane domains are represented by ellipsoids.
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Some bacteria, such as alkalophilic Bacillus and
Vibrio species use the electrochemical potential of
sodium ions to generate torque.19,20 In Vibrio, such
as Vibrio alginolyticus, Vibrio parahaemolyticus, and
Vibrio cholerae,19,20 which normally have only one
flagellum at their cellular pole, four proteins,
PomA, PomB, MotX, and MotY, have been iden-
tified and shown to be necessary for the rotation of
the polar flagellar motor. The maximum rotational
speed of the sodium-driven motor in V. alginolyticus
is w1700 Hz,21 while that of the proton-driven
motor in E. coli is w300 Hz.22,23 PomA and PomB
are homologous to MotA and MotB, respectively,
whereas paralogs of MotX and MotY24–27 are not
found in E. coli. Although the functions of MotX
and MotY are not yet clear, recent studies show that
they are located in the outer membrane and interact
with the PomA/B complex.28,29 PomA and PomB
are thought to form a sodium channel complex.
Channel blockers for mammalian epithelial sodium
ion channels such as amiloride and phenamil
specifically inhibit the rotation of the sodium-type
motor.30,31 MotA/B from E. coli can drive the polar
flagellum of V. cholerae26 and V. alginolyticus32 by
proton motive force. Also, a complex of PomA and a
chimera protein made of PomB and MotB segments
can convert a proton-driven motor into a sodium-
driven one.32 Hence, PomA/B or MotA/B deter-
mines ion specificity of the motor, and the two types
of motors must share a similar mechanism for ion-
driven torque generation. Several studies suggested
that the functional unit is (PomA)4(PomB)2 or
(MotA)4(MotB)2.

33–36 Figure 1 shows a schematic
drawing of the proton-type motor in E. coli and
Salmonella and the sodium-type motor in Vibrio and
a topology diagram of the PomA/B complex.

Despite the importance of its function, the
structural information of the stator complex is
very limited and observation of the structure has
not been reported to date except for the freeze-
fracture views.14,15 Here, we report the observation
of a purified PomA/B complex reconstituted into
liposomes by energy filtering electron cryomicro-
scopy. The image showed that two extramembrane
domains stick out of the lipid bilayers on both sides
but asymmetrically in size. Image analysis com-
bined with gold labeling and deletion of the
peptidoglycan-binding motif allowed domain
assignment of the complex.
Results

Sample preparation

The purification protocol was changed from the
previous one,37 and Chaps, instead of sucrose
monocaprate, was used to solubilize the PomA/B
complex, because Chaps was able to keep the
complex more stably (T.A. et al., unpublished
results). Gel-filtration gave a clear single peak at
550 kDa as calibrated with soluble globular proteins
used as standards. This indicates that PomA/B
forms a large complex, but smaller than that formed
in sucrose monocaprate (900 kDa).37 SDS-PAGE and
immunoblots revealed that PomA forms a stable
dimer that is resistant to SDS (the second and fifth
lane in Figure 2).38 The dimer band disappeared
when the sample solution was dialyzed against
non-detergent buffer solutions for a few days to
reconstitute PomA/B into liposomes as shown in
the third and sixth lane in Figure 2. Therefore, the
dimer formation might be caused by the detergent
Chaps.

We first observed negatively stained samples of
purified PomA/B dissolved in detergent solutions
by electron microscopy, but found only aggregation
of the proteins. We also examined the same samples
quickly frozen and embedded in vitreous ice,
but we could not see any structure, presumably
because the size of the predicted functional unit
(PomA)4(PomB)2, of which the molecular mass is



