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Summary

An understanding of the involvement of bacterial
cytoplasmic filaments in cell division requires the elu-
cidation of the structural organization of those
filamentous structures. Treponemal cytoplasmic fila-
ments are composed of one protein, CfpA, and have
been demonstrated to be involved in cell division. In
this study, we used electron tomography to show that
the filaments are part of a complex with a novel
molecular organization that includes at least two dis-
tinct features decorating the filaments. One set of
components appears to anchor the filaments to the
cytoplasmic membrane. The other set of components
appears to bridge the cytoplasmic filaments on the
cytoplasmic side, and to be involved in the interfila-
ment spacing within the cell. The filaments occupy
between 3 and 18% of the inner surface of the cyto-
plasmic membrane. These results reveal a novel
filamentous molecular organization of independent
filaments linked by bridges and continuously
anchored to the membrane.

Introduction

Treponema species are the aetiologic agents of several
diseases including syphilis (Woltsche-Kahr et al.,, 1999;
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Collighan et al,, 2000; Wicher et al., 2000; Asai et al.,
2002; Paster et al., 2002). Some species are involved in
the progression and severity of periodontal disease, which
affects millions of people (Armitage et al., 1982; Moter
etal., 1998; Simonson et al., 1988; Paster et al., 2001).
Those species involved in the progression of periodontal
disease have also recently been detected in atheroscle-
rotic lesions (Okuda et al., 2001), and in the brains of
Alzheimer's disease patients (Riviere etal, 2002).
Although treponemes may not be the aetiologic agents of
those diseases, their detection underscores their ability to
overcome the protective barriers of the human body, as
suggested by in vitro experiments (Thomas et al., 1988;
Brissette and Lukehart, 2002).

A filamentous ribbon-like structure composed of a min-
imum of two to six filaments is present in the cytoplasm
of all treponemal cells (Hovind-Hougen, 1976; Holt, 1978;
Izard et al., 1999). The presence of cytoplasmic filaments
has been documented, by electron microscopy, in Tre-
ponema, Leptonema, Spirochaeta, Pillotina, Hollandina
and Diplocalyx species (Hollande et al., 1967; Holt, 1978;
Hovind-Hougen, 1979; Bermudes et al., 1987; Bermudes
et al., 1988). The cytoplasmic filaments are located under-
neath the periplasmic flagellar bundle, in close apposition
to the cytoplasmic membrane (Hovind-Hougen, 1974;
Eipert and Black, 1979). The individual filaments maintain
a ribbon-like configuration (Eipert and Black, 1979; Izard
et al., 1999), and the periodicity of the helix of the bundle
is equivalent to the cell’s helical periodicity (Zemper and
Black, 1978). The cytoplasmic filaments span the length
of the treponemal cell, and are not a transitory structure
(Izard et al., 1999); they are found in cells at all growth
stages. The filaments are severed during cell division, so
that roughly half of the length of the bundle remains in
each daughter cell (Eipert and Black, 1979; lIzard et al.,
1999). We chose Treponema phagedenis as a model for
electron microscopic work because of the relatively high
contrast of the cytoplasmic filament, and their relatively
high number, compared to other species (lzard et al.,
1999).

The treponemal cytoplasmic filaments are composed of
a unique 82 kDa protein, CfpA (Masuda and Kawata,
1989; You etal., 1996; Izard etal., 1999). There is no
sequence similarity between CfpA and other known or
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predicted open reading frame products. The amino acid
sequence is well conserved among species of Treponema
(Izard et al., 1999), and the proteins share common anti-
gens (Masuda and Kawata, 1989; You et al., 1996).

We have recently used gene interruption to abolish the
expression of cfpA in T. denticola (1zard et al., 2001). The
severe pleiotropic defects that were observed included
formation of chains of cells (filamentation), production of
anucleate cells (DNA-less cell), and in contrast to the wild-
type bacteria, a highly condensed chromosomal DNA. A
much less stringent but similar pleiotropic cell division
defect has been observed in a recA minus mutant of
another spirochete, Leptospira biflexa (Tchamedeu
Kameni et al., 2002). The cfpA knockout-mutant pheno-
types suggest that the cytoplasmic filaments are involved
in chromosome structure, segregation, and/or in the cell
division process, in treponemal cells (lzard et al., 2001).

