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ticipation in motility-associated structures, cell shape, 
and other cytoplasmic functions including cell division. 
These eukaryotic filaments may have widespread pro-
karyotic counterparts. New technological advances in 
the visualization of microscopic structures and in genet-
ic engineering of difficult-to-grow (nutritionally fastidi-
ous) prokaryotic organisms are opening new horizons for 
the study of filamentous structures.

  The scope of this review is to discuss advances in un-
derstanding the nature and function of the cytoplasmic 
filaments of  Treponema . The structure of treponemal cy-
toplasmic filaments will be discussed in the context of the 
bacterial cytoskeleton and the emergence of a network of 
filamentous structures within these bacteria.

  Ubiquity of the Cytoplasmic Filament Ribbon 

 A cytoplasmic filamentous ribbon has been described 
in multiple spirochete genera.  Spirochaeta, ‘Pillotina’, Lep-
tonema, ‘Hollandina’, ‘Diplocalyx’  and  Treponema  bacte-
ria have in common filamentous structures that are dis-
tinct from the periplasmic flagella [Bermudes et al., 1987, 
1988; Hollande et al., 1967; Holt, 1978; Hovind-Hougen, 
1979]. The filaments have been described as tubulin, mac-
rotubules, fibers, fibrils, in attempts to link microscopic 
data to the available biological observations.
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 Abstract 
 Development of genetic systems for many bacterial genera, 
including  Treponema , now allow the study of structures that 
are specific to certain pathogens. The cytoplasmic filament 
ribbon of treponemes that is involved in the cell division cy-
cle has a unique organization. Cytoplasmic bridging pro-
teins connect the filaments, maintaining the distance be-
tween them and providing the overall ribbon-like structure. 
The filaments are anchored by proteins associated with the 
inner membrane. Each filament is composed of a unique 
monomer, the cytoplasmic filament protein A (CfpA), with 
coiled-coils secondary structures. CfpA is part of a growing 
family of proteins that we propose to call bacterial interme-
diate-like filaments (BILF).  Copyright © 2006 S. Karger AG, Basel 

 Evidence for the presence of a dynamic cytoskeleton 
in prokaryotes is growing. The cytoskeleton is a network 
of protein complexes, each of which has a filament as a 
central component. In eukaryotes, actin, tubulin and in-
termediate filament polymers make up the cell structure. 
The numerous functions of these filaments include par-
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  Structural Organization 

 Spirochetal membrane organization is shown in  fig-
ure 1 . The cell is composed of an outer membrane, a peri-
plasmic space where the motility-associated flagellar fila-
ments are located, an inner membrane, the cytoplasmic 
cylinder [Holt, 1978; Limberger, 2004]. Within the cyto-
plasmic cylinder, just underneath the inner membrane, is 
the cytoplasmic filament ribbon [Hovind-Hougen, 1972, 
1974; Hovind-Hougen et al., 1976]. Located below the 
periplasmic flagellar filament bundle, the ribbon’s helical 
periodicity is equivalent to that of the cell [Eipert and 
Black, 1979; Hovind-Hougen, 1974; Hovind-Hougen and 
Birch-Andersen, 1971; Zemper and Black, 1978]. Fila-

ments have been observed at all stages of growth and span 
the length of the cell [Eipert and Black, 1979; Izard et al., 
1999]. After purification, a fraction of filaments remain 
as a ribbon [Eipert and Black, 1979] ( fig. 2 ).

  A sequence of events during cell division has been de-
fined through the analysis of electron micrographs of 
negatively stained  Treponema phagedenis  cells that were 
stripped of their outer membranes. It is hypothesized that 
the filaments of the ribbon are first severed at the mid-
section of the cell, are associated with an anchor that se-
cures the ribbon to the cell ends [Izard et al., 1999]. When 
the cell division septation ring is forming and starts to 
constrict, the flagellar basal bodies are positioned at the 
tip of the future cell ends. The flagellar filaments can be 
observed wrapping around the two newly formed cyto-
plasmic cylinders when the constriction of the ring is 
more pronounced [Izard et al., 1999]. After completion of 
cell septation, the two cytoplasmic cylinders are indepen-
dent under a unique outer membrane. Their motility is 
under the influence of flagellar bundles at each end until 
the complete separation of the two cells.