Figure 2. SDS-PAGE patterns of the purified PomA/B
complex by silver staining. Lanes: 1, marker; 2, PomA/B;
3, PomA/B with bound Nanogold after reconstitution
into liposomes with no reducing agent; 4, the same as lane
3 except that this was developed with a gold staining kit;
5, PomA/BDC,43 the complex of PomA and a truncation
variant of PomB missing the C-terminal 120 residues; and
6, PomA/BDC after reconstitution into liposomes with no
reducing agent. Note that the bands of the PomA dimer
disappear and the bands of PomB and PomBDC are
replaced by those of their dimers, respectively, in lanes 3
and 6. The band of the PomA monomer moved faster than
that of the PomBDC monomer despite that the molecular
mass of PomA is larger.
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170 kDa,33–36 may be too small to visualize by
electron cryomicroscopy when the complex is
dispersed in solution. Also, visualization of the
membrane-spanning structure of the complex
would be more desirable. Therefore, reconstitution
of the complex into liposomes was tried. After
testing various conditions for reconstitution into
unilamellar liposomes with sizes suitable for
electron cryomicroscopic observation, the protocol
described in Materials and Methods, Sample
preparation, gave good and reproducible results.
Electron cryomicroscopy of proteoliposomes

We examined proteoliposomes by electron
energy filtering microscopy, which can produce
the image formed by zero-energy loss (zero-loss)
electrons by removing inelastically scattered elec-
trons, which contribute to noises in image for-
mation. Most of the unilamellar liposomes prepared
as described above had the size range from a few
hundreds to a few thousands Å in diameter. Zero-
loss images resolved the proteoliposomes signifi-
cantly clearer than conventional electron cryomi-
crographs due to reduced noise and increased
amplitude contrast.39–41 This effect was more
remarkable for larger liposomes because they are
embedded in thicker ice. The phosphate head group
of lipids in the lipid bilayers showed the highest
contrast in the images even without energy filtering,
but the contrast enhancement by zero-loss imaging
was also most prominent, probably because phos-
phor scatters more electrons inelastically than
hydrogen, carbon, nitrogen and oxygen, and energy
filtering can eliminate those electrons (Figure 3).

The purified PomA/B complex was reconstituted
into liposomes by removal of the detergent by
dialysis and quickly frozen for electron cryomicro-
scopic observation. There were aggregations, prob-
ably derived from PomA/B, but we found in many
liposomes rod-shaped objects sticking out of the
lipid bilayer plane on both sides (Figure 3). These
two extramembrane domains were asymmetric in
length but had a similar diameter of w20 Å. The
longer one was w70 Å long and the shorter one was
approximately one-half of it. There seemed to be no
preferred orientations for insertion of the complex
(Figure 4(a)). Although the orientation was different
Figure 3. Zero-loss image of a
PomA/B proteoliposome. (a) Typi-
cal electron cryomicrograph of a
unilamellar proteoliposome with a
diameter of w1000 Å. The lipid
bilayers are clearly visible. Circles
enclose elongated particles sticking
out of the vesicle surface. The bar
represents 500 Å. (b) Zoom-up
view of the particle encircled in
the upper left circle in (a). These
images clearly show that two
extramembrane domains of dis-
tinctly different sizes stick out of
the lipid bilayers on both sides.
The longer one is w70 Å long. The
bar represents 100 Å.



Figure 4. Individual images of PomA/B inserted into the lipid bilayers and two-dimensional average. (a) Individual
images. (b) Two-dimensional average of those shown in (a). The bar represents 50 Å. (c) The same image as in (b), but
overlaid with hypothetical domain envelopes.
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from image to image, and conformations of the
molecules appeared to have variations, 18 images
(Figure 4(a)) were averaged roughly based on the
manually picked points (see Materials and
Methods). The resulting average is shown in
Figure 4(b), and the hypothetical molecular enve-
lope is drawn in Figure 4(c). The longer domain can
be divided into two parts of similar dimension, a
proximal and a distal domain. The density span-
ning the lipid bilayers shows an asymmetric
distribution, and the one on the side of the shorter
domain looks slightly larger than the other
(Figure 4(c)), but this may be due to the clearly
higher density contrast of the inner leaflet of the
bilayers than the outer one (Figure 3). Although the
shorter domain sticks out of the outer leaflet in
the image shown in Figure 3(b), the orientation of
the particle is opposite in 13 images out of 18 that
were used to obtain the average, which puts the
shorter domain on the side of inner leaflet in about
two-thirds of the images. However, a different
interpretation could be made based on the size of
the cytoplasmic domains of PomA as described in
Discussion. The size of the shorter domain in the
average is smaller than those in individual raw
images and probably due to its conformational
variation.