Electron tomography has recently emerged as a pow-
erful tool for three-dimensional (3D) imaging of biological
machines in their native contexts (Grimm et al., 1998;
McEwen and Marko, 2001; Baumeister, 2002). As in med-
ical applications of tomography, a 3D volume is recon-
structed from a series of two-dimensional (2D) images
recorded at various viewing angles (Crowther et al., 1970;
McEwen and Marko, 1999). The advantage of this
approach is that it can be used to obtain a complete 3D
reconstruction of complex and irregularly shaped struc-
tures at moderately high resolutions.

Recent applications include the detection of conforma-
tional changes of the myosin cross-bridges in insect flight
muscle (Taylor et al., 1999); a study of the gamma-tubulin
ring complex, leading to an explicit molecular model for
template initiation of microtubule assembly (Moritz et al.,
2000); and the deduction of subunit arrangements in fibril-
lin-rich microfibrils (Baldock et al., 2001). In situ applica-
tions include finding novel information about early mitotic
spindle arrangement in Saccharomyces cerevisiae
(O'Toole et al., 1999); the detection of component parts in
frozen-hydrated axonemes (McEwen et al., 2002); and
the visualization of the actin cytoskeleton in frozen-
hydrated preparations of Dictyostelium (Medalia et al.,
2002). These and several other studies have demon-
strated the utility of electron tomography in determining
the arrangement and location of macromolecular attach-
ments on fibrous structures.

In the current study, we present the first application of
electron tomography to bacterial cytoplasmic filaments in
situ, and the first high-resolution tomographic reconstruc-
tion of a bacterial protein complex in situ. The tomographic
reconstructions that we obtained provide a 3D mapping
of the cytoplasmic filaments in Treponema phagedenis, as
well as information about decorating features of the fila-
ments. This map enabled us to confirm the overall helical
course of the filament bands, and to develop a new model

in which the cytoplasmic filaments are part of a ‘cytoskel-
eton-like’ protein complex, with a molecular organization
composed of independent filaments linked by bridges and
continuously anchored to the membrane.

Results

Treponema bacteria have an inner and outer cell mem-
brane delimiting a periplasm in which the flagellar fila-
ments are located. The outer membrane must be removed
to free the flagella in order to observe the low-contrast
cytoplasmic filaments located beneath the flagellar bundle
(Fig. 1) (Hovind-Hougen and Birch-Andersen, 1971; Hov-
ind-Hougen, 1972; 1974; Izard et al., 1999). The water-
based treatment has been proven to be the most consis-
tent way to prepare cells for observation. Although chem-
ical treatments by detergent are quicker, the resulting level
of structural preservation is insufficient for tracking the
cytoplasmic filaments, or for observing the cell ends (J.
Izard and W. A. Samsonoff, unpubl. obs.).

Traditional 2D electron microscopic analysis has a lim-
ited capacity for deciphering spatial relationships between
the cytoplasmic filaments. Therefore, electron tomography
was used to obtain a more accurate analysis of the sizes
and arrangement of the cytoplasmic filaments and asso-

Fig. 1. Zero degree tilt image from a tomographic series of a nega-
tively stained T. phagedenis cell.

A. Overview of the full image. Note that the outer membrane of the
neighbouring left cell has been only partially removed. This image
was digitally modified to balance greyscale levels between the cell
and the background.

B. Higher-magnification view of the area outlined by the dashed-line
box in A. Note the well-formed band of cytoplasmic filaments. The
dashed boxes in the lower right and upper left roughly correspond to
areas examined in greater detail by electron tomography in Figs 2
and 6. PF — periplasmic flagellum; CFB — cytoplasmic filament band.
Scale bars = 100 nm.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 609—-618
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Fig. 2. Tomographic reconstruction of a negatively stained T. phagedenis wild-type cell.