  Electron tomography has been used to circumvent the 
limitations of traditional microscopy in the ability to de-
cipher spatial relationships between the filaments [Izard 
et al., 2004].  T. phagedenis  cells were stripped of their out-
er membrane, negatively stained with 2% sodium phos-
photungstate, a tilt series of images was recorded at a 1.5° 
angular interval over a range of –57.0 to 58.5° [Izard et al., 
2004]. The computed tomographic reconstruction pro-
vided a three-dimensional data set. The structures with-
in the volume were observed and analyzed using IMOD 
[Kremer et al., 1996] and ImageJ (rsb.info.nih.gov/ij). 
The data confirmed the presence of a ribbon formed of 
individual filaments that are continuous within the cell 
volume ( fig. 3 ) [Izard et al., 2004]. Three novel features 
were observed: (1) filaments do not interface or touch 
each other; (2) bridging proteins connect filaments two 
by two on the cytoplasmic side of the ribbon, and (3) an-
chor proteins are present on the inner-membrane side of 
the ribbon.

  The filament dimensions as well as the filament-
to-filament spacing were measured. Using the cross sec-
tion of the ribbon, the average inter-filament spacing was
10.4  8  1.8 nm, while the filament width and depth were 
5.0  8  0.5  !  6.0  8  0.5 nm (horizontal/vertical). In 
 T. phagedenis , 3–10 filaments per ribbon were observed 
[Izard et al., 1999]. We estimated that the cytoplasmic 
filament ribbon covers between 3 and 18% (average 7–
9%) of the inner surface of the cytoplasmic membrane 
[Izard et al., 2004].

  Fig. 1.  Electron micrograph of a flash-frozen hydrated  T. phagede-
nis  Kazan 5 cell [C.E. Hsieh and J. Izard, unpubl. data]. Images 
were recorded using a Jeol JEM4000FX electron microscope in 
absence of stain or fixative. OM = Outer membrane, IM = inner 
membrane. White arrowheads indicate the side view of a flagellar 
filament bundle. 

  Fig. 2.  Purified cytoplasmic filaments of  T. phagedenis  Kazan 5. 
A band of six filaments shows a twist similar to that seen in vivo 
[W.A. Samsonoff and J. Izard, unpubl. data]. The filaments were 
purified by a modified protocol of Masuda and Kawata [Izard et 
al., 1999; Masuda and Kawata, 1989]. They were visualized by 
electron microscopy after negatively staining the sample with so-
dium phosphotungstate as previously described [Izard et al., 
1999]. Scale bar: 30 nm. 
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  Composition 

 The filament and its constitutive protein have been iso-
lated only from  Treponema  strains [Izard et al., 1999; Ma-
suda and Kawata, 1989; You et al., 1996]. You et al. [1996] 
were able to isolate and partially sequence the protein 
from  Treponema pallidum . PCR primers were designed 
from the derived putative nucleotide sequence, a library 
was screened by hybridization, resulting in the identifica-

tion of the open reading frame named  cfpA  [You et al., 
1996]. Analysis of the gene in four other treponemes  (T. 
phagedenis, T. denticola, T. vincentii, T. pallidum  subsp . 
pertenue)  showed significant similarities ranging from 69 
to 100%. Although some gaps and mutations were noted 
among the nucleic acid sequences, a large number those 
mutations were conservative at the amino-acid level. 
BLAST and FASTA searches [Altschul et al., 1997; Pear-
son, 1990] revealed no significant sequence similarity to 
cytoplasmic filament protein A (CfpA) to other open 
reading frames in GenBank database. There was a con-
served coiled-coils segment organization among the CfpA 
proteins: the first is located at the beginning of the se-
quence (amino acids 24–49, in  T. pallidum  CfpA), three 
more are grouped starting around the second half of the 
sequence (amino acids 290–311, 397–417, 522–540).