Gold-labeling

To ensure that the particles we observed above
were the PomA/B complex, a gold label was
introduced. PomB has three free cysteine residues,
two in the N-terminal region (Cys10 and Cys8) and
one in the transmembrane region (Cys31)
(Figure 1(b)), whereas PomA has no cysteine. We
used monomaleimido Nanogold with a 1.4 nm gold
particle to label these cysteine residues. Because any
reductants would prevent the reaction and destroy
gold particles, no reducing agent was added to the
dialysis buffer. Under this condition, PomB forms a
dimer with a disulfide bond as shown in the third
and sixth lanes in Figure 2, but it is known that this
bond formation does not affect the motor function
of the motor.36 An LI silver staining kit, which is a
staining reagent specific for gold, was used to detect
bound Nanogold as shown in the fourth lane in
Figure 2. The band corresponding to the PomB
dimer is clearly stained. The region corresponding
to the smeared band of the PomA monomer and the
region below are also stained, but these are
probably due to non-specifically bound and
unbound gold, respectively, as the stain density is
much weaker compared to the amount of the
protein shown in the third lane.

Individual gold particles are visible at relatively
small defocus, e.g. at w7000 Å (Figure 5(a)), but are
much harder to see at larger defocus, e.g. a few
mm.42 In contrast, proteins on the surface of
liposomes can be barely seen at small defocus
even by energy filtering (Figure 5(a)). Recording a
pair of identical views at two different defocus
levels seemed to be a good solution, but in practice
the second shot frequently destroyed the lipid
vesicles, particularly larger ones even at relatively
low dose. Figure 5(b) shows the poor contrast of
bound Nanogold in individual images recorded at a
defocus of w25,000 Å. However, averaging of about
ten images clearly revealed the bound gold particle,
as shown in Figure 5(c). The density distribution of
Nanogold is broad due to the rough alignment of
heterogeneous images as described in Materials and
Methods, Image analysis. Still, the high-density
region is clearly located on the surface of the
membrane on the shorter domain side. Since
Cys31 is predicted to be located near the center of



Figure 6. Average of 23 images of PomA/BDC.43 The
longer domain is missing.

Figure 5. Individual and averaged images of PomA/B
with bound Nanogold in comparison with the one
without Nanogold labeling. (a) Image taken at a relatively
small defocus level (w7000 Å underfocus). (b) Images
taken at w25,000 Å underfocus. (c) Average of 12 images
including those in (b). The contrast of the image is
adjusted to show the peak corresponding to the averaged
Nanogold density clearly. (d) The image without Nano-
gold, as already shown in Figure 4(b) but with its contrast
adjusted to (c) for direct comparison. Arrows in (a) and (c)
indicate a single bound Nanogold and the averaged
density, respectively.
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the membrane and not on the membrane surface
(Figure 1(b)), this is not the one labeled. Since it is
known that Cys31 is not responsible for the dimer
formation,36 either Cys8 or Cys10 must be forming a
disulfide bond and the other labeled with Nano-
gold. Therefore, this result indicates that the side of
the shorter domain is most likely the PomB
N-terminal side.
Deletion of peptidoglycan-binding motif

We also examined a mutant with deletion of the
C-terminal 120 residues of PomB, which includes
the peptidoglycan-binding motif (PomA/BDC).43

This mutant protein was purified in the same way
without any changes in the elution profile and the
peak position in gel-filtration, despite the change in
its molecular mass. The purified protein was
reconstituted into liposomes in the same way.
Although it was more difficult to find them in
electron cryomicrographs because of the smaller
size, we were able to record their images and
averaged them in the same way as for the full-
length protein complex. Figure 6 shows an average
of 20 images. The particle does not have the large
extramembrane domain, indicating that the side of
the longer domain is most likely the periplasmic
side, where the peptidoglycan-binding domain of
PomB is located.
Discussion

Despite the important roles that PomA/B and
MotA/B play in torque generation as the stator of the
bacterial flagellar motor, even their overall shapes
were not known. Here, we report the observation of
the shape and domain arrangement of the PomA/B
complex and locations of domains relative to the
membrane bilayers, which was made possible by
energy filtering electron cryomicroscopy of the
purified complex reconstituted into liposomes.