A. The zero-degree image from a tomographic tilt series that includes the section shown in the lower right dashed box shown in Fig. 1B. Yellow
arrows indicate two bands of nine cytoplasmic filaments that emerge from the cell cylinder edge. Although the bands appear to be part of a single
filament band that undergoes a twist at the cell wall, this cannot be definitively determined from a single 2D image.

B. A 2 nm-thick planar slice from the tomographic 3D reconstruction. This slice is taken from a depth that is roughly at the centre of the upper
band of filaments in A. Red arrow indicates an apparent break in one of the filaments. The filaments in the lower band can be seen in planar
slices taken from a different depth in the 3D reconstruction (see D).

C. A 2 nm-thick axial slice showing the filament cross-sections (black arrows). This slice is taken from the level indicated by the dashed green
line in B. The white arrow indicates a structure bridging two filaments whereas the white arrowhead indicates remnants of the cell wall, or stain
accumulation.

D. A 2 nm-thick planar slice through the band of filaments on the other side of the turn of the filament band, as indicated by the bottom yellow
arrow in A. Red arrow indicates the end of an apparently broken filament.

E. A 2-nm axial slice through the level indicated by the dashed green line in D. As in C, the black arrows indicate five filament cross-sections
and the white arrow indicates a bridging structure. The other four filaments emerge at a lower position from the turn. Scale bars for A, B and D
=50 nm. Scale bars for C and E = 25 nm.

ciated features. Figure 2 shows a 3D reconstruction of a (Fig. 2A), because they have been imaged at a single
T. phagedenis cell from a tilt series of images recorded at level in the cell, without interference from material above
a 1.5° angular interval over a range of —-57.0 to +58.5°. A and below the band. The other band of filaments indicated
single 2 nm thick slice through the reconstruction is shown in Fig. 2A becomes visible at a different depth in the cell
in Fig.2B. The filaments appear much more sharply with little trace of the filaments in the intervening levels
defined than in the zero-degree projection image (Figs 2D and 3B; see also the movie through the volume

Fig. 3. 3D model of cytoplasmic filaments in a
negatively stained cell traced from planar views
such as those shown in Fig. 2B and D.

A. The model is oriented as in Fig. 2A with the
filaments shown in green and the unidentified
electron dense material in yellow. Note the bro-
ken filaments and a slight skewing between the
orientations of the two filament bands.

B. As in A, but with the model viewed from the
side (viewing direction indicated by the white
arrows in A). The visualization of the electron
dense material (yellow) has been turned off in
this display. The different depths of the two fil-
ament bands are evident in this view.

C. Colour-coding to indicate four pairs of fila-
ments, one from each band, whose ends align
in the model. The filaments have been coloured
independently to show their individual continu-
ity. Model orientation is as in A. Scale

bar =100 nm.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 609—-618
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in Supplementary material). Figure 2C and E show cross-
sectional views of the filament bands in axial slices taken
from the areas indicated by the dashed green lines in
Fig. 2B and D). Connections between the filaments can
be detected in these views (white arrows). The whole cell
has an elliptical cross-section with a reduced depth
dimension indicating that the cell is flattened during the
negative stain preparation. The shearing forces of the
collapse during drying may have given rise to the broken
filaments seen in Figs 2B and D, and Fig 3A.

The filaments and the electron-dense material, which
may represent peptidoglycan, membrane, associated pro-
tein and negative stain build up along the sides of the cell
(the unidentified electron-dense material is coloured yel-
low in Fig. 3A), were traced from planar views such as
Fig.2B and D, and Fig. 3A—-C. Examination of the 3D
reconstruction reveals that the two bands of filaments
indicated in Fig. 2A are located on the upper and lower
surfaces of the tomographic reconstruction, and are sep-
arated by an intervening gap (Fig. 3B). Nevertheless, the
ends of individual filaments from the two bands align
which indicates that they are part of the same filament
band (Fig. 3C). Similar analyses from two other cells con-
firmed these results.