  The cytoplasmic filament ribbon structure and the 
periplasmic flagellar filaments, which are separated by 
the inner membrane, do not influence each others’ struc-
ture and organization. A potential physical link between 
the two structures was hypothesized by Hoving-Hougen 
and Birch-Andersen [1971]. In both  T. phagedenis  and
 T. denticola,  neither the number nor the organization of 
cytoplasmic filaments was affected in the absence of fla-
gellar filaments. In the absence of cytoplasmic filaments, 
single cell motility was not altered [Izard et al., 2001].

  Two other proteins are also associated with the fila-
ments, as shown by electron tomography (see above). 
These proteins could be seen bridging and anchoring to 
the inner-membrane components, but their nature is still 
to be discovered. Other proteins are expected to be in-
volved in severing and in anchoring at the cell end of the 
filaments during the cell cycle.

  Gene Regulation 

 In  T. denticola  the  cfpA  promoter was identified by 
primer extension, differed by only one nucleotide from 
the consensus sigma-70 promoter sequence found in 
 Escherichia coli  [Hawley and McClure, 1983; Izard et al., 
1999]. Little is known about temporal regulation of genes 
in  Treponema  [Indest et al., 2000]. Transcriptome analy-
sis of  T. pallidum  subsp . pallidum  during an experimental 
rabbit infection underscored the importance of CfpA for 
the cell biology. Gene transcription quantitation of  cfpA  
by real-time PCR grouped the gene in the top 10 most 
transcribed genes [Smajs et al., 2005]. These genes are 
critical to sustain the challenges of cell population main-
tenance and propagation in the host.

  Fig. 3.  Three-dimensional model of the cytoplasmic filaments of 
 T. phagedenis  Kazan 5 negatively stained cells after removal of the 
outer membrane. The model is based on tracing using the tomo-
gram.  a  Cytoplasmic filaments along the cell within a turn of the 
ribbon. Note the presence of a filament most probably broken 
during the preparation of the sample.  b  Color coding of four pair 
of filaments showing their alignment in the model. The slight gap 
at the turn is due to the inability to trace the filaments when large 
amount of stain accumulates on the side of the cell.  c  View from 
the periplasmic space of the filaments and bridging components. 
 d  View from the cytoplasmic space of the filaments and bridging 
components. The cytoplasmic filaments are in green; the uniden-
tified electron dense material including the accumulated stain is 
in yellow; the protein forming bridges between the filaments in 
red. Scale bars:  a ,  b  100 nm;  c ,  d  25 nm. Adapted from Izard et al. 
[2004], with the courtesy of Blackwell Publishing. 
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  Toward a Cell Function 

  CfpA  was disrupted in  T. denticola  with an erythromy-
cin resistance cassette [Izard et al., 2001]. The resulting 
mutant strain did not express CfpA, consequently no fil-
amentous ribbon was present in the cell. The phenotypic 
consequences affected multiple cell functions. Motility 
was impaired, but it appeared that the filamentation phe-
notype (concatenation of cytoplasmic cylinders under 
the same outer membrane) was most probably the source 
of this observation. In fact, cells with a single cytoplasmic 
cylinder seem to have a normal motility in dense media 
when compared to the wild-type strain [Izard et al., 2001]. 
Over 99% of the cells at any stage of growth were com-
posed of at least two cytoplasmic cylinders under a unique 
outer membrane, resulting in a filamentation of the cells 
and a crankshaft-like movement. The independence of 
the cytoplasmic cylinders was confirmed by electron mi-
croscopy and by darkfield microscopy. While observing 
live culture under darkfield microscopy, it was possible 
to see the end of each cytoplasmic cylinder rotating indi-
vidually inducing cell torsions. Cell shape was not altered 
by the absence of the cytoplasmic ribbon. The most no-
ticeable phenotypes were a segregation defect phenotype 
with condensation of the chromosomal DNA [Izard et al., 
2001]. Most of the cytoplasmic cylinders contained an 
area of condensed DNA (95%). Their distribution was 
random between the cytoplasmic cylinder ends (64%) 
and the center (31%).