Since conventional negatively stained or ice-
embedded specimens of the purified complex
dissolved in Chaps solutions did not show any
structural features by electron microscopy, the
complex was reconstituted into lipid vesicles, and
the proteoliposomes embedded in vitreous ice were
observed. A similar observation has been reported for
a membrane protein, the low-density lipoprotein
(LDL) receptor (w115 kDa), which has a large
glycosylated extracellular domain and one trans-
membrane helix,42 but without energy filtering.
Energy filtering can better resolve details of large
samples such as liposomes embedded in relatively
thick ice and produce images of higher amplitude
contrast, because it removes inelastically scattered
electrons, which otherwise give high background
noise and increase as the specimen thickness
increases. In particular, the phosphate head groups
of lipids become distinctly clear (Figure 3(a)). Using
energy filtering we were able to identify PomA/B
clearly, even though its extramembrane regions are
smaller than that of the LDL receptor.42

The images of liposomes with reconstituted
PomA/B clearly resolved two extramembrane
domains of different sizes sticking out of the lipid
bilayers on opposite sides. The longer one is w70 Å
long and the shorter one is roughly one-half of it.
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Although individual images of PomA/B may vary
in their orientation, and probably conformation, a
two-dimensional image average further revealed
that the longer domain is divided into two parts.
Nanogold labeling of either Cys8 or Cys10 of PomB
showed that the N-terminal region of PomB is
located within the shorter domain, and in agree-
ment with this, the C-terminal deletion of 120
residues of PomB made the longer domain dis-
appear, indicating that the longer domain contains
the peptidoglycan-binding domain. Although the
size of this C-terminal deletion is less than half of
the periplasmic domain of PomB (w280 residues),
predicted from the amino acid sequence, deletion of
the peptidoglycan-binding domain might have
destabilized the remaining half of the periplasmic
domain, resulting in smearing out of its density in
the averaged image. Therefore, it is likely that the
longer domain corresponds to the predicted peri-
plasmic domain of PomB. The distance between the
outer surface of the cytoplasmic membrane and the
inner surface of the outer membranes is w220 Å,
and the peptidoglycan layer extends within this
space with its inner surface approximately 150 Å
apart from the outer surface of the cytoplasmic
membrane.44 The length of the longer domain is
therefore not sufficient to reach the peptidoglycan
layer. The peptidoglycan-binding domain, which is
about a half of the whole periplasmic domain of
PomB, may not yet be visualized in the averaged
image due to its flexible orientation relative to the
rest of PomA/PomB. Or, peptidoglycan may be
extended out of the layer so that the longer domain
can reach, as depicted in Figure 7.
Figure 7. Interpretation of the PomA/B images
obtained here combined with all available information
including the model proposed by Brown et al.48 Charged
residues in the C-terminal domain of FliG are thought to
interact with critical residues in the large cytoplasmic
loop between transmembrane helix 2 and 3 of PomA. The
atomic model of the C-terminal and the middle domains
of FliG is from Brown et al.48 The half cut density map of
the MS ring is from Suzuki et al.49 The position of FliG was
adopted from Francis et al.,44 Brown et al.48 and Suzuki
et al.49 The peptidoglycan layer and its branches are
represented in yellow.
The major part of the shorter domain sticking
into the cytoplasm would correspond to the long
loop between transmembrane helix 2 and 3 and
the C-terminal chain of PomA (Figure 1(b)),
which are predicted to reside in the cytoplasm.
The loop and the C-terminal chain are w100 and
w50 amino acid residues long, respectively, while
the periplasmic domain of PomB is w280 amino
acid residues. Many studies have suggested that
(PomA)4(PomB)2 is the functional unit.33–36 SDS-
PAGE also showed that PomB forms a dimer (the
third and sixth lanes in Figure 2). The fact that
no double-headed structure was observed in
individual images of PomA/B suggests that the
two periplasmic domains of the PomB dimer
are tightly packed together. Assuming that
(PomA)4(PomB)2 is the complex we observed,
the longer domain should contain the two
periplasmic domains of PomB consisting of 560
(280!2) residues, and the shorter domain is
supposed to consist of 600 (150!4) residues of
four cytoplasmic loops and four C-terminal
chains of PomA. In the averaged image, however,
the size of the shorter domain is only half that of
the longer domain. This may partly be due to
averaging out of a significant amount of density
of the cytoplasmic domains of PomA for its
variable conformation and orientation, but it may
also be because a large part of the cytoplasmic
domains is located close to the surface of the
membrane, as suggested by the higher density of
the half transmembrane domain on the cyto-
plasmic side than the periplasmic side
(Figure 4(b)). The cytoplasmic loop of PomA
contains critical amino acid residues that are
thought to interact with FliG,45–47 which forms
the switch complex of the flagellar motor and
makes up the C-ring together with FliM and FliN
(Figure 1(a)). The crystal structures of the
C-terminal and middle domains of FliG from
Thermotoga maritima have been solved by X-ray
crystallography, revealing that important charged
residues are lined up on one side of FliG48 so as
to interact with the cytoplasmic loop of PomA or
MotA. In Figure 7, we illustrate our interpretation
of the PomA/B image obtained in this study in
combination with all other available infor-
mation44,49 including the model proposed by
Brown et al.48