From the 3D volume, we could make accurate measure-
ments of the size and spacing of individual cytoplasmic
filaments. However, the vertical measurement must be
corrected for an elongation that occurs in the Z direction
as a result of the limited tilt range (Frank and Raderma-
cher, 1986). For a £60° tilt range the elongation factor is
1.55. Applying this correction, we find the fibre dimensions
to be 5.0 £ 0.5 x 6.0 £ 0.5 nm (horizontal/vertical or width/
depth) in cross-section, with an average interfilaments
spacing of 10.4 £ 1.8 nm. The filaments are independent
of each other. No direct filament-to-filament contacts were
detected in the absence of breakage.

The 3D reconstructions also enabled us to detect
cross-bridges between individual filaments of the band
(Fig. 2C,E). These connections form arch-like structures
that protrude above the filament band on its cytoplasmic
side. Because these connections are largely located at a
different depth than the filaments, we can only detect
them in axial views (cross-section) of the filament band.
Although this is a lower resolution direction, the cross-
bridges are large enough to be clearly discerned. We
created 3D models of the cross-bridge network over a
selected area of the filament band by tracing the fila-
ments and cross-bridges in axial views (e.g. Fig. 2C and
E). The results are shown in Fig. 4 with filaments colour—
coded in green and cross-bridges in red. The network of
cross-links appears collapsed and irregular in these
views. Analysis of the two other cells confirmed these
results.

On the opposite side of the filaments, we detected
structures that apparently connect the filaments to the
inner side of the cytoplasmic membrane. In contrast to the
cross-bridges on the cytoplasmic side of the filament
band, connectors on the membrane side are more elon-
gate, rarely form cross-bridges between filaments, and
appear to be more densely packed along the filament axis
(Fig. 5).

We computed a tomographic reconstruction from the
upper portion of the cell shown in Fig. 1B. This reconstruc-
tion contains the ends of five of the cytoplasmic filaments
in the band (Fig. 6). A tomographic reconstruction from
the adjacent region contained the ends of the other four
filaments (data not shown). Careful examination of this
reconstruction reveals that individual cytoplasmic fila-
ments in the band terminate randomly with no apparent
connection to the inner-membrane associated flagellar
basal-body, or to any other definable structure within the
cytoplasm (Fig. 6). All of the above features were also

Fig. 4. 3D model of cytoplasmic filaments and
filament bridging structures. The model was
traced from axial views such as those in Fig. 2C
and E. For simplicity, six of the nine filaments
from the upper band in Fig. 2A—-C were traced
over a limited distance. Filaments are shown in
green, the unidentified electron dense material
in yellow, and apparent interfilament connec-
tions in red.

A. Model viewed from approximately the same
orientation as in Figs 2A and 3A (view from the
periplasmic side).

B. Model viewed from the opposite side (cyto-
plasmic side). Note that the connections form
an irregular lattice on one side of the filament
band. Scale bar = 25 nm.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 609—-618



Fig. 5. Apparent membrane connections on cytoplasmic filaments.
The same model as shown in Fig. 4, rotated to illustrate filament
connections that are on the opposite side of the filaments. Filaments
are shown in green, the unidentified electron dense material in yellow,
and the membrane connections in magenta. The model is viewed
from the same side of the filament band as in Figs 2A, 3A and 4A
(periplasmic side), but at a more oblique angle to highlight the distri-
bution of the putative membrane connectors. For clarity, the connec-
tors, which form an almost continuous ‘curtain’ on the membrane side
of the filaments, have been only drawn on the lower portion of the
figure. Scale bar = 25 nm.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 609—-618
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detected in tomographic reconstructions from the two
other cells.

Discussion

In this study, we have used electron tomography to eluci-
date 3D relationships between individual cytoplasmic fila-
ments and other cellular elements at high resolution. This
approach avoids artifacts of 2D analysis and provides new
insights on the protein complexes involved in the formation
and function of the cytoplasmic filament bands.