  The participation of the cytoplasmic filaments in the 
cell division process and its relation to the chromosomal 
DNA is unclear. Chromosome segregation, arrangement, 
duplication are critical activities within the cell. For chro-
mosome duplication, the two replication forks initiate 
from  oriC  and meet at the opposite side in the terminus 
 (ter)  region [Hill, 1996; Messer and Weigel, 1996]. The 
 oriC  and terminus region have a defined physical location 
in the cell (and a defined position within the chromo-
some) [Niki and Hiraga, 1998; Webb et al., 1997] and be-
tween them, the chromosome regions are laid out accord-
ing to the order of replication [Niki and Hiraga, 1998; 
Teleman et al., 1998]. Even if the model of duplication and 
separation of  oriC  and  ter  differs between  E. coli  and 
  Bacillus subtilis , the existence of an active chromosome 
segregation mechanism seems unambiguous [Glaser et 
al., 1997; Jensen and Shapiro, 1999; Niki and Hiraga, 
1998; Sharpe and Errington, 1999; Webb et al., 1998], 
compatible with a replisome at a fixed position in  B. sub-
tilis  [Gordon and Wright, 1998; Lemon and Grossman, 
1998]. The mechanism that spatially and temporally con-

trols and directs the  oriC  region is unknown; however it 
seems likely that this mechanism involves the action of a 
spindle or mitotic-like apparatus and ‘motor’ proteins 
[Sharpe and Errington, 1999]. Further experimentation 
is required to demonstrate that the filamentous ribbon of 
treponemes is part of a permanent mitotic apparatus.

  Immunogenicity 

 The cytoplasmic filament protein, CfpA, has been 
identified as the previously described TpN83, an antigen 
recognized by human serum from patients infected by 
 T. pallidum  subsp.  pallidum , the agent of syphilis [Norris, 
1993; You et al., 1996]. Because filament protein is cyto-
plasmic, it is not expected to be released unless cell death 
occurs and the cytoplasmic cylinder ruptures. However, 
that protein and its degradation products are recognized 
by the immune system which may be part of the autoim-
mune response observed in syphilitic rabbits. The sus-
pected mechanism is the induction or generation of anti-
anti-TpN83 (anti-anti-Id) antibody that would mimic the 
binding site of the cytoplasmic filament protein to fibro-
nectin [Baughn, 1990; Baughn and Musher, 1992]. The 
binding of the cytoplasmic filament protein to fibronec-
tin has been observed by different techniques [Baughn 
and Musher, 1992; J. Izard, unpubl. data]. Another  T. pal-
lidum  antigen may also be involved in the generation of 
antifibronectin antibody in rabbit. There is a molecular 
mimicry between an immunodominant amino-acid mo-
tif on the 47-kDa lipoprotein (TpN47), a membrane pro-
tein of  T. pallidum  [Norris, 1993], and multiple repeats of 
analogous sequences in fibronectin [Baughn et al., 1996]. 
The role of each mechanism in the infectious process has 
not been deciphered. It is evident that CfpA and TpN47 
proteins should be not included in any vaccine candidate 
so as to preclude immunopathologic consequences post-
injection in humans.

  Other Components of the Treponemal Cytoskeleton 

 Only   two filamentous structures in treponemes have 
been analyzed for their protein content: the cytoplasmic 
filaments (CfpA) and the periplasmic flagellar filaments 
(FlaA, FlaB-1–3). Other filamentous structures are hy-
pothesized to be present in all spirochetes based on ge-
nomic sequence data [Fraser et al., 1997, 1998; Ren et al., 
2003; Seshadri et al., 2004] and the body of work accu-
mulated in other model organisms. These are the septa-
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tion ring and the cell shape maintenance-associated fila-
ments.