We observed the shape of the PomA/B complex
reconstituted into liposomes, but still little is known
about its structure. Its high-resolution three-dimen-
sional structure is essential for understanding the
coupling mechanism of the motor torque generation
with ion flux through the channel of the complex.
Materials and Methods

Sample preparation

A bacterial strain of V. alginolyticus, plasmid and
growth condition were described by Yakushi et al.37



Figure 8. Schematic representation of the image
alignment method. Three points (X) were marked
manually at the tips of the longer and shorter extra-
membrane domains and at the center of the lipid bilayers.
Some of the images were inverted into their mirror
images about the axis approximately normal to the lipid
bilayers (paired thick curves) for alignment and aver-
aging.
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A plasmid, pKJ301, which overproduces PomA/B with
six histidine residues at the C terminus of PomB was
used.37 Purification of the PomA/B complex was
carried out as described37 with some modifications.
Briefly, the membrane fraction was dissolved in 2.5%
(w/v) Chaps, 20 mM Tris–HCl (pH 8.0), 150 mM KCl,
10% (v/v) glycerol, 1 tablet of Complete EDTA-free
protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN) and 20 mM imidazole (pH 8.0) at
room temperature for 40 min. After the suspension was
centrifuged at 100,000g for 30 min, the supernatant was
applied to a column filled with Ni-NTA agarose
(QIAGEN, Valencia, CA) and mixed at 4 8C for 1 h.
Then, the column was washed with the same buffer
except for containing 1% (w/v) Chaps. Then, the
concentration of imidazole in the buffer was increased
stepwise to 400 mM. PomA/B-His6 was well eluted at
50 mM–200 mM imidazole. The eluate was concen-
trated using a spin concentrator with a molecular
mass cutoff of 10,000 Da and applied to a gel-filtration
column, Superdex 200HR (Amersham Biosciences,
Pittsburgh, PA). It was run at a flow rate of 0.5 ml/
min in the same buffer but not containing imidazole.
A fraction at the main peak corresponding to
w550 kDa was collected and subjected to the BCA
assay (Pierce, Rockford, IL) for measurement of the
protein concentration. Then, it was mixed with
preformed liposomes made from E. coli polar lipid
extract (Avanti Polar Lipids, Alabaster, AL) at a final
concentration of the lipid of 1 mg/ml and a final ratio
of protein to lipid of w0.4 in the buffer containing 2%
Chaps, and incubated at room temperature for 1 h.
Then, the detergent was removed by dialysis against
20 mM Tris–HCl (pH 6.8) or 20 mM Mes (pH 6.5)
(essential for gold labeling), 150 mM KCl, 10% (v/v)
glycerol and 5 mM MgCl2 at 37 8C overnight. PomB has
free cysteine residues (Figure 1(b), white circles),
whereas PomA has none. For gold labeling of cysteine,
monomaleimido Nanogold with a 1.4 nm gold particle
(Nanoprobes, Yaphank, NY) was added to the proteo-
liposomes at a final concentration of Nanogold at a few
times excess to the protein, and the samples were
incubated at room temperature for 1 h. Then, they were
dialyzed again to remove unbound Nanogold at 4 8C
for a few days. For SDS-PAGE, the samples were run