The effects of specimen preparation are always a con-
cern for structural analysis. Cytoplasmic filaments cannot
be observed by negative staining in Treponema, unless
the outer membrane is removed to release the flagella.
Experience has shown that the most efficient way to
remove the outer membrane is by hypotonic treatment.
Chemical (detergents) or enzymatic (lipase) treatments
either only partially strip the outer membrane, or destroy
important cellular structures (J. I1zard and A. Samsonoff,
unpubl. data). Although milder than the alternatives, hypo-
tonic extraction does introduce the possibility that the
irregular distribution of cross-bridges on the cytoplasmic
side of the filaments arises because protein complexes
have been dissociated, or degraded by cell proteases.
However, because the density of the bridging structures
is high, we cannot exclude the possibility of a continuous
structure decorating the filaments on the cytoplasmic side
as it appears on the periplasmic side.

We tracked the course of one cytoplasmic filament band
over two full turns in the cell, and observed that the band
alternately lies on the upper part and the lower part of the

Fig. 6. Termination sites of cytoplasmic fila-
ments at the cell end.

A. A 2 nm-thick planar slice through a tomo-
graphic reconstruction from the upper left
region of the cell in Fig. 1B. This slice contains
the ends of five of the cytoplasmic filaments
from the band illustrated in Figs 2-5. Dashed
lines and a dashed box indicate the locations
of higher magnification views in B-D.

B. Axial view taken from the level indicated in
A. Cytoplasmic filaments have a similar cross-
sectional view to those seen in Fig. 2. The
arrow points to the blue spot that indicates the
cross-section of the filament in the far right side
of the band just before the filament terminates.
C. Same view as B, taken slightly further down
the filament band as indicated in A. This loca-
tion is just past the end of the far right filament
whose approximate location is marked by the
blue spot, indicated by the arrow. No end-con-
necting structures were apparent in this view,
in B, or in any of the intervening views.

D. Planar view of the area indicated by the
dashed box in A. This view includes the ends
of three of the filaments. Again, no notable
structures were located at the filament ends.
Scale bar =50 nm in A, 25 nm in B-D.
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cytoplasmic cylinder, with the changeover occurring dur-
ing turns at the sides of the cell (Figs 2 and 3). Although
there is an apparent gap in the filament band at the
changeover points (Fig. 3B), the number of filaments in
the band is conserved through the turns and we were able
to roughly align individual filaments from the two levels
(Fig. 3C). These results indicate that the filament band is
a continuous structure that follows a helical path along the
long axis of the cell just beneath the cytoplasmic mem-
brane. During specimen preparation by negative staining,
there is a build up of negative stain at the sides of the cell.
The filament contrast is lost in the dense stain buildup and
the filament bands appear to be discontinuous. Thus, our
data confirm previous deductions made from two-dimen-
sional electron microscopy that the filaments form a con-
tinuous band following a helical path along the long axis
of the cell (Izard et al., 1999).

From the computed 3D tomographic reconstruction, we
were able to accurately determine the dimensions of the
cytoplasmic filaments. After correction for the computa-
tional elongation, we obtain an average cross-sectional
dimension of 5.0 x 6.0 nm + 0.5 nm for an individual cyto-
plasmic filament. Given the uncertainty due to vertical
distortion and the limiting resolution of 5-6 nm, we con-
clude that the fibre is at most only slightly elliptical in
cross-section.

Previously, in T. pallidum, the horizontal cross-section
of cytoplasmic filaments was estimated to be 7-7.5 nm as
determined by 2D electron microscopy (You et al., 1996).
Their measurements represent roughly the half of the
length of two filament sections and their in-between gap,
as determined by our experiments. The interfilament
space was not included in their measurement because
the 2D images suggested that adjacent filaments are
tightly packed with no significant interfilament space. Sim-
ilar results were observed in T. refringens and T. reiter
(Hovind-Hougen and Birch-Andersen, 1971; Eipert and
Black, 1979). Slightly wider filaments (about 9 nm wide)
were described in Treponema sp. strain E-21 and T.
pertenue (Jackson and Black, 1971; Masuda and Kawata,
1989). Our measurement of the filaments cross-section
represents a refined measurement of the structure. More-
over, our 3D reconstruction eliminates the artifact of 2D
observation leading to conclude that the filaments are
tightly packed with interfacing surfaces between the
filaments.