  Cell septation during bacterial cell division requires 
the filament formation of FtsZ [Bi and Lutkenhaus, 1991]. 
As the first component of the septum ring, FtsZ it is re-
quired for the targeting of all the other septation-associ-
ated proteins [Errington et al., 2003; Goehring and Beck-
with, 2005; Schmidt et al., 2004]. The protein complex 
formed is associated with the inner membrane [Errington 
et al., 2003]. The coding gene,  ftsZ , is found in all eubac-
teria, most archaea, in organelles of many eukaryotes 
[Beech et al., 2000; Bramhill, 1997]. The three-dimen-
sional structure of FtsZ shows similarity to the tubulin 
fold [Lowe and Amos, 1998].

  Cell shape maintenance is a critical aspect of bacterial 
cell biology, the filaments formed by MreB are a key fac-
tor. The  mreB  gene is present in a large range of organisms 
with rod- or helical-shaped cells [Daniel and Errington, 
2003]. In  B. subtilis   mreB  is essential [Abhayawardhane 
and Stewart, 1995; Jones et al., 2001]. It may be deleted in 
 E. coli  [Wachi et al., 1987] however, the gene is required 
for population viability [Kruse et al., 2005]. The filaments 
formed by MreB control cell length and width of the bac-
teria [Jones et al., 2001; Wachi et al., 1987]. MreB protein 
structures have been resolved and show similarity to the 
actin fold [Van den Ent et al., 2001]. The filament is also 
part of a membranous protein complex [Kruse et al., 
2005]. In treponemes, the two longitudinal filaments 
(CfpA and MreB) coexist at all stages of cell development. 
Their relative positioning is still unknown.

  Defining Bacterial Intermediate-Like Filaments 

 Eukaryotic intermediate filaments were named be-
cause of their intermediate size between actin microfila-
ments (7 nm) and microtubules (25 nm). The common 
core of the protein is composed of heptad repeats in large 
 � -helices of the coiled-coil structure. These intermediate 
filament proteins are organized in five distinct classes 
[Herrmann and Aebi, 2004]. Their expression can be tis-
sue-specific or ubiquitous, as with lamin B that is ex-
pressed in all nucleated cells. Other intermediate fila-
ments in eukaryotes, including unicellular organisms, do 
not always match the traditional classification scheme 
[Karabinos et al., 2001; Perng and Quinlan, 2005; Spili-
otis et al., 2005]. They have in common a coiled-coil re-
gion in the section of their peptidic sequence, form fila-
ments. Like the other intermediate filaments they lack 
unity in function.

  In prokaryotes, only crescentin, from  Caulobacter 
crescentus,  has been shown to have direct sequence simi-
larity to an intermediate filament protein (human cyto-
keratin 19) [Ausmees et al., 2003]. This protein is involved 
in the formation of helical filaments that generate a vib-
rioid or helical cell shape depending on the cell length 
[Ausmees et al., 2003].

  Prokaryotic filament diversity is expected to be great-
er than that found in eukaryotes. Most of the new fila-
ments discovered in bacteria have never been directly ob-
served in vivo by electron microscopy. Immunolabelling 
[Bi and Lutkenhaus, 1991] or green fluorescent protein 
fusions were used for visualization [Daniel and Err-
ington, 2003; Jones et al., 2001]. These techniques do not 
allow a measurement of thickness, eliminating our abil-
ity to classify the filaments by size. The bacterial interme-
diate-like filament (BILF) definition shall include the fol-
lowing criteria: (1) core filaments formed by the poly-
merization of a monomer (as demonstrated in vivo or in 
vitro); (2) coiled-coil segments present within the sec-
ondary structure, and (3) located in the cytoplasm.