on 12.5% or 15% (w/v) homogeneous polyacrylamide
gel using the Laemmli buffer system.50 To check
monomaleimido Nanogold bound to the cysteine
residues, the buffer system contained essentially no
reductant. The gels were developed with an LI Silver
stain kit (Nanoprobes, Yaphank, NY) to detect bound
Nanogold. Western blot was done using anti-peptide
antibodies against PomA and PomB.51 We also
examined a mutant PomA/B complex with deletion
of the C-terminal 120 residues of PomB, which includes
the peptidoglycan-binding motif. This mutant (PomA/
BDC) also has six histidine residues at its C terminus,43

and therefore purification and preparation of its
proteoliposomes were carried out as described above.

Electron cryomicroscopy

A few microlitres of the proteoliposome solution was
applied to a holey carbon grid and rapidly frozen in
liquid ethane. These sample grids were mounted on an
Oxford CT3500 cryo-holder (Gatan, Pleasanton, CA) and
examined with a HITACHI EF-2000 electron microscope
(Hitachi, Tokyo, Japan), equipped with a g-type energy
filter52 and a cold field emission gun operated at an
accelerating voltage of 200 kV. An energy slit below the
electromagnet was adjusted to select only electrons with
energy loss less than 10 eV. Images were recorded on
Kodak SO163 films (Eastman Kodak, Rochester, NY) at a
nominal magnification of 70,000! using a low-dose kit.
Defocus levels of w25,000 Å were used, which give the
first zero of the contrast transfer function (CTF) at w25 Å
resolution.

Image analysis

We selected by eye images that showed extramembrane
domains sticking out of the lipid bilayers on both sides.
The images were digitized with a LeafScan 45 linear CCD
densitometer (LaserSoft Imaging, Longboat Key, FL) at a
step size of 10 mm. Magnification was calibrated with the
layer-line spacing of the straight flagellar filaments53 and
the thickness of the lipid bilayers. Then, three points were
manually marked on each PomA/B image, one on the
longer and one on the shorter extramembrane domain
and one on the center of the lipid bilayers, by using the
SPIDER/WEB package.54 Based on the selected points,
each image was cut out into a small box and the density
scales of the images were adjusted. Most of the PomA/B
images were slightly curved in either one of two
directions. To adjust relative positions of the three points
among the images, some images were converted into their
mirrored ones against a line approximately normal to the
lipid plane (Figure 8). This procedure corresponds to the
change of the direction of view or image projection by
1808. Then, all the images were aligned and averaged
based on the two points on the longer and shorter
domains. Since it was a manual-based alignment, to
assure the reliability and reproducibility of the result, the
whole procedure from marking points to the average was
repeated three times to make sure the resulting 2D
averages do not show any significant difference. The
numbers of averaged images are 18 for the intact PomA/
B complex, 12 for the one with gold labeling, and 23 for
the deletion mutant.
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