Previous estimates of the vertical cross-section vary
widely. These range from about 1 nm for T. pallidum fila-
ments (You et al., 1996), to 3 nm for Treponema sp. strain
E-21 filaments (Masuda and Kawata, 1989), to 7.5 nm (as
diameter of a tubular structure) for T. reiter filaments (Hov-
ind-Hougen and Birch-Andersen, 1971; Masuda and
Kawata, 1989). The difficulties in resolving the filament
thickness are due to the predicted shape of the filaments

and their close association with the cytoplasmic mem-
brane, both in situ and in purified filaments. Cross-sec-
tions of the cytoplasmic filaments were reported to be
wedge- or comma-shaped (Swain and Anderson, 1972),
tubular (Jackson and Black, 1971), or oblong (Wiegand
etal.,, 1972). Moreover, the associated membrane may
have interfered with filament staining and thereby hin-
dered the ability to decipher distances. Observation of the
cross-section of the filament using the tomographic data
allowed the definition of two characteristics: the slight
elliptical nature of the filaments with a defined boundary
distinct from the background on all sides, and distant of
the adjacent filament in the band. These observations
allowed further investigation of the characteristics of the
filament organization.

Electron tomography has also enabled us to uncover
several novel features of the cytoplasmic filament organi-
zation. First, the filaments are independent of each other
with no direct filament-to-filament contact. Second, there
are cross-bridging structures between neighbouring fila-
ments. These cross-bridges are located on the cytoplas-
mic side of the filament band where they maintain the
distance between individual filaments; they probably func-
tion to maintain structural solidarity of the band and they
likely interact with other cytoplasmic components. Third,
there are proteins attached to the periplasmic side of the
filament band that are associated with the cytoplasmic
membrane and presumably function to anchor the band.

The centre-to-centre spacing between individual fila-
ments is 10.4 nm £ 1.8 nm. The large standard deviation
for the spacing measurement indicates that there is
some variability in the distance between the filaments,
even though long stretches of ribbon have been
observed with nearly uniform spacing. Such a variation
in distance between the filaments could arise from the
loss of connecting bridges during specimen preparation,
allowing a greater flexibility in the organization of
filaments.

Overall, three to 10 cytoplasmic filaments were
observed per cell in T. phagedenis, with a mean of 5.7
(Izard et al., 1999). Based on the centre-to-centre spacing
of the filaments, the horizontal cross-section of the fila-
ments, and an estimated diameter of the cytoplasmic cyl-
inder of 200 nm, we estimate that the cytoplasmic filament
band covers between 3 and 18% (average, 7-9%) of the
cross-section of the inner surface of the cytoplasmic mem-
brane. The standard deviations of the measurements
were used in calculating the percentages for lowest and
highest values. The surface association of the cytoplasmic
filament structure with the inner side of the cytoplasmic
membrane is significant. Although abolition of the cyto-
plasmic filament gene expression is not lethal, cell growth,
motility and cell division are directly affected by the
absence of such filaments, underlining the physiological

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 609—-618



importance of this anchored filamentous structure (Izard
etal., 2001).

The nature of the protein that associates the cytoplas-
mic filaments with the inner side of the cytoplasmic mem-
brane is unknown. The membrane connectors vary in
length from 8.5 to 13.5 nm, whereas their width is approx-
imately the same as the filaments. Previous experiments,
based on 2D electron micrographs of freeze-etched T.
refringens cells, show that a filamenteous structure
deforms the cytoplasmic membrane and leaves an
impression (Eipert and Black, 1979). The thickness of a
bacterial membrane is between 7 and 9 nm (Gennis,
1989). Thus, it is possible that the anchoring protein is an
integral inner-membrane protein or a lipoprotein that func-
tions to anchor the filaments to the membrane.