  CfpA from  Treponema  spp. (phylogenetic class: Spiro-
chaetes) [Izard et al., 1999], crescentin from  C. crescentus  
( � -proteobacteria) [Ausmees et al., 2003], AglZ from 
 Myxococcus xanthus  ( � -proteobacteria) [Yang et al., 
2004], TlpA from  Salmonella spp.  ( � -proteobacteria) 
[Hurme et al., 1994] and Scc from  Leptospira  spp. (Spiro-
chaetes) [Mazouni et al., 2006] match the present defini-
tion. New protein members will be added with the ad-
vances in automated searches for coiled-coil structures in 
prokaryotic genomes [A.C. Yoshizawa, pers. commun.; 
Yoshizawa et al., 2004], and advances in observation 
technologies.

  Future Directions 

 With the growing number of bacterial genomes se-
quenced (www.genomesonline.org) [Liolios et al., 2006], 
gene sequence diversity is becoming an issue of the past. 
The next challenges are the attributions of gene sequence 
to a peptide associated with a protein complex and its lo-
calization. The diverse filamentous ultrastructures are 
dynamic protein complexes. However, with rare excep-
tions, only the core protein is known. To understand their 
biological function a dual search is underway: identify 
the protein partners over the different cell cycles, includ-
ing cell division, identify their topography in space over 
time. While mass spectrometry will allow the identifica-
tion of the components of purified protein complexes, 
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fluorescence microscopy of chromophore-labeled fusion 
protein will facilitate the understanding of the molecular 
dynamics and localization of those protein complexes.

  Alternative methodologies should be considered. 
Cryo-electron tomography techniques are improving at 
a steady pace. From the first tomograms of Archaea bac-
teria [Grimm et al., 1998] to the latest work [Izard et al., 
2004; Komeili et al., 2006; Kurner et al., 2005] ( fig. 3 ), the 
resolution has increased significantly, allowing the ob-
servation of cell-associated structures [Henderson, 2004]. 
The technology is finally at a stage where quantitative 
analysis of length, width and volume is possible for the 
comparison of structures between strains of bacteria. 
Mutant strains lacking ultrastructures can be observed 
to record quantitatively the influence of such structure 
on the overall cell architecture [J. Izard and C.E. Hsieh, 
unpubl. data]. Also, with the advance in resolution close 
to the theoretical limits [McEwen et al., 2002], it is pos-
sible to envision automated searches for molecular com-
plexes within the tomograms [Bohm et al., 2000]. This 
type of search would allow identification of the distribu-
tion of particles like GroEL-GroES, the structure of which 
is already known by crystallography and cryo-electron 
microscopy [Ludtke et al., 2004; Svensson et al., 1994]. 
Once the structure of a given protein complex is known, 
a computational model can be constructed. An automat-
ed search of the tomogram using a template-matching 
method (based on tomogram characteristics: resolution, 
cell thickness, voxel size) can locate the complex regard-
less of its orientation [Bohm et al., 2000]. This technique 
would circumvent the present limitations of relying on 
visual recognition of small objects. Such an approach 
could also be used to detect and trace thin filaments as-
sociated with cell architecture.

  Networks of specific protein interactions are present 
within the cytoskeleton. Known molecular machines and 
cellular pathways are being integrated into our knowl-
edge of these networks. Further investigations will reveal 
new components and novel interconnections with previ-
ously unrelated machinery. The characteristics of these 
protein networks create and define hyperstructures and 
pseudo-compartments within the cell. These character-
istics include volume occupancy, location, requirement 
for helper proteins to assist with function [Norris et al., 
1999].

  The cytoplasmic filaments of treponemes, the FtsZ fil-
aments associated with the septation ring and the MreB 
shape maintenance filaments are part of membrane-
bound protein complexes. None of those filaments func-
tionality is isolated and all of them require partnership of 
other cell components. The molecular understanding 
from protein interface to system organization will facili-
tate the design of small molecules that inhibit protein 
complex function for cell biology study and drug discov-
ery [Margalit et al., 2004; Stokes et al., 2005].
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