In agreement with previous reports (Hovind-Hougen,
1976; Izard et al., 1999), we find no progressive decrease
in the filament numbers over the last helical turn of the
cell. Rather, the filament band ends abruptly near the
ends of the cell (Fig. 6). We found no indication that cyto-
plasmic filaments are connected to the inner-membrane
associated flagellar basal body, thus, this observation by
Hovind-Hougen and Birch-Andersen (1971) remains
unconfirmed. Previously we observed two instances
where filament ends were associated with a membranous
structure, suggesting that there is a unique anchor for
filaments associated with the membrane at the cell end
(Izard et al., 1999). We were not able to find this type of
cell structure in the cells used for tomographic analysis.
Thus, electron tomography indicates that either the fila-
ments end close to the cell ends, attached solely by the
anchor proteins in the membrane, or that the filaments
break off their putative anchor at the cell tip, and the
filaments regain their regular spacing close to the sus-
pected breakage point (Fig. 6).

Cryo-electron microscopy of vitrified cells has the poten-
tial to alleviate limitations as a result of structural alterations
during specimen preparation (McEwen et al., 2002; Med-
alia et al., 2002). This technology enables visualization of
fully hydrated, vitreous specimens prepared by rapid freez-
ing. Such specimens exhibit minimum structural alterations
or cellular collapse. The recent analysis of a Dictyoselium
cell opens a new horizon in imaging cellular structure in
the native state (Medalia et al., 2002). Nevertheless, the
Dictyostelium study was limited to analysis of the thin edge
of the cell periphery. In contrast spirochetes and other
prokaryotes are small enough for whole cell imaging at
low resolution (Grimm et al., 1998). Although application
of cryo-electron tomography to Treponema cells could be
straightforward, because of the high density of the cyto-
plasm, and the presence of periplasmic flagella covering
part or all of the cytoplasmic filament band, the removal
of the outer-membrane is still required so that the cyto-
plasmic filaments have sufficient contrast for visualization.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 51, 609—-618
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The observation of cytoskeletal assemblies in prokary-
otes raises the issue of sequence similarity between
prokaryotic and eukaryotic cytoskeleton proteins (Jenkins
et al., 2002). Prokaryotic filamentous structures that are
either involved or hypothesized to be involved in cell divi-
sion include FtsA, FtsZ, CafA and some as-yet uncharac-
terized structures (Eipert and Black, 1979; Bi and
Lutkenhaus, 1991; Gayda et al., 1992; Bermudes et al.,
1994; Okada et al., 1994; You et al., 1996). FtsA and FtsZ
are essential for cell septation (Bi and Lutkenhaus, 1991;
Addinall and Lutkenhaus, 1996; Ma et al., 1996; Wang
etal, 1997) and are related, respectively, to actin and
tubulin (Sanchez et al., 1994; Erickson et al., 1996). MreB
(an actin homologue) forms cytoplasmic filament struc-
tures involved in cell-shape control in Bacillus subtilis
(Jones etal., 2001), and is also present in T. pallidum
(Fraser etal,, 1998). Other cytoplasmic filament struc-
tures such as microtubules, tubules, fibres, fibrils and
filaments have been described in prokaryotes, but their
function is unknown (Bermudes et al., 1994).

In T. denticola, the permanence of the cytoplasmic fila-
ments at all stages of cell division and growth, their orga-
nization in ribbon form, and the apparent absence of an
effect on cell structure in a cfpA minus mutant, differenti-
ate these filament structures from the filaments observed
in E. coli and B. subtilis. Nevertheless, the cfpA minus
mutant phenotype does indicate a critical role for the
cytoplasmic filaments in cell division, chromosome con-
densation, and/or chromosome segregation. Therefore,
continued study of this persistent structure will bring crit-
ical new insights on several key cellular functions, and will
improve our understanding of the mechanisms involved in
transient or permanent structures in other bacteria.

Experimental procedures
Strains, reagents, culture and molecular methods

Treponema phagedenis Kazan 5 (Limberger and Charon,
1986) was grown in Spirolate broth (Becton Dickinson Micro-
biology Systems, Cockeysville, MD) with 10% heat-inacti-
vated rabbit serum, in an anaerobic chamber (Coy
Laboratory Products, Grass Lake, MI) under an atmosphere
of 85% nitrogen, 10% hydrogen and 5% carbon dioxide.

To prepare cells for electron microscopy, 2 ml of an early
exponential phase growth culture of wild-type T. phagedenis
were centrifuged for 1 min at 10 000 g. The cells were re-
suspended in the same volume of sterile distilled water and
stored at 4°C overnight, centrifuged, and re-suspended in
100 pl of sterile distilled water before use.

Electron microscopy and electron tomography

Cell suspensions were applied to a Formvar support film on
200-mesh grids and were negatively stained with 2% sodium
phosphotungstate (pH 7.0) as previously described (lzard
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et al.,, 1999). Stained specimens were imaged at 25,000 x or
31,500 x magnification in a Zeiss (LEO) 910 transmission
electron microscope operating at 120 KeV. All images were
recorded on SO 163 electron image film (Kodak, Rochester,
NY), and the film was developed according to standard pro-
cedures. The defocus was approximately of 1.5 microns. The
total electron dose is approximately of 40 000 electrons per
(nm)2.

Electron tomographic tilt series were collected for six indi-
vidual cells, and 3D reconstructions were computed for three
of these cells. Cells were selected for data collection accord-
ing to the criteria that the cytoplasmic filaments be visible in
the untilted view; that the long axis of the cell be approxi-
mately aligned with the tilt axis of the electron microscope’s
goniometer; and that the cell be near the centre of the spec-
imen grid to minimize occlusion by the standard LEO speci-
men holder at high tilt angle. Tilt images were collected at a
1.5° angular interval over a £60° angular range. At high tilt
angles, the cells tended to be ‘overshadowed’ by the relatively
large buildup of negative stain at the sides of the cells. This
technical limitation was overcome by collecting the tilt series
at a higher magnification than required for electron tomogra-
phy, and by giving extra exposure to higher-tilt images. Image
intensities were roughly balanced in the subsequent digitiza-
tion step.

Tilt series images were digitized with a pixel size of
0.78 nm and aligned using small features of the field as
fiduciary markers (Landis etal.,, 1993). Tomographic 3D
reconstructions were computed as described by McEwen
and Marko (1999). Assuming that T. phagedenis cells are
roughly cylindrical, with a diameter of 200 nm, the resolu-
tion of the 3D reconstruction is limited by the angular sam-
pling to 56 nm in the X-Y direction and 8-9 nm in the Z
direction (Crowther et al., 1970; McEwen et al., 2002). Cyto-
plasmic filaments, filament cross-bridges, and membrane
connectors were segmented from the reconstruction volume
by manual tracing using the IMOD software package (Kre-
mer et al., 1996). The XYZ’ utility in IMOD greatly improves
the accuracy of manual tracing, because it enables the
operator to monitor the cursor position from three orthogo-
nal viewing directions while tracing. All other operations
were performed with commands in the SPIDER software
package (Frank etal., 1996). Cytoplasmic filaments were
traced lengthwise from planar slices (Fig. 3), or axially from
axial slices for display (Figs 4 and 5). The latter orientation
was required for the identification of bridging structures and
membrane connectors. Traced contours were stacked and
filled using the appropriated IMOD utilities. Figures were
constructed and edited in Photoshop 5.5 (Adobe Systems,
San Jose, CA).

IMOD was used to measure cytoplasmic filament dimen-
sions and interfilament spacings from 25 different cross-sec-
tional slices (X-Z slices) of the tomographic reconstructions
from all three cells. The slices were digitally magnified by four
to increase accuracy. Distances were measured in pixels and
surface locations were verified using the ‘XYZ’ utility. For
calculation of the vertical and horizontal dimensions of the
fibre, one pixel was added to the measurements to compen-
sate for edge effects. All measurements were then divided by
four and multiplied by the pixel size (0.78 nm) to convert pixel
lengths to nanometres.
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